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Abstract

The ALICE Collaboration has proposed a new experiment, ALICE 3, to investigate the
properties of the Quark-Gluon Plasma (QGP) beyond current limits in LHC Run 5.
A key subsystem for charged-particle identification (PID) is a proximity-focusing Ring
Imaging Cherenkov detector, composed of a central barrel (bRICH) and forward end-
caps (fRICH). With its target PID performance, this detector will enable unique con-
tributions to dielectron physics, to the heavy-flavour sector, and to precision studies
of event-by-event fluctuations of conserved charges. The main goal of my PhD re-
search was to design the bRICH system through dedicated feasibility and optimiza-
tion studies, proposing an efficient and cost-effective solution, and demonstrating, via
simulations and measurements, that it meets the ALICE 3 physics requirements in the
most challenging environment of central (0-5%) Pb-Pb collisions. I proposed a mod-
ular, projective bRICH concept based on aerogel as Cherenkov radiator and SiPMs
as photon sensors pointing to the interaction point to enhance the PID performance
while minimising the total active area and costs. I further explored the use of an eco-
friendly gas mixture in the bRICH proximity gap to enhance the electron identification
capabilities. I also demonstrated the feasibility of Cherenkov-based charged-particle
timing with the same SiPM modules, achieving time resolutions down to tens of pi-
coseconds. The simulation activity included the development of fast machine-learning
algorithms based on Boosted Decision Trees to learn Cherenkov ring topologies and to
improve PID in the high-multiplicity Pb—Pb environment under realistic dark count
rate (DCR) conditions. I complemented these studies by characterizing irradiated
SiPMs and developing a realistic operation and ageing model that combines cooling
below -40°C with annealing cycles above 70°C. To further mitigate the DCR, I inves-
tigated the use of smaller SiPMs coupled to light concentrators as an alternative to the
baseline 2 x 2 mm? sensors. Characterization measurements of aerogel tiles revealed a
refractive index gradient along their thickness, producing a natural focusing effect that
improves the angular resolution in the proposed geometry. The detector concept was
validated with multiple prototype beam tests at the CERN-PS T10 facility between
2022 and 2025, probing the detector parameters and confirming the expected angular
resolution, photon yield, separation power, and the stability of the reconstruction at
the DCR levels foreseen in ALICE 3. My work demonstrated the feasibility of the
proposed projective proximity-focusing bRICH design and delivered a validated and
cost-effective solution that, according to simulations and beam-test measurements, met
the target ALICE 3 PID goals and enabled unique contributions, in particular to di-
electron physics. Thanks to the studies presented in this thesis, the proposed projective
bRICH concept was adopted as the baseline layout in the ALICE 3 Scoping Document.
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Introduction

The ALICE Collaboration has proposed a completely new apparatus, ALICE 3, for
the LHC Run 5 and beyond. The experiment will be completely realized using cutting-
edge silicon technologies to study heavy-ion collisions by collecting significantly higher
luminosities than the current detector, with a much larger acceptance, and provid-
ing unprecedented pointing resolution by placing the vertex detector on a retractable
structure inside the beam pipe. ALICE 3 will, on the one hand, enable novel stud-
ies of the Quark-Gluon Plasma (QGP) and, on the other hand, open up important
physics opportunities in other areas of QCD and beyond. The main new studies in
the QGP sector focus on low-p heavy-flavour production, as well as on precise multi-
differential measurements of dielectron emission to probe the mechanism of chiral-
symmetry restoration and the time-evolution of the QGP phase. Besides QGP studies,
ALICE 3 can uniquely contribute to hadronic physics, with femtoscopic studies of the
interaction potentials between charm mesons and searches for nuclei with charm.

In this context, a key subsystem for charged—particle identification (PID) will be a
proximity—focusing Ring Imaging Cherenkov detector, covering eight units of pseudo-
rapidity (|| < 4) and segmented into a central barrel (bRICH, |n| < 2) and forward
endcaps (fRICH, 2 < |n| < 4). The design target is a better than 30 e/, /K and K/p
separation up to 2, 10 and 16 GeV /¢, respectively. With this target performance, such
a detector will enable unique contributions to dielectron physics, to the heavy-flavour
sector, and to precision studies of event-by-event fluctuations of conserved charges.

The goal of my PhD research was to design the bRICH system through dedicated
feasibility and optimization studies, proposing an efficient and cost-effective solution
and demonstrating, via simulations and measurements, that it meets the ALICE 3
physics requirements in the most challenging environment of central Pb-Pb collisions.

I proposed and investigated a modular projective proximity-focusing geometry with
modules equipped with aerogel tiles as Cherenkov radiator and SiPM-based photode-
tector modules oriented toward the nominal collision vertex to enhance the PID per-
formance while minimising the total active area and costs. I also investigated the
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option of flushing the bRICH expansion gap with an eco-friendly heavy-gas mixture
to enhance the separation of electrons from pions up to about 4 GeV/c momentum,
as required for systematic multi-differential dielectron studies planned for ALICE 3.

I also explored the implementation of high-efficiency Cherenkov-based time measure-
ments for charged particles, achieving resolutions of a few tens of picoseconds, by using
the bRICH SiPMs coupled to a thin transparent window. This solution would open
the possibility of combining the ALICE 3 outer TOF layer and the bRICH into a single
detector using the same sensor layer, with substantial technical and cost advantages.

The simulation activity included the development of efficient and fast machine learning
algorithms based on the Boosted Decision Tree concept, trained to learn the topology
of aerogel Cherenkov rings and the electron clusters for the heavy gas option in the
proposed geometry. These algorithms were specifically designed to push PID perfor-
mance in the high-multiplicity environment of central (0-5%) Pb—Pb collisions under
extreme dark count rate (DCR) conditions beyond the limits of classical algorithms.

A major challenge for the feasibility of the project is indeed the increasing DCR of the
SiPMs during operation due to their poor radiation tolerance under the high radiation
load expected in the ALICE 3 environment. Ensuring DCR levels smaller than 4 MHz
per channel is crucial for the long-term operation of the detector. In this context, I
complemented the simulation studies, aimed at quantifying the impact of high DCR
on the performance, with characterization measurements of irradiated SiPMs from
Hamamatsu. These measurements were used to define an operating strategy and an
ageing model based on cooling to temperatures below -40°C, with annealing cycles
above 70°C. I also investigated the possibility of using smaller SiPMs with light con-
centrators to reduce the DCR keeping the same effective area and number of channels.

From the characterization measurements of the optical properties of hydrophobic aero-
gel tiles from Aerogel Factory Co., Ltd., I observed a systematic, unforeseen spatial
gradient of the refractive index along the tile thickness. This produces a natural fo-
cusing effect that improves the angular resolution in the proposed bRICH geometry.
This result may have an impact on future RICH detectors adopting a similar layout.

The simulation studies and characterization measurements were complemented and
supported by beam tests of small-scale prototypes at the CERN-PS T10 facility be-
tween 2022 and 2025. I actively contributed to the planning of all runs, the design
and characterization of the prototypes, data taking, and performed the full data anal-
ysis and simulation. The analysis validated the bRICH geometry and the expected
performance in terms of angular resolution, photon yield, and separation power. It
also demonstrated the stability of the ring reconstruction performance with the DCR
levels expected during the ALICE 3 operation.



3 Introduction

In this thesis I present my contributions largely following the chronological develop-
ment of the project, from design and performance validation studies to the subsequent
radiator and photodetector characterization and the prototyping for beam tests. In
particular, this thesis is organized as follows.

An outline of the ALICE 3 experiment, focusing on the physics goals, the detector
requirements, the state-of-the-art detector concept, and projections of the expected
physics performance is presented in Chapter 1.

The principle of operation of the RICH technique and the main properties of the
building blocks of the bRICH, aerogel and SiPMs, are summarized in Chapter 2.

The evolution of the bRICH design, from the original cylindrical layout in the AL-
ICE 3 Letter of Intent to my final proposal for the current baseline modular projec-
tive layout, is discussed in Chapter 3. I also discuss the options for gas—based elec-
tron—identification, Cherenkov-based charged-particle timing, and the use of smaller
SiPMs with light concentrators, and their simulation—based proofs of concept.

The simulation of detector performance, from the figures of merit in single—particle
events to the efficiency and purity for e, u, 7t, K, and p in the most challenging cen-
tral 0-5% Pb-Pb environment, also accounting for the SiPM DCR, the impact of the
single photon time resolution (SPTR) on background suppression, and the photode-
tector module layout, is presented in Chapter 4. This chapter also introduces the
machine—learning algorithms I developed for both aerogel and gas signals, highlighting
the improvements over a classical Hough—transform plus Bayesian PID approach.

The characterization of SiPM arrays irradiated with neutrons at JSI in Ljubljana, to-
gether with the proposal for a SiPM operating strategy and ageing models I developed
to describe the DCR evolution over the ALICE 3 lifetime, is presented in Chapter 5.

The main results from characterization measurements of the optical properties of vari-
ous aerogel tiles and from beam tests of the various prototypes at CERN-PS T10 facil-
ity, focusing on the validation of the performance in terms of angular resolution, back-
ground suppression with timing, photon yield, pattern recognition, separation power,
and reconstruction stability under high DCR, are finally reported in Chapter 6.



Chapter 1

The ALICE 3 experiment

The main experimental goal of the ALICE Collaboration is to study the microscopic
dynamics of strongly interacting matter at extreme energy densities created in ultra-
relativistic heavy-ion collisions, where the Quark—Gluon Plasma (QGP), a state of
matter in which quarks and gluons are no longer confined within hadrons, is formed.

Despite the remarkable progress achieved with the ALICE experiment during LHC
Runs 1 and 2, and the substantial improvements of the upgraded ALICE 2 detector
for Run 3, as well as the further developments expected from the ALICE 2.1 upgrade
planned for Run 4, several fundamental questions will remain open at the end of Run 4.
These include our understanding of the properties of QGP that drive its constituents
toward equilibrium, the temperature dependence of the partonic equation of state, the
underlying dynamics of chiral-symmetry restoration, and the hadronization mecha-
nisms of the QGP. Addressing these open questions requires a significant improvement
in detector performance in terms of vertexing, tracking, and particle identification,
calling for the development of a next-generation heavy-ion experiment.

In this context, the ALICE Collaboration is proposing a new detector, ALICE 3, de-
signed to replace the current ALICE apparatus for the heavy-ion program planned for
LHC Run 5, starting in 2036. The ALICE 3 proposal was first outlined in the Letter
of Intent (Lol) published in 2022 [1], and further refined in the Scoping Document
(SD) released in 2025 [2]. ALICE 3 is conceived to provide unprecedented capabili-
ties in tracking, vertexing, particle identification, and data-rate handling, enabling a
substantial reduction of both instrumental and physics backgrounds. The detector is
optimized to perform efficiently from the low-multiplicity environment of pp collisions
to the extreme high-multiplicity environment of the most central Pb—Pb events.



5 The ALICE 3 experiment

In this chapter I provide an overview of the ALICE 3 experiment. Section 1.1 provides
a brief introduction to the QGP, its formation in ultra-relativistic heavy-ion collisions,
and the key experimental signatures used to study it. Section 1.2 briefly summarizes
the main features of the Large Hadron Collider, followed by a description of the current
ALICE apparatus in Section 1.3 and the upgrade timeline toward ALICE 3 in Sec-
tion 1.4. The LHC heavy-ion programme beyond Run 4 is summarized in Section 1.5.
The physics motivations for the new detector are presented in Section 1.6, while the
implications for the detector requirements and the detector concept are discussed in
Sections 1.7 and 1.8. Projections of the expected physics performance based on the
target detector performance are finally presented in Section 1.9.

1.1 An introduction to QGP

The strong interaction between quarks and gluons, the fundamental building blocks of
hadronic matter, is described by Quantum Chromodynamics (QCD). Under extreme
conditions of temperature and energy density, QCD predicts a phase transition from
the confined hadronic phase to a color-deconfined state of quarks and gluons (3], the
Quark-Gluon Plasma (QGP), exhibiting the properties of a perfect fluid [4].

This QCD phase transition can be studied in the laboratory via ultra-relativistic heavy-
ion collisions, which recreate the temperature, pressure, and energy density conditions
necessary for QGP formation. The product of these collisions is a fireball in local
thermal equilibrium that rapidly expands and cools down. The space-time evolution
of this fireball is believed to reproduce the early stages of the Universe, when the
partonic deconfined matter turned into confined hadrons a few ps after the Big Bang.

The first heavy-ion experiments date back to the 1980s at the Alternating Gradient
Synchrotron (AGS) at Brookhaven National Laboratory (BNL) [5] and at the Super
Proton Synchrotron (SPS) [6] at CERN, where fixed target experiments studied col-
lisions at a centre-of-mass energy per nucleon pair \/sxy in the region 5 — 20 GeV.
High-energy heavy-ion collisions were then studied in collider experiments at the Rel-
ativistic Heavy-Ion collider (RHIC) [7] since 2000, reaching |/snn values of 200 GeV
for Au-Au collisions, and more recently also at the Large Hadron Collider (LHC) [§]
since 2009, reaching /sxn values of 5.36 TeV for Pb-Pb collisions.
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Freeze-out
Hadronisation .7

Initial state QGP formation

Time: 0 fm/c <1fm/c ~10 fm/c ~10'5 fm/c

Figure 1.1: The evolution of a heavy-ion collision at LHC energies. Figure from |[8§].

1.1.1 Ultra-relativistic heavy-ion collisions

The evolution of an ultra-relativistic heavy-ion collision is usually described in terms
of a series of stages, as schematically illustrated in Fig. 1.1.

e Initial state. Right before the collision, at ¢ < 0fm/c, two Lorentz-contracted
nuclei with transverse diameter 2R and longitudinal thickness 2R/~ approach
each other, where 7 is the Lorentz factor in the centre-of-mass reference frame.
A large parton density is expected inside the nuclei. In this regime, the behaviour
of nuclear matter is consistent with a state of Color Glass Condensate [9].

e Pre-equilibrium. The nuclei come close, initiating the interactions between
their constituent partons. This stage is largely dominated by low-momentum
gluons and evolves towards softer quarks and anti-quarks dynamically created
through gluon fusion [10]. The system is highly anisotropic, and its shape resem-
bles the overlap region between the two nuclei. Processes involving low momen-
tum transfer determine the overall energy density and entropy deposition in the
initial state [11]. Processes involving large momentum transfer (Q% > 1 GeV?)
allow for the creation of high-momentum gluons or heavy quarks, charm and
beauty, interacting with the other constituents of the environment.

e Thermalisation. The partons produced in the primary interactions rescatter
each other, giving rise to a region of high energy density at thermal equilibrium
leading to the formation of a strongly coupled QGP phase in ~ 1 fm/c.
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e Expansion. Due to the internal pressure, the thermalised system undergoes
a collective expansion and cools down as the energy density decreases. In this
phase, the relative abundances of both gluons and up, down and strange quarks
change due to multiple interactions as their mean free path is smaller than the
size of the medium. During the expansion, the system behaves as a perfect liquid
and can be described in the context of relativistic hydrodynamics [4].

e Hadronisation. When the critical energy density . ~ 1 GeV /fm? is reached, the
hadronisation process begins and the system evolves into an interacting hadron
resonance gas. In this phase, the expansion and cooling of the system continue,
as well as inelastic and elastic interactions among the hadrons within the system.

e Decoupling. The relative abundances of the different hadron species continue
to change as long as the hadron gas undergoes inelastic interactions. Once the
energy of these interactions becomes too low, inelastic interactions cease and
the so-called chemical freeze-out is reached. At this stage the abundances are
fixed while elastic interactions are still present and keep modifying the kinetic
properties of the hadrons. When the distances between hadrons exceed the range
of the interaction, elastic collisions also cease and the so-called kinetic freeze-out
is reached. At this stage the kinematical distributions of the hadrons are also
fixed. Stable particles free-stream to the detectors, where they can be detected.

1.1.2 Experimental signatures of QGP

Due to the short lifetime of the QGP phase (=~ 10 fm/c ~ 10723 s), it cannot be
studied directly and we can only access the final state of the collision, with final
particles typically measured approximately 10'® fm/c after the collision. However,
theoretical models suggest certain observables as signatures of QGP production. These
signatures, categorized based on their properties and the collision phase in which they
are generated, are commonly classified as electromagnetic, hard, and soft probes.

e Electromagnetic probes. Real and virtual photons are produced in all the
stages of a heavy-ion collision. They can be identified by measuring final state
photons and lepton pairs. Since they are not interacting via the strong force,
they leave the collision unscattered, making them ideal messengers to study the
whole evolution of the collision [12]|. They serve as a powerful probe for exploring
the QGP temperature evolution and chiral-symmetry restoration mechanisms.

e Hard probes. Interactions with high-momentum transfer at the early stages
of the collision result in the production of jets and particles containing heavy-
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flavour quarks (c, b) in open charm/beauty and quarkonia. The study of such
observables provides direct insight into QGP effects on the propagation of the
parent quarks and gluons through the medium.

e Soft probes. Interactions with low-momentum transfer in the last stages of
the fireball evolution dominate particle production processes and provide access
to the phase transition and the medium bulk properties. These observables are
mainly measured from low-momentum hadrons with light quarks (u, d, s).

A comprehensive overview of corresponding up-to-date results can be found in [§].

1.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [13] operating at the European Organization for Nu-
clear Research (CERN) is the largest and most powerful hadron collider in the world.
The LHC is a two-ring superconducting circular collider having a circumference of 26.7
km and is located underground at a depth between 50 m and 175 m. Inside the rings,
two beams of protons or heavy ions circulate in opposite directions. The accelerator
is designed to accelerate and collide protons with maximum achievable centre-of-mass
energy /s = 14 TeV and Pb nuclei at \/sxy = 5.52 TeV. The acceleration is caused
by 16 superconducting radio-frequency (RF) cavities, 8 per ring. To avoid colliding
with gas molecules inside the accelerator, the beams of particles travel in an ultra-high
vacuum, at a pressure as low as 107! mbar. The system includes 1232 main dipole
magnets operated at 1.9 K providing a magnetic field of about 8.3 T for bending the
beam particles inside the rings, and 392 main quadrupole magnets for beam focusing.
The LHC is the last step of the CERN accelerator complex, shown in Fig. 1.2, a series
of machines which accelerate particles to increasingly high energies before injecting
them into the next accelerator of the sequence.

To create a proton beam, a hydrogen bottle is used as primary source. Negative
hydrogen ions (H™) are obtained from hydrogen gas by applying an electric field. These
ions are injected into a linear accelerator (LINAC 4) [15], where they are accelerated
up to 160 MeV. The hydrogen ions are then stripped of their two electrons, leaving
only protons, during injection from LINAC 4 into the Proton Synchrotron Booster
(PSB) [16], where the proton energy is increased up to 2 GeV. Afterwards, the protons
pass to the Proton Synchrotron (PS) [17] for further acceleration up to 26 GeV. They
are then injected into the Super Proton Synchrotron (SPS) [18], which accelerates the
particles in the beam up to 450 GeV, before the final injection into the LHC.
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Figure 1.2: The CERN accelerator complex. Figure from [14].

Creating a heavy-ion beam involves a more complex process due to the heavier mass
and multiple charges of the ions. To initiate a Pb-ion beam, vaporised lead is used as
the primary source. An Electron Cyclotron Resonance (ECR) [19] source is required
for the production of ions in highly charged states. The positive ions are then injected
into a different linear accelerator (LINAC 3) [20], where they gain an energy boost
up to 4.2 MeV per nucleon, and subsequently injected into the Low-Energy Ion Ring
(LEIR) [21], where the ions are accelerated up to 72 MeV per nucleon, before being
transferred to the PS. These ions pass through stripping foils to remove electrons.

Each interaction point along the LHC ring is covered by a large detector system.
CMS (Compact Muon Solenoid) [22] and ATLAS (A Toroidal LHC ApparatuS) [23]
were designed to study the properties of the Higgs boson and to explore BSM physics.
The main purpose of the LHCb (Large Hadron Collider beauty) [24| experiment is
to study the CP violation in the heavy-quark sector. Finally, ALICE (A Large Ion
Collider Experiment) was built to study the QGP properties in heavy-ion collisions.
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Figure 1.3: Schematic view of the ALICE detector.
1.3 ALICE (Run 1 and 2)

The ALICE detector is located at the interaction point IP2 of the LHC. The apparatus
that was in operation in the LHC Runs 1 and 2, referred to as ALICE 1, is described
in detail in Ref. [25]. Its performance is discussed in detail in Ref. [26]. The detector
was designed to cope with the high particle multiplicity expected in the most central
heavy-ion collisions and to provide robust PID down to pr ~ 0.15 GeV/c.

The ALICE detector is shown in Fig. 1.3. Its sub-detectors can be classified into three
main groups: the central barrel detectors, covering central pseudorapidities, the for-
ward detectors, placed at forward rapidity and the muon arm for muon identification.

The central barrel detectors are enclosed in the L3 solenoid magnet, which delivers
a 0.5 T nominal magnetic field, and are mostly dedicated to vertex reconstruction,
tracking and PID. Moving from the interaction point outward, they include:

e Inner Tracking System (ITS)
e Time Projection Chamber (TPC)
e Transition Radiation Detector (TRD)

e Time Of Flight (TOF)
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These subsystems provide full azimuthal coverage (0 < ¢ < 27) with pseudorapidity
acceptance |n| < 0.9. In the mid-rapidity region, there are additional detectors with
limited acceptance:

e High-Momentum Particle IDentification (HMPID)
e PHOton Spectrometer (PHOS)
e ElectroMagnetic CALorimeter (EMCAL)

e Di-jet Calorimeter (DCal)

The forward detectors are placed in the high pseudorapidity region and are specialised
systems for event triggering and measuring global event features. They include:

e Forward Multiplicity Detector (FMD) (—3.4 <n < —1.7 and 1.7 < n < 5.0)

Photon Multiplicity Detector (PMD) (2.3 < n < 3.9)

Zero Degree Calorimeters (ZDC) (|n| > 8.8 for ZN, 6.5 < |n| < 7.5 for ZP,
4.8 < n < 5.7 for ZEM)

VO Detectors (2.8 < n < 5.1 for VOA and —3.7 < n < —1.7 for VOC)

TO Detectors (4.6 < n < 4.9 for TOA and —3.3 < n < —3.0 for TOC)

The muon spectrometer covers the forward pseudorapidity region —4.0 < n < —2.5.
It consists of a dipole magnet, tracking and trigger chambers and is optimised to
reconstruct heavy-flavoured hadrons through their decays to utp~ and single muons.

1.4 ALICE timeline

During LHC Run 1 (2009-2013) and Run 2 (2015-2018), ALICE conducted a com-
prehensive QCD programme, delivering key measurements that significantly advanced
the characterization of QGP properties, as detailed in [8].

To fully exploit the LHC potential, ALICE underwent major detector upgrades during
Long Shutdown 2 (2019-2021), including a new Inner Tracking System (ITS2), a
substantial upgrade of the TPC and forward trigger detectors, and readout-electronics
upgrades for the TRD, TOF, PHOS, and Muon Spectrometer. The upgraded system
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Figure 1.4: LHC schedule toward the ALICE 3 installation during LS4 and operation from Run 5.

is referred to as ALICE 2. Together with a new continuous-readout scheme, these
improvements enable operation at the current interaction rates of Runs 3 [27].

Preparations are underway for a further upgrade, ALICE 2.1, during Long Shutdown 3
(2026-2029). Research and development for future subsystems has been substantially
completed, and construction has begun on two new detectors: I'TS3 (28], a bent, wafer-
scale monolithic pixel system designed to replace the three innermost I'TS2 layers, and
FoCal [29], a forward electromagnetic and hadronic calorimeter. These upgrades will
enable key heavy-ion measurements, including multi-charmed baryon production, the
elliptic flow of dielectrons, and low-pt photon production.

However, despite the wide-ranging capabilities of the upgraded apparatus, several open
physics questions will remain to be addressed at the end of LHC Run 4.

Promising opportunities to extend the heavy-ion programme include the substantial
increase in nucleon-—nucleon luminosity at the LHC in Run 5 after LS4 and the use of
intermediate-mass nuclei, such as Ar-Ar, Kr—Kr or Xe—Xe, which would provide novel
QGP probes and enable a new era of precision measurements for rare observables in the
Pb-Pb system. However, since the current ALICE tracking relies on the large TPC,
such luminosities would saturate the maximum interaction rate the current experiment
can sustain. A faster tracking technology is therefore required to replace the TPC.

To handle the increased interaction rates, a next-generation heavy-ion experiment,
ALICE 3 [1, 2|, has been proposed for installation at the LHC Interaction Point 2
during Long Shutdown 4 (2033-2034). ALICE 3 will be an all-silicon detector, exploit-
ing technological advances in novel silicon technologies with unprecedented low mass.
This design will allow exploration of an ultra-soft region of phase space, enabling the
measurement of very low-pr lepton pairs, photons, and hadrons at the LHC.

Fig. 1.4 shows the LHC schedule toward the ALICE 3 installation and operation.
The start of data-taking with ALICE 3 is planned for LHC Run 5, currently sched-
uled to begin in 2036. Detector construction and pre-commissioning are planned for
2028-2031, allowing one year of contingency before the installation. The dismantling
of the current ALICE detector, followed by the installation of ALICE 3, is expected
to require a shutdown of two years, consistent with the current LHC schedule.
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In the following sections of this chapter, the physics motivations of the ALICE 3
experiment will be outlined, followed by an overview of the detector system, and
parametric projections of the expected physics performance.

1.5 Ion collisions at the LHC beyond Run 4

To address fundamental open questions in heavy-ion physics, it is crucial to fully
exploit the LHC potential as a heavy-ion collider. While Pb ions provide the largest
collision system and the strongest QGP effects, the luminosity is limited. Nevertheless,
based on current projections, Run 5 will enable studies with more than five times the
nucleon-nucleon luminosity achieved with Pb—Pb collisions in Runs 3 and 4. Several
measurements will benefit from or only become possible with this increase in luminosity
combined with vastly improved detector capabilities. Lighter ions, such as Ar, Kr and
Xe, are also planned to be used in LHC Run 5. Due to their lower charge, they can
be injected into the LHC with higher bunch intensities, resulting in higher nucleon-
nucleon luminosity, thus enhancing the rate of hard processes. Table 1.1 shows the
expected integrated luminosity and interaction rates for various collision systems under
consideration. ALICE 3 is specifically optimised to fully exploit these luminosities.

Quantity PP 00 Ar—Ar Kr—Kr Xe—Xe Pb—Pb
VSN (TeV) 14.00 7.00 6.30 6.46 5.86 5.52

(Laa) (em™2571) 3.0 x 10 9.5 x 102 2.0x 10 5.0x 10%® 1.6 x 102® 3.3 x 10%7

LRuth (nh=1) 51x10° 1.6x10®° 34x10*> 84x10' 2.6 x 10! 5.6
Ruax (kHz) 24000 2169 821 344 187 93
dNen/dn (MB) 7 70 151 275 434 682

Table 1.1: Projected LHC performance for LHC Run 5. For various collision systems, the average
luminosity (L), the luminosity integrated per month of operation Cfxnth, the maximum interaction
rate Rpax, the minimum-bias (MB) charged-particle pseudorapidity density dNe,/dn are reported.
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1.6 ALICE 3 physics motivations

The ALICE 3 detector concept is unique at the LHC in terms of pointing resolution
of a few microns down to low transverse momentum over a large acceptance of eight
pseudorapidity units, low material budget in the first tracking layers, and the identi-
fication of hadrons, electrons, and muons over a large transverse momentum range.

The ALICE 3 detector is designed to enable a broad physics program and provides
unique opportunities to address open questions in the following areas of QCD.

e Understanding the thermalisation of heavy quarks in the QGP. Mea-
surements of D-D azimuthal correlations and high-precision measurements of
azimuthal asymmetries of beauty hadrons provide a direct measure of the de-
gree of kinetic thermalisation and of the associated diffusion coefficients, to test
first-principle calculations of quark diffusion in lattice QCD. The equilibration
of charm quarks in the deconfined plasma produced in heavy-ion collisions can
be studied with high sensitivity using the ratio of multi-charm to single-charm
baryon yields, which is predicted to be hundred-times larger than in pp collisions.

e Accessing the QGP evolution with thermal radiation. High-precision
measurements of dielectron (virtual photon) invariant-mass spectra, their trans-
verse momentum dependence, and azimuthal anisotropy, provide a unique mea-
sure of the temperature of the QGP and its time evolution in the early stages of
the collision, which is fundamental to the characterisation of the plasma.

e Characterising the cross-over to the QGP phase. Net-baryon (baryon mi-
nus antibaryon) and net-charm (charm minus anticharm) fluctuations measured
over a large rapidity range characterise the critical behaviour near the cross-over
transition between hadronic matter and the QGP, and are directly related to
quantities calculable in lattice QCD. The dielectron spectral function in the p-
meson mass region is directly sensitive to the manifestation of chiral symmetry
restoration via mixing of vector and axial vector mesons.

e Exploiting a new laboratory for hadronic physics. Measurements of mo-
mentum correlations of charm hadrons provide unique experimental access to the
hadron—hadron interaction potentials for heavy-flavour hadrons, to test lattice
QCD calculations and to provide new insights into the nature of exotic hadrons
(tetraquarks) with double-charm content. Searches for charm-nuclei such as the
c-deuteron may lead to first observations of these novel states.
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1.6.1 Understanding heavy-quark thermalisation in the QGP
High-precision beauty measurements

In order to establish a rigorous connection between parton transport, collective flow
and hadronisation of the QGP, the study of parton energy loss needs to be extended
down to the momenta typical of diffusion phenomena. To this end, measurements of
the spectra and flow coefficients of beauty hadrons down to ~1 GeV/c are required.
These measurements must include beauty hadrons ranging from the most abundant
B? or B* mesons to B, mesons and A, baryons, which are crucial to understand
and constrain hadronisation models of b quarks in the presence of high-density QCD
matter. The relaxation time of beauty quarks is expected to be about three times
larger than for charm quarks (due to the ratio of masses). This aspect will provide
unprecedented insight into the temperature dependence of heavy-quark diffusion in
the QGP. This goal calls for a secondary vertexing performance far exceeding that of
the present inner tracker of ALICE. In this context, ALICE 3 targets low-pt beauty-
hadron elliptic low measurements in nucleus—nucleus collisions with = 0.01 precision.

D-D azimuthal correlations

In order to discriminate between the different regimes of energy loss in the QGP
and reveal the possible charm isotropisation by diffusion, novel and differential mea-
surements, such as that of azimuthal angular correlations between fully-reconstructed
charm hadron pairs over a wide rapidity range, are needed. The largest sensitivity to
the energy loss mechanisms is expected for D mesons with transverse momenta below
a few GeV /¢, where radiative energy loss processes (gluon emission) lead to small an-
gular deflections, while collisional processes (scattering on medium constituents) lead
to large angular deflections and, potentially, to full isotropisation if the number of
scatterings (i.e. coupling with the medium) is sufficiently large (diffusion regime). A
first measurement of low-pp angular D-D correlations calls for high selection efficiency
down to low transverse momentum of about 1 GeV /¢, which requires an impact pa-
rameter resolution that exceeds the present technological limit, and for the ability to
operate at rates that significantly exceed the capabilities of the present ALICE de-
tector. In this context, the goal of ALICE 3 is to provide first measurements of the
angular decorrelation of low-pt charm mesons in nucleus-nucleus collisions.
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Multi-charm baryons, p-wave quarkonia and exotic hadrons

A key goal of the next-generation high-energy heavy-ion programme is establishing
the connection between the thermalisation of the QGP, including the initially-out-
of-equilibrium charm quarks, and the formation of hadrons from deconfined quarks.
Measuring, for the first time, the production of multi-heavy-flavour hadrons (like =,
Q.., and ideally Q...) and p-wave quarkonia (x.1 2) will offer unprecedented sensitivity
towards this goal. To achieve sufficient statistical significance for multi-heavy-flavour
particles, a novel experimental approach, strangeness tracking [1], is needed to track
all their decay products, such as =* and Q% hyperons, before they decay further. This
calls for tracking layers at distances as close as possible to the interaction point, hadron
identification capabilities over a wide transverse momentum range from a few hundred
MeV /c to a few GeV /¢, and high readout rates. Moreover, large pseudorapidity accep-
tance is required, not only to maximise the reconstructed signal yield, but also in order
to investigate the dependence of the production of multi-heavy-flavour hadrons on the
heavy-quark density that varies with rapidity. Access to p-wave quarkonia and ex-
otic states requires quarkonium reconstruction capabilities down to zero pr, combined
with high data-acquisition rates, and excellent soft—photon reconstruction capabilities
for electromagnetic decays. These objects are still out of reach in nucleus—nucleus
collisions with the present technology. The goal of ALICE 3 is to provide first mea-
surements of multicharm baryons and p-wave charmonia in nucleus—nucleus collisions.

1.6.2 Accessing the QGP evolution with thermal radiation
Azimuthal asymmetry of electromagnetic radiation

Measurements of the non-uniform azimuthal angle distribution of particle production
are a powerful tool to study fundamental properties of the QGP, such as its shear and
bulk viscosities. Measurements planned for LHC Runs 3 and 4 will strongly constrain
the initial conditions and geometry of the collision. This will allow us, for instance,
to ascertain whether all hadron species truly emerge from a single, common flow field
and to make precision measurements of the QGP viscosities. However, these insights
will be limited to properties averaged over the system evolution. In order to gain
access to the full time dependence of fundamental transport parameters (and hence
to their temperature dependence), electromagnetic probes are required. This calls for
a comprehensive study of the azimuthal asymmetry of the production of dileptons as
a function of their transverse momentum and mass, which is directly connected to
the emission time. Such a fully-differential measurement of the dilepton azimuthal
asymmetries requires large data samples, excellent electron identification, and low
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background, calling for a tracker with extremely low material budget to minimise
photon conversions, and with high pointing resolution for the separation of electrons
from the decays of heavy-flavour hadrons. These requirements make ALICE 3 design
unique for thermal dilepton measurements differential in transverse momentum (time
dependence of system temperature) and azimuthal angle relative to the reaction plane.

1.6.3 Characterising the cross-over to the QGP phase
Chiral symmetry restoration

The cross-over from confined to deconfined phase is accompanied by the restoration
of chiral symmetry, leading to a modification of the dilepton spectrum in the light
vector meson mass range, particularly in the region around the mass of the a; meson
(JP = 17), the chiral partner of the p® meson (J© = 17). Since the a; is an axial-
vector meson, it does not couple to the dilepton channel in vacuum, but, as chiral
symmetry is restored in the medium, it is expected to mix with the p°, leading to a
signature modification of the mass spectrum that would provide a first direct signal
at the LHC conditions (baryochemical potential close to zero) of the admixture of
the axial state, the so-called p-a; mixing [30]. The detection of this signal would
elucidate the mechanisms of the chiral symmetry restoration in the QGP. The expected
magnitude of this effect, a change of the dilepton yield of about 15% in the mass range
close to the p peak, is out of reach of the ALICE capabilities in Runs 3 and 4. The
improvements offered by the ALICE 3 design, in particular the excellent electron
identification, the small material budget and the high resolution vertexing capabilities
down to low pr, will provide the precision required to observe the predicted effect at 30
level [1]. Therefore, ALICE 3 will provide unique contributions to our understanding
of chiral symmetry restoration mechanisms at vanishing baryochemical potential.

Fluctuations of conserved charges

Phase transitions in strongly-interacting matter can be addressed by investigating the
response of the system to external perturbations via measurements of fluctuations of
conserved charges. Such measurements provide information on critical behaviour near
the phase boundary between QGP and hadronic matter. The fluctuations can be
directly related to susceptibilities of conserved charges that can be computed in lattice
QCD |31, 32]. The large coverage in pseudorapidity targeted by ALICE 3 (|n| < 4) is
crucial to limit the fluctuations due to acceptance and to gain access to the intrinsic
fluctuations and their Ay dependence. Critical fluctuations in the vicinity of the cross-
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over line to a second-order phase transition are expected to strongly modify the sixth
and higher-order cumulants of the net-baryon distribution. Therefore, extending the
measurement for the first time to cumulants of order six and higher is one of the
primary goals in ALICE 3. In addition, in ALICE 3, these studies can be extended
to the strangeness and charm sector. Measurements of net-charm fluctuations require
high reconstruction efficiency and high purity for open charm hadron reconstruction.
Such studies are out of reach for the current generation of detectors.

1.6.4 A new laboratory for hadronic and fundamental physics
Nuclear bound states and hadronic interactions

The design of the ALICE 3 apparatus is ideal to address key topics at the interface of
QGP, hadronic, and nuclear physics. High interaction-rate capabilities will grant for
the first time access to rare phenomena, such as the production of nuclei, hypernuclei
with mass number A > 5 and, combined with excellent heavy-flavour identification
capabilities, possibly the as-yet undiscovered supernuclei (nuclei in which a proton is
replaced by a charmed baryon A.). Wide acceptance, again combined with outstand-
ing heavy-flavour performance at low transverse momenta, will make it possible to
extend for the first time the studies of hadron—hadron potentials via two-particle cor-
relations to the charm—charm sector (for instance, using D—D and D—D* correlations),
providing a new powerful tool to investigate the structure of the recently-discovered
charmed exotic states, such as the T/ [33]. In ultra-peripheral collisions, the combi-
nation of wide acceptance and strong particle identification capabilities will also open
up the possibility of exploring more complex decays of photoproduced vector mesons
than previously possible. In this context, ALICE 3 is designed to provide unique con-
tributions to charm—charm hadronic interactions, the search for charmed nuclei, and
the first measurement of (hyper)nuclei with A =5 and A = 6 in hadronic collisions.

Ultra-soft photons and tests of quantum field theories

In high-energy hadronic collisions, bremsstrahlung photons are emitted in the pro-
duction of prompt charged hadrons that are stable against strong decays. According
to Low’s theorem [34], for photon transverse momentum kr relative to the radiating
hadron approaching zero (ultrasoft limit), the bremsstrahlung spectrum can be com-
puted in a model- and process-independent way. This gives rise to the characteristic
1/kr dependence of the photon spectrum and is a direct consequence of the conserva-
tion of electric charge. Low’s theorem can be used to quantitatively test the infrared



19 The ALICE 3 experiment

limits of quantum field theories such as QED, QCD and quantum gravity. Low’s theo-
rem has not yet been conclusively verified in experiments, although its violation would
constitute a crisis in theory. The large majority of tests of Low’s theorem resulted in
the observation of significant excesses of soft photons over what was predicted, typ-
ically by factors between four and eight. In ALICE 3, a dedicated forward tracker
to reconstruct photon conversions at ultra-low transverse momenta of a few MeV /c is
planned to enable a new state-of-the-art measurement to test Low’s theorem and thus
the infrared limit of QED as a gauge theory.

Collectivity in small systems

The discovery of collective effects in small collision systems [35, 36] has been one
of the most remarkable LHC results so far. The investigation of the origin of these
effects is one of the major goals of the Runs 3 and 4 campaign, with a dedicated high-
multiplicity pp programme in ALICE, as well as runs with p—Pb and O-O collisions.
However, high-multiplicity pp studies in Runs 3 and 4 will still be affected by the
biases introduced by the limited pseudorapidity or low-momentum acceptance of the
present LHC detectors, and any future measurement campaigns with lighter ions that
may be warranted by the results of Runs 3 and 4 will require the capability to operate
at data acquisition rates much larger than those of the current apparatus. Therefore,
with its target rate capabilities, acceptance of eight pseudorapidity units and efficient
reconstruction capabilities for pr down to ~50 MeV /¢, ALICE 3 can provide unique
contributions to our understanding of collective effects in small systems.

Searches beyond the Standard Model

The search for physics beyond the Standard Model (BSM) is one of the main goals of
the LHC. Heavy-ion collisions provide complementary and, at times, superior means
as compared to pp collisions for searches of new phenomena not captured by the
Standard Model. In particular, ultra-peripheral collisions (UPCs) of heavy ions offer
the ideal conditions for the studies of photon-mediated processes, such as light-by-
light scattering yy—y7y, axion-like particle searches and T lepton anomalous magnetic
moment measurements. ALICE 3 provides an opportunity to extend these studies to
low-pr photons for axion-like particle searches in yy—y7y, using photons reconstructed
in an electromagnetic calorimeter and with conversions, and to low-pr electrons or
muons from T decay. This will give access to kinematic regions that are inaccessible
to other LHC experiments. The wide pseudorapidity coverage of the ALICE 3 de-
tector provides an additional advantage for the selection of exclusive final states in
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UPCs, making it suitable for the most sensitive axion-like particle search in the mass
region down to 0.1 GeV/c2.

1.7 ALICE 3 detector requirements

The measurements planned to address the physics goals outlined in the previous section
rely on a series of observables defining the ALICE 3 subsystems and their design
requirements in terms of vertexing, tracking, PID and rate capabilities. The target
kinematic ranges for the ALICE 3 key physics objects are summarised in Table 1.2.
The corresponding requirements for the ALICE 3 subsystems are reported in Table 1.3.

Observables Kinematic Range

Heavy-flavour hadrons pr — 0, |n| < 4

Dielectrons Pree ~ 0.05 to 3 GeV /¢, mee &~ 0.05 to 4 GeV /c?
Photons pr ~ 0.1 to 50 GeV /e, =2 <n < 4

Quarkonia and exotica pr — 0, |n| < 2

Ultrasoft photons pr~1to50 MeV/e,4<n<b

Nuclei pr — 0, |n| <4

Table 1.2: Overview of the ALICE 3 key observables and the respective kinematic ranges of interest.

The key requirements are a retractable vertex detector featuring an unprecedented
pointing resolution, a compact and light all-silicon tracker embedded in a supercon-
ducting solenoidal magnet, efficient identification of photons, electrons, muons, pions,
kaons and protons over a wide momentum range based on various subsystems, accep-
tance over eight units of pseudorapidity (|n| < 4) and forward subsystems for event
characterisation, as well as continuous read-out combined with online data processing.

In particular, excellent pointing resolution, down to 10 pm, is required for tracks down
to pr of about 200 MeV /c. This is fundamental for the reconstruction of secondary
vertices and decay chains, e.g. of heavy-flavoured hadrons. It is also a key ingredient
for the rejection of heavy-flavour background for the dielectron measurements.

In addition, most of the observables of interest rely on charged-particle tracking. The
detector is required to provide a relative pr resolution Apr/pr down to 1-2% with
excellent efficiency over the full target pseudorapidity range An = 8. The precision
of the pr measurement enters in the mass resolution, which is particularly important
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Subsystems and requirements to address the ALICE 3 physics programme |[2].

Table 1.3
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for the extraction of signals for decays with a large background. Besides the gain in
statistics, the large n coverage is also crucial for the low pr reach as well as studies of
long-range correlations and for studies of the rapidity dependence of the yields.

The requirements for particle identification are also crucial in the ALICE 3 physics
programme. Electrons must be identified in the pr range from 50 MeV /c up to about
2 GeV/c and beyond. For muons, the challenge is to achieve an efficient identification
from 1.5 GeV /c upwards so that the combination of electrons and muons at low and
high transverse momentum, respectively, ensures access to leptonic channels over a
wide pr range. In addition, the identification of light hadrons (pions, kaons and
protons) must span the range from tens of MeV/c up to a few tens GeV/¢, in order
to identify the products of heavy-flavour decays, while retaining high efficiency. For
the detection of photons, the requirements are different for different measurements.
While the measurement of photon-jet correlations calls for a large acceptance, the
reconstruction of states such as the y. relies in addition on the measurement of photons
at low energies. Finally, the detection of very low-pr (> 1 MeV/c) photons calls for a
dedicated detector in the forward direction to exploit the longitudinal boost.

In addition, the apparatus must be optimized to fully exploit the expected integrated
luminosities discussed in Section 1.5, ensuring stable operation at maximum interaction
rates up to 24 MHz in pp collisions and 93 kHz in Pb—Pb collisions.

1.8 ALICE 3 detector concept

The combination of the above requirements led to the state-of-the-art reference detec-
tor concept sketched in Fig. 1.5 as outlined in the ALICE 3 Scoping Document [2].

The schematic longitudinal cross section of the reference detector is shown in Fig. 1.6.
A silicon tracker (Inner Tracker and Outer Tracker) serves for vertexing and track
reconstruction in the magnetic field provided by a superconducting magnet system.
The three inner layers of the Inner Tracker are installed in secondary vacuum within
the beam pipe. A compact layout covering eight units of pseudorapidity over the full
azimuth is achieved by using a superconducting solenoid magnet with a 2 T field.
For particle identification, Time-Of-Flight (TOF) layers, a Ring Imaging Cherenkov
(RICH) detector system and an Electromagnetic Calorimeter (ECal), all housed in the
superconducting magnet system, are employed. They are complemented, outside of
the superconducting magnet, by a Muon Identifier (MID), including a hadron absorber
and muon chambers, and a Forward Conversion tracker (FCT). The FCT is housed
in a small dipole magnet. Forward Detectors (FD) are foreseen at either side of the
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Outer Tracker ALICE 3

Inner Tracker

TOF

FD

RICH
ECal
Magnet
Absorber

Muon identification
FCT

Figure 1.5: ALICE 3 state-of-the-art reference detector concept. A silicon tracker (Inner Tracker
and Outer Tracker) serves for vertexing and track reconstruction in the magnetic field provided by a
superconducting magnet. For PID a Time-Of-Flight detector (TOF), a Ring Imaging Cherenkov de-
tector (RICH), an Electromagnetic Calorimeter (ECal), a Muon Identifier made of a hadron absorber
followed by muon chambers (MID), and a Forward Conversion Tracker housed in a dipole magnet
(FCT) are employed. Forward Detectors (FD) are installed at either side of the interaction point.

6 5

ALICE 3 layout
Version 1

Figure 1.6: Longitudinal cross section of the ALICE 3 state-of-the-art reference detector shown in
Fig. 1.5. The Inner and Outer Tracker, the TOF, the RICH, the superconducting magnet, the ECal,
the hadron absorber, the MID and the FCT are shown. The FD layers at |z| > 17 m are not shown.
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interaction point. The system is segmented into cylindrical layers in the barrel region,
for |n| < 2, and disks for larger |n|. The result is a compact detector featuring a
lightweight tracker capable of tracking over a wide momentum range with excellent
pointing resolution, transverse momentum resolution, particle identification and high-
rate capabilities based on the state-of-the-art technologies and innovative approaches.

In the following, I present the state-of-the-art ALICE 3 subsystems, with emphasis on
the ones that impact the RICH performance, which is the subject of this thesis.

1.8.1 Superconducting magnet

The ALICE 3 superconducting magnet consists of a solenoid coil with a length of 7.5 m,
a radius of 1.6 m and offering a field strength of 2 T. Alternative layouts with a radius
of 1.25 m in a configuration without the ECal and a smaller magnetic field strength,
down to 0.5 T, are also under study as scoping options, as discussed in Section 1.8.6.
Various technology options are under study for the superconducting cable, with the
baseline being Nb-Ti/Cu superconductor with aluminium cladding as stabilizer.

1.8.2 Tracking detectors

The ALICE 3 core detector component is a large silicon tracker arranged in 11 barrel
layers and 12 forward disks on either side of the interaction point covering the range
In| < 4. These layers are equipped with Monolithic Active Pixel Sensors (MAPS) [37]
and are grouped into the Inner Tracker and the Outer Tracker, as detailed below.

Inner Tracker

The ALICE 3 Inner Tracker (IT) consists of seven barrel layers and six disks on either
side of the interaction point. It is divided into a Vertex Detector (VD) and Middle
Layers (ML). The VD and ML barrel sections extend 50 ¢cm and 124 cm along Z,
respectively, and are complemented by disks with outer radii of 2.5 cm (VD) and
35 cm (ML). The specifications of the layers of VD and ML in terms of position,
material budget and spatial resolution are given in Table 1.4.

The VD consists of the three innermost barrel layers and disks on either side of the
interaction point. The goal is to ensure a pointing resolution better than 30 um for pr
larger than 100 MeV. To achieve this resolution, the VD is designed as a retractable
system based on curved wafer-scaled ultra-thin silicon MAPS installed in secondary
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Layer Material Intrinsic Barrel layers Forward disks
thickness resolution Length Az Radius (r) Position (|z])  Rin Rout

(%Xo) (nm) (cm) (cm) (cm) (cm)  (cm)
0 0.1 2.5 50 0.50 26 0.50 2.5
1 0.1 2.5 50 1.20 30 0.50 2.5
2 0.1 2.5 50 2.50 34 0.50 2.5
3 1 10 124 3.75 77 5 35
4 1 10 124 7 100 5 35
5 1 10 124 12 122 5 35
6 1 10 124 20

Table 1.4: Specifications of the IT. VD: layers 0 to 2, ML: barrel layers 3 to 6, disks 3 to 5.
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Figure 1.7: Left: Improvement of pointing resolution at pr = 1 GeV/c and n = 0 and effective
Pb-PD statistics from ALICE 1 to ALICE 3. Right: Expected pointing resolution for 7t versus pr.

vacuum inside the beampipe with the inner layer placed at 5 mm distance from the
beam line after beam stabilisation. The resulting uniqueness of ALICE 3, combining
pointing resolution and effective Pb—Pb statistics, is illustrated in Fig. 1.7. The VD
geometry meets the resolution target and yields orders-of-magnitude improvements
from ITS (Runs 1-2), ITS 2 (Run 3) and ITS 3 (Run 4) to the VD planned for Run 5.

The ML are located outside the beam pipe with primary vacuum and contribute to
charged-particle tracking together with the Outer Tracker Layers. The target material
thicknesses are 0.1% of a radiation length per layer for the VD and 1% for the ML.
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Layer Det. Material Intrinsic Barrel layers Forward disks
thickness resolution Full length (Az) Radius (r) Position (|z]) Rin—Rout

(%Xo) (pm) (cm) (cm) (cm) (cm)

6 IT/OT 1 10 1x124 20 150 5-68

7 oT 1 10 1x129 30 180 5-68

8 oT 1 10 2x129 45 220 5-68

9 oT 1 10 2x129 60 260 5-68

10 oT 1 10 2x129 80 300 5-68
11 oT 1 10 350 5-68

Table 1.5: Specifications of the OT: barrel layers 7 to 10, disks 6 to 11.
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Figure 1.8: Expected relative pr resolution for 7t and p as a function of both pr (left) and n (right)
assuming a magnetic field strength of B =1 T and B = 2 T obtained with ACTS-based tracking [38].

Outer Tracker

The Outer Tracker (OT) is located beyond the middle layers and disks of the IT. It
consists of four barrel layers and six forward disks on either side of the interaction point,
starting from a radius of 30 cm (barrel) and a longitudinal position of 150 cm (disks),
with an overall longitudinal extent of 7 m and a radius of 80 cm for the outermost
OT layer. The specifications of the OT layers in terms of position, material budget
and spatial resolution are given in Table 1.5. The target material thickness is 1% of a
radiation length per layer. The OT specifications are driven by the requirement of a
relative pr resolution Apr/pr < 1% over the widest possible 7 interval.

Fig. 1.8 shows the resulting relative pr resolution for 7t and p as a function of pr at
n = 0 and as a function of 7 at pyr = 1 GeV/c. The curves obtained assuming the
baseline B = 2 T magnetic field are compared with the case of B =1 T, highlighting
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Inner TOF Outer TOF Forward TOF

Radius (m) 0.19 0.85 0.15 to 1.0
z range (m) -0.62 to 0.62 -3.50 to 3.50 +3.70
Acceptance In| <2 In| <2 2<n <4
Granularity (mm?) 1x1 5x5 1x1 to 5x5
Material thickness (% X)) 1to3 1to3 1to3
Time resolution (ps) 20 20 20

Table 1.6: Geometry and key specifications of the TOF layers.

the crucial role of the magnetic field in ensuring the target resolution. Although the
target resolution is ensured up to |n| &~ 2, it worsens up to 5.5% for |n| — 4.

1.8.3 Time-of-Flight detector

The Time-of-Flight system includes a cylindrical Inner TOF layer (iTOF) at a radius of
19 cm, a cylindrical Outer TOF barrel layer (0TOF) at a radius of 85 cm, and a forward
disk (fTOF) at a longitudinal position of 370 cm on either side of the interaction point.
The iTOF and the oTOF cover the region |n| < 2, while the fTOF covers the region
2 < |n| < 4. The key specifications of the TOF layers are summarised in Table 1.6.
The target material thickness is between 1% and 3% of a radiation length per layer.

The main requirement is a time resolution of 20 ps (rms) at full system level to ensure
a better than 30 e/, m/K and K/p separation up to 0.7, 2 and 4 GeV/c momentum,
respectively, as shown in Fig. 1.9, illustrating the PID reach in the n-pr plane.

Low Gain Avalanche Diodes (LGADs), both hybrid [39, 40| and monolithic in CMOS
technology [41], and Silicon Photomultipliers (SiPMs) [42] are under study as viable
technology options for the TOF sensors, with CMOS LGADs being the baseline. As-
suming SiPMs are validated for the oTOF, an appealing R&D option I investigated in
this work is to integrate an SiPM-based oTOF with the SiPM photosensitive surface of
the barrel RICH detector, yielding significant cost benefits, as discussed in Section 3.6.

1.8.4 Ring Imaging Cherenkov detector

The Ring Imaging Cherenkov system comprises two subsystems, one situated in the
barrel (bRICH) in the radial region between 90 cm and 120 c¢m, covering the pseudo-
rapidity region |n| < 2, and the other positioned at forward and backward rapidities
(fRICH) at 3.75 m longitudinal position, covering the region 2 < |n| < 4.



The ALICE 3 experiment 28

Barrel RICH Forward RICH

Radius (m) 0.9 to 1.2 0.15 to 1.15
z range (m) -3.60 to 3.60  3.75 < |z] < 4.15
Acceptance In| <2 2<n| <4
Radiator refractive index 1.03 1.01 to 1.03
Radiator material Aerogel Aerogel
Target ring angular resolution 1.5 mrad 1.5 mrad
Geometry Projective Disk
Max photodetector area (m?) 30.7 8.6
Sensor technology SiPMs HRPPDs
Granularity (mm?) 2x2 1x1 to 2x2
Single photon time resolution (ps) 50 to 100 50 to 100

Table 1.7: Geometry and key specifications of the RICH subsystems.

The design target of the RICH systems is to extend the ALICE 3 particle identification
capabilities beyond the TOF upper limits by ensuring a better than 30 e/m, t/K and
K/p separation for momenta up to at least 2, 10 and 16 GeV /¢, respectively.

The key specifications, partly coming from the studies in this thesis, are reported in
Table 1.7 and detailed below, highlighting my personal contributions to their definition.

The bRICH detector

The required performance in the bRICH is achieved using a radiator with a refractive
index of 1.03 and requiring an overall ring angular resolution better than 1.5 mrad at
Cherenkov angle saturation. The target refractive index is obtained using aerogel as
Cherenkov radiator. The baseline photodetector technology for the bRICH is repre-
sented by SiPMs with an area of 2 x 2 mm?, a peak photon detection efficiency (PDE)
of 40% at 450 nm and a single photon time resolution (SPTR) better than 100 ps.

To enhance the PID performance while minimising the total active area, I proposed a
modular projective proximity-focusing bRICH geometry with 24 sectors segmented into
36 modules, each oriented toward the nominal ALICE 3 interaction point, as shown in
Fig. 1.5. The resulting maximal bRICH photodetector area is about 30.7 m?, assuming
full coverage with SiPMs, while the total aerogel area is about 22 m?. The resulting
PID reach is shown in Fig. 1.9, highlighting the complementarity with the TOF.

Several R&D options are under investigation, including the use of a gaseous radiator in
the bRICH expansion gap to extend electron identification in central Pb-Pb collisions
up to 4 GeV/c, the integration of charged-particle timing using the bRICH SiPMs,
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Figure 1.9: Expected n-pr regions with larger than 3¢ separation using ALICE 3 TOF and RICH
systems for B =2 T. The e/mt, /K and K/p separation plots are shown from left to right.

and the use of smaller SiPMs coupled with light concentrators to mitigate the SiPM
DCR increase due to radiation damage. The study of these options was a central part
of my research activity and will be discussed in the following chapters.

The fRICH detector

For the fRICH, a radiator with a lower refractive index, from 1.03 down to 1.01, is
considered to account for both the larger upper momentum reach of the TOF and
the Lorentz boost of the incoming particles. In this context, I performed dedicated
optimization studies, resulting in an optimal index of 1.015. A granularity of 2x2 mm?
is also targeted for the active area of the fRICH sensors.

A SPTR better than 100 ps is also required to ensure excellent background suppression
for the pattern recognition of Cherenkov rings. Due to the significantly higher expected
radiation dose compared to the bRICH, the fRICH photodetector surface is foreseen to
be based on High-Resolution Picosecond Photodetectors (HRPPDs) [43]. The resulting
photodetector area is approximately 4.3 m? per fRICH disk. The resulting PID reach
is shown in Fig. 1.9, highlighting the complementarity with the fTOF up to |n| = 4.

1.8.5 Other subsystems

The ECAL, MID and the FCT are designed to provide identification of high-energy
photons and electrons up to hundreds of GeV for —4 < n < 1.5, muons down to
pr ~ 1.5 GeV/c for |n| < 1.3 and soft photons with pr down to 1 MeV/c for 4 <
n < 5, respectively. The ECAL is based on Pb-scintillator sampling technology and
includes a high-energy resolution segment based on PbWOQ, crystals at n = 0 with
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Figure 1.10: Longitudinal cross section of ALICE 3 layout in the scoping option without ECal.

SiPM readout. The MID consists of a steel hadron absorber followed by dedicated
muon chambers made of scintillator bars read out using SiPMs. The FCT consists of
forward disks equipped with MAPS using the same technology as the ML and the OT.
Finally, the Forward Detectors (FD) provide event characterization and contribute to
several key functions, including luminosity measurement and interaction triggering,
LHC background monitoring, determination of the collision time and vertex position,
and forward multiplicity and centrality estimation. They consist of two segmented
disks placed at forward and backward rapidities (4 < |n| < 7), with the sensitive
elements made of fast plastic scintillators.

1.8.6 ALICE 3 scoping options

Several detector scoping options for ALICE 3 are currently under investigation [2],
including configurations with a reduced magnetic field strength, down to 1 T, which
impacts the momentum-reconstruction performance, as illustrated in Fig. 1.8, or the
removal of one or more subsystems.

The most relevant option for the studies presented in this thesis foresees the removal
of the electromagnetic calorimeter (ECal). The longitudinal cross section of the corre-
sponding detector layout is shown in Fig. 1.10. The main differences with respect to
the reference layout, shown in Fig. 1.6, are the absence of the ECal barrel and endcap,
and a reduction of the magnet and the MID radii by 35 cm.

The presence or absence of the calorimeter has a major influence on the radiation
load of the surrounding detectors, in particular the SiPMs of the bRICH. This effect
is mainly due to the backsplash of secondary particles originating from the showers
developing inside the ECal. These secondaries significantly increase the radiation level
in nearby regions, resulting in roughly an order of magnitude higher radiation load
when the ECal is present relative to the case where it is not included.
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At the time of writing this thesis, the configuration without the ECal is considered the
most realistic option for the final ALICE 3 layout. Therefore, all radiation-load studies
and projections for the bRICH presented in this work are based on this configuration.

1.9 Expected ALICE 3 physics performance

In this section, I report a selection of simulations of the expected ALICE 3 physics
performance from the ALICE 3 Letter of Intent [1], highlighting the impact of each
subsystem specifications on the physics programme, and in particular the RICH.

Here I focus on dielectrons, multi-charm baryon reconstruction, and heavy-quark cor-
relation measurements. The studies reported here are obtained with a parametric
simulation of both TOF and RICH PID considering the Letter of Intent version of
those subsystems, originally accounting for a cylindrical bRICH geometry, assuming
the target design specifications in terms of time resolution and angular resolution.

The projections take into account that, throughout LHC Run 5, ALICE 3 will collect
integrated luminosities of 18 fb~! and 35 nb~! for pp and Pb-Pb collisions, respectively.

1.9.1 Dielectrons

Dileptons are produced in all the different stages of a heavy-ion collision. Since they
are not interacting via the strong force, they leave the collision unscattered after
production, making them ideal messengers to study the whole evolution of the collision
as discussed in Section 1.6. Fig. 1.11 shows the ALICE 3 projection for the expected
background-subtracted thermal dielectron invariant mass (me.) spectrum for central
Pb-Pb collisions at centre-of-mass energy per nucleon pair \/syy = 5.02 TeV.

Although first 7' measurements are expected with ALICE 2 and 2.1 (LHC Runs 3
and 4), with the very large expected statistics, ALICE 3 will open the unique possibility
to probe the time dependence of T by extracting it as a function of mass or pair
transverse momentum pr e, as shown in the left panel of Fig. 1.12.

Similarly, the measurement of the thermal dielectron elliptic low would, for the first
time, be statistically achievable as a function of me and pree, as shown in the right
panel of Fig. 1.12 labelled as “excess” dielectron v,. The elliptic flow in different m.,
and pr e regions provides key information to disentangle emission at early times of
the collision from that produced later, after the medium has begun to cool.
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Figure 1.11: Simulated background-subtracted dielectron invariant mass spectrum in central (0-
10%) Pb-Pb collisions at V3NN = 5.02 TeV. Left: Fit of the spectrum in the mg. range 1.1-1.8
GeV/c? to extract the early-stage QGP temperature. Right: Comparison of the spectrum obtained
using the p spectral function in medium under the hypothesis of p-a; mixing with expectations for
the p spectral function in vacuum and in medium without chiral mixing. Adapted from [1].

Such measurements probe the time evolution of the flow field and provide decisive
inputs to the so-called photon puzzle, i.e. the simultaneous understanding of the yield
and vq of direct real photons, which is also part of the ALICE 3 programme.

For me, < 1.2 GeV/c?, the shape of the thermal dielectron spectrum is dominated by
thermal production of p mesons. Their spectral function (SF) is modified in the hot
medium where chiral symmetry restoration is predicted. The expected high-precision
measurement of the me. spectrum in central Pb—Pb collision with ALICE 3 would
enable the study of chiral symmetry restoration mechanisms like p-a; mixing [30], as
shown in the right panel of Fig. 1.11.

The key ALICE 3 ingredients to achieve the required statistical and systematic preci-
sion are the excellent e* identification down to low pr achieved with the combination
of TOF and RICH, the small detector material budget to reduce the combinatorial
background from v conversion or 7° Dalitz decays and the excellent pointing resolution
to efficiently suppress the dominant background from heavy-flavour hadron decays. In
particular, the contribution of the RICH electron identification is crucial to cover the
Mee and pr e regions above 1 GeV/c* and 1 GeV /¢, respectively.



33 The ALICE 3 experiment

/>-\4007 L N LI l L N L N TT 17T N LI l T ] § 0-5V T T T T ‘ T T ‘ T I7
§ - ALICE 3 Study 1T ] L :;I;::/s:u?; VSe=5.02TeV,L =336nb" 1
- 4 i L -50% Pb-Pb, |s, = 5. eV, L =336nb B
S [ 0-10%Pb-Pb, (5, =5.02TeV | ]  omemch (e ' 1
350 L;,=5.6 nb™! T . 04~ 02<p  <4Gevic,n| <175 ]
L 1 i No bremsstrahlung included ;
- + B  DCA,, <1.26,0.65 < m,, < 0.75 GeV/c? 5 ——
I 1T N [ v, from PRC 101 044904 (2020) B
300 L 4 , . L ¢ prompt dielectrons —4— B
N - —_—

B L4 [ ¢ excess dielectrons 1
i I ] L = ]
250 - — 0.2— —
i T ] i —— 1
2001 Fit Range: 1.1 < m,, < 1.8 GeVic2 | 7 e — .
L e T (stat. unc. only) + . L i
i real I ] = ]

1SG‘.HMIHIHH\.H.\Hu\\.HI\ 0 [ R | | |

0 0.5 1 1.5 2 2.5 3 0-4 0 1 2 3
Pree (GeV/c) Pr oo (GeV/c)

Figure 1.12: Left: Extracted temperature T, from the simulated me. dielectron spectrum for vari-
OuS Pt ee intervals in central (0-10%) Pb—PDb collisions after one month of data taking with ALICE 3.
Right: Projections for prompt and thermal dielectron v measurements in 0.65 < mee < 0.75 GeV /c?
with ALICE 3 in semi-central Pb—Pb collisions after six months of data taking. Adapted from [1].

1.9.2 Multi-charm baryons

Multi-charm baryon yields are powerful probes of the hadron formation mechanisms
since they are expected to be produced through combination of uncorrelated charm
produced in heavy-ion collisions [44]. The yields of multi-charm baryons relative to the
number of produced charm quarks are predicted to be significantly enhanced in heavy-
ion relative to pp collisions, as predicted by statistical hadronisation models [45].

ALICE 3 will enable systematic measurements of multi-charm states currently inacces-
sible, such as =" through decay to ZF 7" with the subsequent decay = — =~ 7t 7t

With the first tracking layer at 5 mm from the beam axis, strange baryons like =~
can be directly tracked before they decay, as shown in the left panel of Fig. 1.13.
This increases significantly the pointing resolution of the reconstructed strange baryon
trajectory to the primary vertex, improving the ability to distinguish weak decays from
primary or secondary sources, which are characteristic of multi-charm baryons.

The resulting significance in central Pb-Pb at \/syy = 5.52 TeV as a function of pr
using standard selections and machine learning is shown in the right panel of Fig. 1.13.
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Figure 1.13: Left: ALICE 3 strangeness tracking in =1 — = + 71 with 2 — =~ + 27", Right:
Simulated Z1" significance in central (0-10%) Pb-Pb collisions at \/syn = 5.52 TeV as a function of
pr using standard selections and machine-learning—based selections. Adapted from [1].

1.9.3 Heavy-flavour correlations

The angular correlation of heavy-flavour hadrons pairs is a powerful probe of QGP
scattering, since it is sensitive to the energy loss mechanisms and the degree of ther-
malization of heavy-quarks in the QGP, especially at low pp. The left panel of Fig. 1.14
shows the ALICE 3 projection for DD’ correlation for minimum-bias Pb-Pb collisions
at \/snn = 5.52 TeV. Such measurements are out of reach in Runs 3 and 4, since they
require high D° purity and reconstruction efficiency, as well as a large rapidity cover-
age, and will only be possible with ALICE 3.
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Figure 1.14: Left: Simulated DD’ azimuthal correlation distribution in minimum-bias Pb-Pb
collisions with ALICE 3 at /snn = 5.52 TeV. Right: Simulated (dots) and predicted (lines) D'D**
correlation Cpop++ as a function of the invariant relative momentum k* evaluated for different source
sizes from pp to Pb-Pb collisions in the hypothesis of the presence of a bound state. Adapted from [1]
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The momentum correlation of heavy-flavour hadron pairs is a powerful probe of the
nature of exotic bound states. The nature of recently discovered exotic bound states,
like T/ [33], is still unclear. The hypotheses of compact objects like tetraquarks or
molecular cé states like D°D** for T} are both not excluded. Measurements of the
source size dependence of the two-particle momentum correlation function in differ-
ent colliding systems, from pp to Pb-Pb, provide direct insight into the properties of
the DD interaction potential [46]. The projections for the D"D** correlation function
Cpop++ as a function of the invariant relative momentum £* in the hypothesis of the
presence of a bound state are shown in the right panel of Fig. 1.14. These measure-
ments will be out of reach in LHC Runs 3 and 4, since they require excellent pointing
resolution, very high D® purity and reconstruction efficiency, as well as large 1 accep-
tance, and they will only be possible with the performance targeted by ALICE 3.



Chapter 2

ALICE 3 RICH technology options

Ring Imaging Cherenkov (RICH) detectors are widely used in high-energy physics to
identify electrons and hadrons from a few to tens of GeV/c. The design starts from
the choice of radiator and photodetector, which sets the PID performance over the
momentum range of interest. The optical properties of the radiator determine both
the momentum reach and the requirements on the photodetector through the trans-
mittance of Cherenkov photons. With the target PID requirements of the ALICE 3
bRICH, these considerations lead to the choice of aerogel as Cherenkov radiator, with
a refractive index of 1.03, and Silicon Photomultipliers (SiPMs) as photon sensors.

This chapter summarizes the RICH technique and the aerogel and SiPM properties
relevant to this thesis. In particular, an overview of charged-particle identification,
Cherenkov radiation, and the RICH technique is given in Sections 2.1, 2.2, and 2.3.
A summary of aerogel features and optical properties is then provided in Section 2.4.
Finally, a review of SiPMs and radiation-damage effects is presented in Section 2.5.

2.1 Charged particle identification

In order to identify a charged particle, it is necessary to determine its charge Ze and
its mass m. Although the mass cannot be measured directly, it can be deduced from
the momentum p and the velocity § = v/c by exploiting the relation

p
p = ymv = m = —_—, 21
e (2.1)

where v = (1 — 3%)71/2 is the relativistic Lorentz factor. Both the charge sign and the
momentum are obtained by measuring the curvature of the track in a magnetic field.
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Figure 2.1: Minimum detector length required to achieve a K /7 separation of N, > 3 with three
different PID techniques [47]. For the energy loss technique, a gaseous detector is assumed. For the
TOF technique, the detector length represents the particle flight path over which the time-of-flight is
measured. For the RICH technique only the radiator thickness is reported and the thicknesses of an
expansion gap and of the readout systems have to be added.

The particle velocity can be measured with various methods, such as the measure-
ment of the energy deposit by ionization, time-of-flight measurements, the detection
of Cherenkov radiation and the detection of transition radiation. The use of each of
these methods is restricted to specific momentum intervals and particle species.

The separation power N, can be used to quantify the effectiveness of a technique. It
defines the significance of the detector response R. If Ry and Rg are the mean values
for particles of type A and B, respectively, and (oa p) is the average of the standard
deviations of the measured distributions, the separation power N, is defined as [47]:

_ |Ba — Rg|

N,
(oAB)

(2.2)
A summary of the allowed momentum coverage and the required detector lengths to
achieve a separation power N, > 3 for K/ separation with ionization, TOF and RICH
systems under various assumptions on the TOF resolution, RICH angular resolution
and considered radiator refractive index is shown in Fig. 2.1. In a general-purpose
experiment like ALICE 3, the momentum reach of each of these PID techniques is
ultimately limited by the constraints on each subsystem size, geometrical coverage,
cost, and compatibility with other subsystems, making the combination of TOF layers
with RICH systems the only viable option to fully cover the target momentum ranges.
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2.2 Cherenkov radiation

Cherenkov radiation is electromagnetic radiation emitted when a charged particle
passes through an optical medium of refractive index n at a speed v = fSc greater than
the phase velocity of light ¢/n in that medium. Photons are emitted on the surface
of a cone and have inherent polarization perpendicular to the cone surface [48|. The
Cherenkov emission angle 6. relative to the particle direction is given by the funda-

mental relation: 1

% )

while the emission angle ¢, in the plane normal to the particle direction has a flat

cos b, = (2.3)

distribution between 0 and 27. Recalling that the momentum p of a particle with mass
m, velocity (3, and Lorentz factor v is given by p = mfy, the momentum dependence
of the Cherenkov angle is expressed by the relation:

/2 2.2
0. = arccos (M> : (2.4)

np

For a given refractive index, the threshold velocity i, = 1/n corresponds to the mass-
dependent momentum threshold:

mc
Dth = N (2.5)

In addition, independently of the mass of the particle, the Cherenkov angle reaches a
maximum, or saturation value, 0. max, in the limit 5 — 1, given by:

Oc.max = arccos(1/n) . (2.6)

For a given momentum p, the emission angle . depends on the frequency (i.e. wave-
length) of the Cherenkov radiation, since n is wavelength-dependent.

The number Ny, of Cherenkov photons emitted per unit energy dE and length dx
travelled by the charged particle in the medium is given by Frank-Tamm equation [48|:

o () e = (1) 2 |1 (715)

dEdz  \hc
where « is the electromagnetic fine structure constant, Z is the charge of the particle in

, (2.7)

units of electron charge and, because of the chromatic dispersion of the optical medium,
n is a function of the photon energy E. The corresponding wavelength spectrum is
naturally obtained as (d?Npy/d\dz) = (d* Ny, /dEdz)|dE /d\| where A = hc/E. The
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radiator photon
detector

Figure 2.2: Schematic illustrations of a proximity-focusing RICH detector, showing the emission of
Cherenkov photons in the radiator, their propagation through the expansion gap, and their detection
on the photon sensor plane where the Cherenkov ring is formed.

mean number of produced photons is then obtained by integration of Eq. 2.7:

@2 ff |- (et

where the integral over x extends from 0 to the total path length L of the charged

dE dz, (2.8)

particle in the radiator and the integral over E extends over energies with gn(E) > 1.

2.3 The RICH technique

The main application of Cherenkov radiation in high-energy physics is the identification
of charged particles with known momentum. Particle identification is based on the
dependence of the Cherenkov angle 6. on the particle mass m at given momentum p.
Inverting Eq. 2.4 for the particle mass:

m= ]Ej\/nQ cos?(0.) — 1. (2.9)

Although Cherenkov detectors employing different identification techniques, such as
Threshold Cherenkov Counters, have been developed in the last decades, the best
performances are obtained through the RICH technique. In a RICH detector, the
Cherenkov radiation emitted in a radiator is transmitted through an expansion gap
either with a focusing optical system or without optics in a proximity-focusing config-
uration, onto a photodetector surface, where the detected photons form characteristic
ring patterns, as shown in Fig. 2.2. The expansion gap is flushed with dry gas to keep
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it clean, stabilize the refractive index, and control humidity and heat load.

Particle identification is achieved by measuring the Cherenkov emission angle 6. of
the photons associated to a given charged particle with known momentum p. Pattern
recognition techniques are essential for associating the photon hits with the charged
particle and rejecting background hits. Each detected photon provides a measurement
with an uncertainty o] corresponding to the single photon angular resolution. For
Nyet detected photons, the ring Cherenkov angle resolution o can be expressed as:

{0d)
o, =——=6&C, (2.10)
¢ V N, det
where (07) is the average single photon angular resolution and C' accounts for tracking,
alignment, multiple scattering, background hits. The main goal in the design of a RICH
detector is to optimize o} by minimizing (¢)) and maximizing Nges.

2.3.1 Separation power

The capability of a RICH detector to resolve particles of different species is quantified
by the separation power N, defined by Eq. 2.2. Given two species of particles with
same momentum p and different mass my and mp crossing a radiator with refractive
index n, the corresponding mean Cherenkov angles 85 and 6 are measured with

standard deviations oy and o}"¢. The separation power N, is then given by:

_10a—05|

N‘T ring
(o A,B>

(2.11)

2.3.2 Single photon angular resolution

Quantifying the contributions to the single-photon angular resolution o7 is a key step in
optimizing the detector geometry. Analytical expressions for the impact of individual
detector parameters on o) for both proximity-focusing and mirror-focusing layouts are
provided in [49, 50]. In both cases, Cherenkov photons emitted in the radiator form
a set of nested light cones, which intersect the photodetector plane as finite-width
shapes with elliptic- or hyperbolic-like profiles. The measurements necessary to define
the Cherenkov angle 6. are the photon detection point (z, y, z), the particle direction
(0p, ¢p), the depth of the photon emission point in the radiator z. and the photon
energy F. The assumption is made that these variables are uncorrelated. From the
resulting functional dependence 0. = 6.(E, ze, %, v, 2, 0p, ¢,), the uncertainty on the
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reconstructed Cherenkov angle at the single hit level can then be calculated as:

0.\’
o) = Z(a—vo—> (2.12)

1

where the variables v; are E, 2., x, y, 2, 0,, ¢, and the variables o,, are their respective
root-mean-square (rms) uncertainties. While the uncertainties on the photon energy
E (chromatic uncertainty) and the photon emission depth z. (geometric uncertainty)
are intrinsic to the radiator properties and they cannot be directly accessed, the un-
certainties on the photon impact coordinates x, y, z (localization uncertainty) and
the charged-particle incidence angles 6, ¢, (track incidence angle uncertainty) are
determined by experimental conditions, like the photodetector specifications and the
tracking quality. Since F and z, are not directly measured, the angle reconstruction is
achieved by fixing them at the most probable values determined, respectively, by the
convolution of the energy spectrum of the photons reaching the photodetector with
the photodetector response curve, and the distribution of the emission point for pho-
tons not undergoing scattering or absorption in the radiator. Additional momentum-
dependent contributions to ) come from multiple scattering and magnetic deflection
in the radiator medium. They result in an uncertainty o, = p,/p to be added in
quadrature to the other contributions in the o) definition. The analytical treatment
of the derivatives and the rms uncertainties in Eq. 2.12, as well as the contributions due
to multiple scattering and magnetic field deflection in the radiator, for the proximity-
focusing RICH layout is presented in Appendix A.

2.3.3 Number of detected photons

The number of detected photons Ng. is a crucial parameter to quantify the perfor-
mance of a RICH detector. A large number of detected photons leads not only to
improvements in the efficiency of pattern recognition of Cherenkov rings, but also
to a significant improvement in the achievable ring angular resolution, according to
Eq. 2.10. The mean number of detected photons is the result of the convolution of
the statistics of emitted photons in the radiator, given by Eq. 2.8, the transmittance
of materials characterizing the RICH components, the reflectance in the case of focus-
ing optics, and the photodetector response. In particular, the expected mean number
of detected photons Ny is limited by the photodetector photon detection efficiency
PDE, the fraction of photodetector active area F', the transmittances T} of the tra-
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versed media and the reflectance of mirrors R; according to the relation [49]:

=@ [f -Gt

where PDE, T} and R; are averaged over the angular distribution of the corresponding

PDE(E) [[T(E) [[ Ri(E)dEdx , (2.13)

incident photons. If Cherenkov photons are detected over an energy range in which
the refractive index n is approximately constant, Eq. 2.13 reduces to:

Nyet = NoZ?Lsin® 0, (2.14)

where Ny, referred to as figure of merit, is defined as:

Ny = (%) F/PDE(E)Uﬂ(E)HRj(E)dE. (2.15)

i
The actual number of detected photons in a given event fluctuates around this mean

according to Poisson statistics. The value of Ny plays a crucial role in the choice of
the detector layout and the corresponding components.

2.4 Aerogel radiators

Silica aerogel is a highly porous material composed of a three-dimensional network of
silica clusters, (SiO,), with sizes ranging from a few nm to tens of nm interconnected
to form a rigid lattice with trapped air filling more than 90% of the total volume.

The combination of high optical transparency and a refractive index tunable during
production in the range 1.003-1.26, intermediate between gases and liquids or solids,
makes aerogels ideal Cherenkov radiators [48, 52|. Aerogel radiators have been suc-
cessfully employed in past experiments such as HERMES [53], remain key components
of current RICH systems in LHCD [54], AMS [55], BELLE II [56], and CLAS12 [57],
and are also envisaged in future detectors, for example in ePIC at the EIC [58, 59].

In the following, unless otherwise specified, hydrophobic aerogel tiles from Aerogel
Factory Co., Ltd. (Chiba, Japan) are considered. Detailed descriptions of the fabri-
cation procedure for the production of hydrophobic silica aerogel tiles can be found
in [60, 61, 62, 63]. Fig. 2.3 shows a photograph of an aerogel tile produced by Aerogel
Factory Co., Ltd., together with a schematic representation of its internal nanostruc-
ture. The key details on the aerogel refractive index and transparency are given below.
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silica globule (SIO2)n

Figure 2.3: Left: Photograph of a hydrophobic silica aerogel tile produced by Aerogel Factory Co.,
Ltd. [51]. Right: Schematic representation of the internal nanostructure of silica aerogel.

2.4.1 Aerogel refractive index

The refractive index of an aerogel tile is related to its bulk density p, and is determined
by the amount of SiOs clusters in the volume of the tile by the approximate relation:

n(A) =1+k(Np, (2.16)

where k depends on the wavelength A\ and the fabrication process [51, 61, 64]. A
commonly used parametrization for the wavelength dependence of n from the near-
ultraviolet (NUV) to the near-infrared (NIR) range is a single-pole Sellmeier function:

(2.17)

Examples of the n dependence on p and data points of n as a function of A for a 2 cm-
thick tile from Aerogel Factory Co., Ltd. fitted with Eq. 2.17 are shown in Fig. 2.4.

2.4.2 Aerogel transparency

The aerogel transparency to impinging photons or Cherenkov photons emitted in a
tile is limited by Rayleigh scattering and absorption, resulting in dispersion or loss.

Due to its granular structure, made of SiO, grains and pores with a typical length scale
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Figure 2.4: Left: Measured refractive index at A =405 nm as a function of density for aerogel tiles
synthesized using various solvents. Taken from [61]. Right: Measured refractive index as a function
of wavelength for an aerogel tile with a nominal refractive index of n = 1.03. Data points, provided
by Aerogel Factory Co., Ltd., are fitted with a single-pole Sellmeier function.

of a few nm, the transport of near-ultraviolet (NUV) and visible photons in aerogel is
affected by Rayleigh scattering, consisting of the elastic scattering of photons by atoms
or molecules much smaller than the wavelength of the incident light [65, 66, 67]. The
scattering intensity scales inversely with the fourth power of the wavelength, A=*. The
probability density function f(cos#6;) for the scattering angle 65 relative to the initial
photon direction scales as 1 + cos? ;. When Rayleigh scattering occurs, Cherenkov
photons lose their directionality and, if detected, contribute only as background.

Photons propagating through silica aerogel tiles can undergo absorption. Measurement
results show that A, exhibits a pronounced A®-dependence around 250 nm, while it
remains nearly constant throughout most of the visible region. At around 400 nm the
typical absorption length A, is of the order of tens of cm, while the Rayleigh scattering
length Ag is only a few cm [68]. Within the wavelength range relevant for the studies
presented in this work, internal absorption plays only a secondary role, while Rayleigh
scattering remains the dominant limitation to photon transmission.

Absorption and scattering affect the transmittance T', defined as the fraction of incident
light that remains in the forward direction after traversing the medium. It can be
expressed in terms of the scattering length Ag and the absorption length A4 as [69]:

T:exp(—ﬁ()\)) with AT()\)E(A;()\)-FA:()\))I?

where t is the optical path length and At is the transmission length of the sample.

(2.18)
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Figure 2.5: Left: Aerogel production history shown in the transmission length and refractive index
plane [71]. Right: Transmittance as a function of wavelength for an aerogel tile with refractive index
n = 1.03. Data points, provided by Aerogel Factory Co., Ltd., are fitted with Hunt’s formula.

A common parametrization of the measured transmittance of an aerogel sample, valid
for photons with wavelengths spanning from the near-ultraviolet (NUV) to the near-
infrared (NIR) region over an effective path length ¢, is given by Hunt’s formula [70]:

T = Aexp(—ﬁ>, (2.19)

where C' is related to Rayleigh scattering, while A accounts for absorption losses.

The left panel of Fig. 2.5 illustrates the history of the development of aerogel radiators
for various experiments, highlighting the improvements in transmission length for var-
ious refractive indices at A = 400 nm [71]. In current production, tiles with n ~ 1.03
exhibit A larger than 50 mm. The right panel of Fig. 2.5 shows the transmittance as
a function of A for a tile from Aerogel Factory Co., Ltd. fitted with Eq. 2.19.

2.5 Silicon Photomultipliers

A Silicon Photomultiplier (SiPM) is a photon detector consisting of an array of pas-
sively quenched Single-Photon Avalanche Diodes (SPADs) connected in parallel to a
common anode and cathode [42], as illustrated in the left panel of Fig. 2.6.

Each SPAD, hereafter referred to as microcell, is a digital (yes/no) photodiode with
a typical pitch of 10 pm to 100 pm designed to operate in Geiger mode when reverse-
biased above the breakdown voltage V},4, defined as the minimum bias required to
initiate a self-sustaining avalanche. Typical Vj,q values are between 20 V and 80 V at
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Figure 2.6: Left: Schematic representation of the structure of a SiPM. Right: Output signals from
a SiPM with different numbers of triggered microcells. Reproduced from [72].

room temperature and decrease by up to 60 mV /°C with the decreasing temperature.

When a photon is absorbed in the depletion region of a SPAD, a primary electron-hole
pair is produced. Under the action of the electric field, the charge carriers created in
the depletion zone drift towards the amplification zone, where avalanche multiplication
occurs, with a gain GG, defined as the average number of carriers generated during an
avalanche, typically in the range 105-10° |73, 74]. After avalanche amplification, the
charge carriers induce a detectable signal at the readout electrode. The discharge is
quenched by the quenching resistor Ry, having typical values from 100 k2 to 1 M.
The signal rise time is set by the rapid avalanche development, giving a pulse with a
peaking time of a few hundred ps. Microcells have a typical capacitance Cp;x =~ 100 {F.
The large R, controls the decay time, typically 10 to 100 ns. The total collected charge
is given by Qpix = Cpix Vov, Where Vo, = Viias — Viq is the overvoltage, typically a few
volts. The gain is given by G = Qpix/e, where e is the elementary charge.

Each microcell in the SiPM operates independently with respect to the others. When a
photon is absorbed, the resulting avalanche is confined to the microcell in which it was
initiated, while all other microcells remain fully charged and ready to detect photons.
The output signal of the SiPM is the sum of the signals from all firing microcells. An
example of an output waveform is shown in the right panel of Fig. 2.6. If the number
of incident photons is much smaller than the number of available microcells, as in the
case of the single photon signals for a RICH detector, the SiPM response is linear,
with the output current proportional to the number of absorbed photons.

For the applications in the ALICE 3 bRICH, the most relevant characteristics are the
photon detection efficiency, the single-photon time resolution, the dark count rate,
correlated noise, and radiation damage effects. The details are summarized below.
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Figure 2.8: PDE as a function of photon wavelength for P polarisation (left) and S polarisation
(right) at various photon incidence angles for Hamamatsu S13360 SiPMs. Reproduced from [76]

2.5.1 Photon detection efficiency

The photon detection efficiency (PDE) of a SiPM is the probability that an incident
photon is absorbed and generates a self-sustaining avalanche in a microcell. It can be
expressed as the product of three main contributions [42]:

PDE(Viy, A) = QE(\) - Ty (Vo A) - FF, (2.20)

where QE()) is the quantum efficiency for an electron-hole pair creation, T,,(Voy, A) the
avalanche triggering probability, and F'F' the fill factor, defined as the fraction of active
area. The PDE depends on the photon wavelength, the overvoltage, and the photon
incidence angle and polarization, which is particularly relevant for the detection of
Cherenkov photons. Figs. 2.7 and 2.8 show examples of the typical dependence of the
PDE on these quantities for Hamamatsu S13360 SiPMs with a microcell pitch of 50 pm.
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Figure 2.9: Examples of the measured DCR as a function of overvoltage and temperature for various
FBK NUV-HD SiPMs. Reproduced from [77].

2.5.2 Dark count rate and correlated background

Even in the absence of incident photons, SiPMs produce output signals arising from
both primary and correlated noise, including afterpulsing and optical cross-talk.

Primary noise, referred to as dark-count rate (DCR), consists of avalanches initiated
by thermally generated carriers and is indistinguishable from avalanches triggered by
real photons. In the temperature region of interest for this thesis, thermally generated
events follow the Shockley-Read-Hall (SRH) generation-recombination mechanism, in
which carriers are trapped in energy states located between the valence and conduction
bands and can be released through thermal excitation mediated by phonons. Typical
DCR values of SiPMs are about 50 kHz/mm? at room temperature. The DCR increases
with increasing overvoltage and decreases with decreasing temperature. In particular,
the DCR doubles (or halves) for every increase (or decrease) of about 10°C, making
active cooling an effective means of DCR suppression. Fig. 2.9 shows examples of the
typical dependence of the DCR on these quantities for FBK NUV-HD devices.

In SiPMs there are two main sources of correlated noise, originating from primary
genuine photon events or DCR events, known as afterpulsing and optical cross-talk.

Afterpulses are delayed pulses created by charge carriers trapped during the avalanche
amplification and released after a characteristic trapping time, typically 10-100 ns,
thereby initiating new avalanches in the same microcell as the primary event. If the
release occurs when the microcell is fully recharged, the afterpulse is indistinguishable
from a primary dark-count event, while a release during the recharge phase produces
a signal of reduced amplitude. An example is shown in the left panel of Fig. 2.10.
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Figure 2.10: Left: Example of an afterpulse following a primary signal in a SiPM. Right: Examples
of SiPM OC. From left to right it is possible to see a single-cell signal, a direct-OC signal (two cells
fired at about the same time), and a delayed-OC (a second cell fired a few ns after the first one).

Optical cross-talk (OC) signals result from photons created during the amplification
process in a microcell [78; 79| reaching a neighbouring microcell, where they initi-
ate another avalanche which can be prompt or delayed relative to the primary event.
Prompt-OC occurs when an emitted photon reaches the active region of another mi-
crocell triggering an additional avalanche almost at the same time as the original
avalanche. Delayed-OC involves photons that are absorbed in the undepleted region
of the microcell. In this case the generated electron or hole can reach the multiplica-
tion region of the microcell by diffusion and trigger an avalanche with delays of several
ns |72]. The right panel of Fig. 2.10 shows examples of direct and delayed OC.

The DCR and the contribution of correlated noise (CN) are related to the measured
current I, in dark conditions through the gain G and the elementary charge e as:

DCR (1+CN) = Iedaék . (2.21)

2.5.3 Single-photon time resolution (SPTR)

The single-photon time resolution (SPTR) is a key performance parameter for applica-
tions involving Cherenkov photon detection. The fast rise time of SiPM signals allows
the arrival time of detected photons to be determined with a precision of a few tens of
picoseconds. In particular, modern SiPMs can achieve an intrinsic SPTR below 70 ps
FWHM. However, the effective SPTR is limited by the performance of the front-end
readout, in particular the available bandwidth and the contribution of electronic noise.
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Figure 2.11: Measured SPTR (left) and the corresponding extrapolated intrinsic SPTR (right) for
SiPMs from different manufacturers. The measurements were performed using a laser with a pulse
width of 42 ps FWHM. The intrinsic SPTR was obtained by quadratically subtracting the estimated
electronic noise contribution and the laser pulse width. Reproduced from [42].

Fig. 2.11 shows the measured SPTR for SiPMs from different manufacturers [42], high-
lighting that SPTR values better than 70 ps can be achieved with commercial SiPMs.
The dominant limitation to the intrinsic SPTR arises from the terminal capacitance
that the SiPM presents to the front-end electronics, which originates from the parasitic
capacitances of all the microcells in the array and increases with the SiPM size [80].

2.5.4 Radiation damage in SiPMs

One of the main challenges in using SiPMs in high-energy physics experiments is their
high sensitivity to radiation damage. Comprehensive reviews on the theory of radiation
damage in silicon sensors can be found in [81, 82|. Radiation damage in silicon sensors
has two main effects: surface damage, caused by ionising events creating traps and fixed
charges at the interface between the SiPM silicon and oxide [83], and bulk damage, due
to the displacement of silicon atoms from the lattice in non-ionising events. These are
typically quantified in terms of Total Tonising Dose (TID), expressed in rad or Gy, and
Non Ionising Energy Loss (NIEL), expressed in 1-MeV ne,/cm? [84]. The dominant
observable consequence is an increase in current both below breakdown, referred to as
the leakage current I, and due to surface damage, and above breakdown, referred to
as the dark current 4, and corresponding to an increased DCR due to bulk damage.

Fig. 2.12 shows the current—voltage characteristics at 20°C of an NUV HD cryo FBK
SiPM irradiated with protons, thus experiencing both surface and bulk damage. The
dark current Ig.., and therefore the DCR, increases linearly with fluence.
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Figure 2.12: Reverse current—voltage characteristics at 20°C of a NUV-HD-cryo FBK SiPM ir-
radiated with protons at different fluences. The current increase below (blue) and above (green)
breakdown reflects the effects of surface and bulk damage, respectively. Reproduced from [85].

An increase of the DCR by about a factor 103 is typically observed for commercially
available SiPMs when irradiated to fluence levels of 10'° 1-MeV n,,/cm? with respect
to the pre-irradiation condition. An important consequence of the DCR increase is the
loss of the single photon resolution. When cooled, the DCR is reduced and, below suit-
able temperatures, SiPMs can still resolve single photons even after severe irradiation.
Radiation induced defects can be partially annealed at elevated temperatures [84]. The
combined use of cooling and annealing cycles at high temperature is therefore crucial
for defining a reliable operating strategy in any high-radiation environment.



Chapter 3

Design of the ALICE 3 bRICH

My research activity focused on the design and optimisation of the ALICE 3 barrel
RICH (bRICH) detector. I conducted conceptual and feasibility studies on the de-
tector layout and the photodetector module concept aimed at optimising the overall
reconstruction performance and, consequently, the PID reach. All the conclusions
reported in this chapter were obtained through and supervised with comprehensive
performance simulation studies, with the ultimate benchmark being the detector re-
sponse from pp to central Pb—Pb collisions, as discussed in detail in Chapter 4.

The ultimate concept for the bRICH proved to be a projective, proximity-focusing
geometry segmented into 24 longitudinal sectors, each further divided into 36 modules
combining an aerogel tile with a dedicated photodetector unit equipped with SiPMs.

Beyond the definition of the baseline configuration, I also carried out dedicated R&D
studies on three possible upgrade options that preserve the main layout specifications
while offering significant gains in the overall PID performance, physics reach and costs.

e The use of a proper gaseous radiator in the bRICH expansion gap to enhance the
electron identification via threshold-based discrimination of heavier particles.

e The integration of Cherenkov-based charged-particle timing using the bRICH
SiPMs in view of combining the bRICH and the oTOF in a single detector.

2 coupled with passive light

e The use of SiPMs with an active area of 1x1 mm
concentrators in place of the baseline 2x 2 mm? to reduce the SiPM DCR and cost

by a factor of four while keeping the same number of channels and acceptance.
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This chapter is structured as follows. In Section 3.1 I present the bRICH target PID
coverage requirements that motivate the choice of aerogel as Cherenkov radiator and
SiPMs as photon sensors. In Section 3.2 I summarize the evolution of the bRICH
design from the original cylindrical layout, discussed in detail in Section 3.3, to my
projective proximity-focusing layout, discussed in detail in Section 3.4. The possibility
of enhancing the electron identification capabilities with respect to the aerogel reach
by using a proper eco—friendly heavy-gas mixture is then detailed in Section 3.5. The
possibility of integrating Cherenkov-based charged-particle timing measurements using
the bRICH SiPMs is addressed in Section 3.6. Finally, the option of using smaller
SiPMs coupled with light concentrators to reduce the SiPM DCR and cost, as well as
preliminary performance studies, is discussed in Section 3.7.

3.1 ALICE 3 bRICH target PID coverage

Assuming the baseline specifications of the ALICE 3 iTOF and oTOF layers, with a
target time resolution of 20 ps, a separation power greater than 3o for e/m, 71/K and
K/p is expected from a few tens of MeV /¢ (lower limit set by the curvature of charged
tracks in the magnetic field) up to approximately 0.7, 2.3, and 3.8 GeV /¢, respectively,
at 7 = 0, where the path length travelled by the particles is minimal. At larger ||,
the momentum reach increases since particles travel longer distances before reaching
the TOF layers. Fig. 1.9 shows the expected n—pr regions covered by the TOF layers.

The goal of the ALICE 3 bRICH is to extend e/m, /K and K/p discrimination en-
abling full PID coverage from the TOF upper limits up to at least 2, 10 and 16 GeV /c,
respectively. A safety margin, with overlap between the expected TOF and RICH
momentum coverage, must be foreseen to ensure robust PID performance under real-
istic operating conditions. This overlap mitigates, for instance, the impact of a TOF
resolution potentially worse than the nominal 20 ps target. This imposes stringent
requirements on the bRICH design in terms of radiator material, photodetector tech-
nology, and detector geometry. These considerations lead to the choice of aerogel with
refractive index 1.03 as the Cherenkov radiator and Silicon Photomultipliers (SiPMs)
as photon sensors, in a layout designed to achieve an overall ring angular resolution
better than 1.5 mrad in the Cherenkov-angle saturation regime. Considerations on
the available space and the positioning of aerogel tiles and SiPM modules lead to the
choice of a proximity-focusing geometry to achieve the target ring angular resolution.
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Material n (400 nm) Pun [GeV/c]
e s K p

Ar 1.000287 0.021 5.84 20.66 39.11
COq 1.000459 0.017 4.62 16.34 30.92
C4F10 1.0014 0.010 2.64 935 17.70

1.02 0.003 0.70 2.46 4.66
Aerogel 1.03 0.002 0.57 2.01 3.80

1.04 0.002 049 1.73 3.28
NaF 1.33 0.0006 0.160 0.565 1.069
Si04 1.47 0.0005 0.130 0.459 0.870

Table 3.1: Cherenkov momentum thresholds of common radiators for e, 7t, K, and p.

3.1.1 The choice of aerogel as Cherenkov radiator

The first design consideration is the choice of the radiator refractive index n, which
defines the momentum range over which the detector can provide effective separation.
The choice is primarily driven by the threshold for Cherenkov emission and the target
upper momentum reach to ensure continuity with the ALICE 3 TOF PID capabilities.

Table 3.1 shows the Cherenkov momentum thresholds for e, 7, K and p for materials
in a wide n range. Fig. 3.1 shows my analytical calculations for the Cherenkov angle,
the mean number of detected photons and the expected ring angular resolution as
a function of momentum for e, r, K and p with n = 1.02,1.03, and 1.04, and the
resulting e/7t, 7t/K and K /p separation power. I assumed NyL = 400 for the calculation
of the number of detected photons with Eq. 2.14 and the target 1.5 mrad resolution
at saturation. These calculations show that the optimal value of n which allows the
desired coverage for the ALICE 3 bRICH is approximately 1.03. Lower values of n
raise the threshold beyond the TOF upper limits, while higher values of n, despite the
larger photon yield, reach saturation faster, limiting the upper momentum reach.

The requirement on the refractive index dictates the choice of aerogel as the radiator,
since it is the only known solid material providing such a low refractive index, as
discussed in Section 2.4. Possible alternatives, such as high-pressure gases or cryogenic
liquids (e.g. helium with n = 1.031), are significantly more challenging to implement,
leaving aerogel as the only practical solution.
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Figure 3.1: Cherenkov angle (top left), mean number of detected photons (top right) and the
expected ring angular resolution (bottom left) as a function of momentum for e (blue), m(red), K
(green) and p (magenta) with n = 1.02 (dash-dotted line), n = 1.03 (solid line) and n = 1.04 (dashed
line). The bottom-right plot shows the separation power for 7t/e (blue), K/m (cyan) and p/K (red).
The curves are obtained by setting NoL at 400 and the saturation ring resolution at 1.5 mrad.

3.1.2 The choice of SiPMs as photon sensors

The choice of the photon sensors for the ALICE 3 bRICH is primarily driven by the
radiator optical properties. As shown in Section 2.4, while transparent in the visible
range, aerogel becomes opaque in the UV range, where most of the incident light is
diffused by Rayleigh scattering. Therefore, the photon sensors must be sensitive to
visible light, which rules out gaseous photon detectors. The following requirements
are then defined to ensure efficient operation throughout the ALICE 3 lifetime.

e Spectral sensitivity. Sensors must be efficient for A > 300nm. A photon-
detection efficiency > 30% at A & 400 nm is required for the target photon yield.

e Granularity. A pixel size of 1 x 1 mm? to 3 x 3 mm? is required to limit photon
localization uncertainty in the Cherenkov angle while keeping the number of
channels and the dark count per channel manageable.
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e Single-photon timing. A time resolution better than 100 ps (rms) at the
single-photon level is required. Fast timing is crucial for suppressing uncorrelated
dark counts improving ring reconstruction and background rejection.

e Insensitivity to magnetic field. The photon sensors must operate stably in
the 2T solenoidal field, with field lines nearly parallel to the sensor planes.

¢ Radiation tolerance. Photon sensors must operate stably under the expected
total ionising dose (TID) of order 10%rad and non-ionizing energy loss (NIEL)
of order 10" 1-MeV ng,/cm? over Run 5. The design goal is a dark count rate
(DCR) lower than 1 MHz/mm? at the operating conditions.

The requirements on spectral sensitivity, granularity, and timing in the bRICH region
can, in principle, be fulfilled by different technologies such as Silicon Photomultipli-
ers (SiPMs) or vacuum-based devices, including Microchannel-Plate Photomultipliers
(MCP-PMTs [86]), Large-Area Picosecond PhotoDetectors (LAPPDs) [87], and High-
Resolution Picosecond PhotoDetectors (HRPPDs) [43].

However, vacuum-based detectors are highly sensitive to magnetic fields, making their
application unfeasible for the bRICH. By contrast, SiPMs are almost unaffected by
magnetic fields, making them the most suitable choice for this application [88]. A
further advantage of using SiPMs is that they operate at relatively low bias voltages,
typically a few tens of volts, in contrast to the high-voltage operation required by
vacuum-based technologies. In addition, SiPMs offer clear advantages in terms of
compactness and lower cost compared to these bulkier and more expensive alternatives.

The main limitations of SiPMs are the high DCR and the poor radiation tolerance.
Increased DCR is expected due to the integrated TID and NIEL during operation. To
ensure stable operation throughout the ALICE 3 lifetime, cooling to temperatures of
-40°C or below is required, together with a strategy to mitigate the DCR during oper-
ation while preserving the target single-photon sensitivity. In this context, I developed
a data-driven operation strategy and ageing models, as discussed in Chapter 5.

3.1.3 Optimization of the aerogel thickness

The optimal thickness of the aerogel tiles for the considered proximity-focusing layout
is determined by the aerogel transparency, mainly limited by the Rayleigh scattering
of NUV photons, the impact on the single photon angular resolution through the
geometric uncertainty on the photon emission depth, as discussed in Section 2.3.2,
and the mean number of detected ring photons accounting for the SiPM PDE.
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Figure 3.2: Aerogel transmission length as a function of wavelength used for calculations (top left)
and expected fraction of unscattered photons as a function of wavelength A and radiator thickness
L (top right). The corresponding projections for L = 2 ¢m (bottom left) and for normally incident
particles at saturation A = 400 nm (bottom right) are also shown.

Fig. 3.2 shows the results of my calculations for the expected fraction of signal photons
of wavelength A produced along the tile depth for normally incident tracks at saturation
that traverse an aerogel sample of thickness L without undergoing Rayleigh scattering
as a function of both A and L assuming the transmission length At(\) calculated
using the Hunt’s parameters reported in the right panel of Fig. 2.5. The projections
for L = 2 cm as a function A and for A = 400 nm as a function of L are also shown.
The value of Fr increases with A and decreases with L. For example, Fr = 84% at
A = 400 nm for L = 2 em. This rises to nearly 93% for photons with A = 500 nm, while
it decreases to about 78% if L is increased to 3 cm. The useful production of Cherenkov
light is effectively restricted to the visible range. In addition, although the number of
photons increases linearly with the radiator thickness L, the number of useful photons
for PID applications saturates due to scattering losses in the aerogel tile.

Fig. 3.3 shows my calculation results for the achievable single photon and ring angle
resolutions at saturation as functions of the SiPM pixel size and the expansion gap
thickness, assuming aerogel tiles with refractive index n = 1.03 and thickness 1.5, 2.0,
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Figure 3.3: Single photon and ring angle resolutions at Cherenkov angle saturation in a proximity
focusing geometry, as functions of the SiPM pixel size and the expansion gap thickness. Curves are
shown for radiator thicknesses of 1.5 (top left), 2.0 (top right), 2.5 (bottom left), and 3.0 (bottom
right) cm. The calculation assumes a uniform refractive index n = 1.03 and uses the detected photon
yield derived from the reference PDE of Hamamatsu S13360-**50 SiPMs.

2.5, and 3.0 cm. For the ring resolution calculation, I used the detected photon yield
corresponding to the PDE of Hamamatsu S13360-**50 SiPMs shown in Fig. 2.7. The
explored SiPM pixel size and gap thickness ranges coincide with the full parameter
space investigated in the bRICH optimization. Aerogel tiles thinner than 1.5 cm
were discarded because the resulting photon yield was too small for stable pattern
recognition. Conversely, for tiles thicker than 2.0 cm, despite the larger number of
produced photons, the ring angle resolution is worse than in the 2.0 cm case due to
the significant worsening of the geometric contribution to the single photon resolution
and the enhanced photon scattering in the tile.

Therefore, the combination of these results on the fraction of unscattered photons, the
expected yield at Cherenkov angle saturation for the reference SiPMs, and the thick-
ness dependence of the single photon resolution indicates that the best compromise
for the bRICH is obtained for a radiator thickness of 2.0 cm.
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3.2 Evolution of the bRICH layout

The design of the bRICH evolved considerably over the course of my studies, beginning
with the simple cylindrical proximity-focusing geometry originally proposed in the
ALICE 3 Letter of Intent 1] and culminating in my proposal for the state-of-the-art
projective proximity-focusing layout. Thanks to the studies discussed in this work,
this solution was declared the baseline option in the ALICE 3 Scoping Document [2].

My design-development studies toward the final bRICH layout also passed through
various intermediate configurations, including hybrid cylindrical-projective schemes
and mirror-focusing designs employing spherical or parabolic mirrors.

The refinement of the design was driven, among other factors, by limitations in recon-
struction performance in high-multiplicity Pb-Pb events, by the extension of the barrel
acceptance from |n| < 1.64 to || < 2.0, by the challenges of data-load management
under high DCR conditions, and by considerations on the overall cost.

In the following, after an overview of the original Letter of Intent cylindrical bRICH
layout, highlighting its limitations, I focus on the latest projective bRICH geometry.

3.3 The original cylindrical bRICH layout

In the Letter of Intent configuration, the bRICH was initially conceived as a simple
proximity-focusing cylindrical detector, chosen as the most straightforward solution in
terms of mechanics, integration, and modularity.

A total longitudinal length of 5.6 m was adopted for both the aerogel radiator layer
and the photodetector layer. The aerogel tiles were located at a radius of 90 cm, while
the SiPM modules were located at 112 cm with respect to the beam axis, resulting in
a pseudorapidity coverage up to |n| = 1.64 at the photodetector level.

An expansion gap of 20 cm was foreseen, flushed with argon gas (n = 1.000287 at
400 nm and 1 bar). Hydrophobic aerogel tiles with n = 1.03 and a thickness of 2 cm
produced by Aerogel Factory Co., Ltd. [89] were taken as a reference for the radiator.
Hamamatsu S13360-3050CS SiPMs [75] with an active area of 3x3 mm? and a microcell
pitch of 50 um were considered as a reference for the photon sensors, featuring a peak
PDE of 40% at A = 450 nm, as shown in Fig. 2.7, and an intrinsic SPTR of about
75 ps, as shown in Fig. 2.11, for operation at the recommended overvoltage V,, = 3 V.

Fig. 3.4 shows a schematic view of the cylindrical bRICH geometry, also accounting
for a segmentation I defined for my preliminary studies. In particular, the system
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Figure 3.4: Schematic and longitudinal views of the original cylindrical bRICH geometry.

was segmented into 36 azimuthal sectors, each spanning an interval of 10° in the
transverse plane and equipped with frames for the aerogel tiles and SiPM modules
whose azimuthal length corresponds to the side of a regular polygon with 36 sides
circumscribed around circumferences of 90 cm and 112 cm radius, respectively. Each
sector was segmented into 36 longitudinal modules. This resulted in a maximal aerogel
tile size of about 15.6 x 15.7 cm?, corresponding to a total aerogel area of ~ 31.7 m?.
The corresponding SiPM modules reached a maximal size of about 15.6 x 19.6 cm?, for
a total SiPM area of ~ 39.6 m?. An integration factor of 91% was originally assumed,
resulting in about 4.01 million SiPM channels.

3.3.1 Problems of the cylindrical geometry

The combination of the design specifications in this cylindrical geometry ensures a ring
angular resolution better than 1.5 mrad for charged tracks at Cherenkov angle satura-
tion under ideal reconstruction conditions and at the single-track level. Nevertheless,
several intrinsic limitations emerged from my simulation studies, as detailed below.
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Figure 3.5: Photodetector hit-map in the R¢ — Z plane of a single central Pb-Pb collision at
v/SNN = 5.52 TeV for the original cylindrical bRICH geometry. The SiPM PDE is not applied only
for visualization purposes. The photodetector Z values corresponding to various 7 limits are indicated.

Topology of Cherenkov rings at large ||

Although the target PID performance is actually achieved at central pseudorapidities,
up to || < 1, even in high-multiplicity Pb-Pb events, the reconstruction degrades
rapidly for || > 1. This is clearly visible in Fig. 3.5, showing the photodetector hit-map
in the R¢ — Z plane of a single central Pb-Pb collision at \/syy = 5.52 TeV generated
using my full simulation framework discussed in Section 4.1. As track inclination
increases, the photons in the Cherenkov cone from the aerogel associated to a given
charged track intersect the SiPM modules as an increasingly elongated ellipse, with
longitudinal extensions exceeding 50 cm.

Refraction at the aerogel-gas interface

This effect is further amplified by refraction at the aerogel-gas interface, where photons
are refracted away from the normal to the aerogel tiles when entering the argon gas
in the expansion gap. Because of the small refractive-index difference between aerogel
and argon (1.03 for aerogel compared with 1.000287 for Ar at 400 nm), refraction
remains negligible for photon incidence angles up to several tens of degrees. At larger
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track inclinations, however, the associated photon angles increase and the refraction
effect becomes progressively more pronounced. Beyond the critical angle, 8y, ~ 76°,
photons undergo total internal reflection and fail to reach the sensor. As a result, the
Cherenkov rings become increasingly larger, distorted, and eventually open.

Reconstruction in high-multiplicity events

In the high track-density environment of central Pb-Pb collisions, these enlarged and
dispersed photon patterns overlap extensively, making Cherenkov-angle reconstruction
extremely difficult due to the mutual background of photons from different tracks. This
mutual background could even correlate tracks that are far apart in space, further
complicating the pattern recognition and angle reconstruction, as shown in Fig. 3.5.

The reconstruction is further compromised for inclined tracks by the enhanced Rayleigh-
scattering background that arises from the longer photon paths in the aerogel, with
scattered photons propagating even to far-away sectors. This leads to photon patterns
that extend across multiple sectors and overlap with those of unrelated tracks, ulti-
mately compromising Cherenkov-angle reconstruction in high-multiplicity events.

For inclined tracks, the PDE of SiPMs is also degraded, as discussed in Section 2.5.1,
reducing the number of detected ring photons and further complicating reconstruction.

Extension of bRICH acceptance to |n| = 2

In addition, with the redefinition of the ALICE 3 barrel acceptance from the original
In| = 1.64 to the baseline || = 2, this geometry would not only have required an
extension of the total detector longitudinal length up to 8.1 m for both the radiator
and the photodetector, with a maximal radiator area of ~ 45.8 m? and a maximal
photodetector area of ~ 57.2 m?, but would in any case have remained suboptimal

because of the refraction and total internal reflection effects discussed above.

Data load in high-DCR conditions

Another important limitation for this cylindrical layout emerged from the data load,
driven in particular by the large SiPM DCR expected under ALICE 3 radiation con-
ditions up to the MHz/mm? scale. This directly translates into stringent bandwidth
demands on the front-end and readout electronics. An appealing mitigation strategy
would be to apply a time gate, restricting the acquisition window down to 1 ns with
sector-dependent timing. In this case, the number of recorded uncorrelated DCR hits
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could be reduced by a factor of 25 compared to the full 25 ns bunch spacing. However,
a problem arises again for |n| > 1, where highly inclined tracks cause photons from
particles far apart in space to arrive at the same module with spreads of several ns.
In these conditions, implementing such narrow gates is unfeasible, thus weakening the
suppression of DCR hits and keeping the bandwidth requirements very challenging.

3.4 The projective proximity-focusing bRICH layout

The limitations above motivated the development of an alternative solution. In this
context, I proposed a projective proximity-focusing layout, in which both the aerogel
tiles and the SiPM modules are oriented toward the nominal collision vertex. In the
following, I discuss the proposed layout in terms of geometry and module concept, and
how it addresses the problems of the original cylindrical geometry.

3.4.1 Projective bRICH geometry

The proposed geometry is segmented into longitudinal sectors, each composed of a set
of azimuthal modules. The sectors are housed in two different symmetric cylindrical
vessels, leaving a gap at Z = 0 for services. Each module in a given sector includes
an aerogel tile and the corresponding photodetector module, aligned parallel to one
another within frames shaped as isosceles trapezoidal prisms whose upstream faces
subtend the same solid angle, which varies with the sector, at the nominal interaction
point. Modules are positioned such that the line connecting the intersection points
of the diagonals of the upstream face of the photodetector and aerogel frames passes
through the nominal interaction point and is normal to both frames.

[ explored several segmentation schemes in order to cover the region |n| < 2 consistently
with the space assigned to the bRICH in the ALICE 3 apparatus, corresponding to the
radial region between 90 and 120 cm. I converged on a configuration with 24 sectors,
each subdivided into 36 modules. The aerogel tiles and the SiPMs are arranged in
the radial region between 90 cm and 117 ¢m, with the remaining space accounting for
the target 2 cm thickness of the photodetector modules. The system spans a total
longitudinal length of about 7.2 m, extending up to |Z| & 3.6 m on either side of the
interaction point. I assumed a 1 cm gap at R = 117 cm and Z = 0 between the vessels
housing the modules of the two 12-sector halves.
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Figure 3.6: Schematic and longitudinal views of the proposed projective bRICH geometry.

A schematic view of the proposed projective bRICH geometry is shown in Fig. 3.6.
The corresponding longitudinal view of the module positioning is also shown. The
frames for the aerogel tiles and for the SIPM modules have trapezoidal profiles, tailored
sector by sector. By construction, the expansion-gap width varies with the sector. 1
determined the optimal expansion-gap width and frame dimensions in each sector
according to the following criteria.

e The expansion-gap thickness in each sector is maximized, within the radial space
available to the bRICH, to optimize the single-photon angular resolution.

e The geometries of the frames for the aerogel tiles and the photodetector mod-
ules are chosen to ensure maximum acceptance for impinging charged particles
originating from the nominal interaction point.

The values of the upper base, lower base and height of the trapezoidal frames for the
aerogel tiles and the sensor modules for the sectors in the projective bRICH layout,
as well as the corresponding thickness of the expansion gap, are shown in Fig. 3.7.
A schematic view of the stacking of the frames for the sensor modules in each sector
is also shown for visualization purposes. A systematic formulation of the algorithm I
developed for the generation of this projective geometry is presented in Appendix B.
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Figure 3.7: Top left: Upper base (squares), lower base (circles) and height (triangles) of the trape-
zoidal frames for the aerogel tiles (blue) and the sensor modules (red) for the sectors in the projective
bRICH layout. Top right: Thickness of the expansion gap for the modules in each sector. Bottom
left: Schematic view of the stacking of the frames for the aerogel tiles in each sector. Bottom right:
Schematic view of the stacking of the frames for the sensor modules in each sector. The green rect-
angle marks the nominal 17x18 cm? module footprint considered in the modular option.

3.4.2 Radiator and photodetector
Hydrophobic aerogel tiles with n = 1.03 at 400 nm and a thickness of 2 cm produced
by Aerogel Factory Co., Ltd. are still taken as the reference radiator option.

The same Hamamatsu S13360 SiPM technology as in the original cylindrical layout is
also retained. However, the SiPM size is reduced from 3 x 3 mm? to 2 x 2 mm?, to
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gain angular resolution, reduce the per-channel DCR by more than a factor of two,
lower the terminal capacitance, and improve timing when coupled to the electronics.

Due to the smaller SiPM size, a reference packaging factor of about 83% is assumed,
compared to the 91% reference of the cylindrical geometry. This assumption is based
on the commercial Hamamatsu S13361-2050AE-08 series arrays [90], featuring SiPMs
with the target 2 x 2 mm? active area with a pitch of 2.2 x 2.2 mm?.

Owing to the large SiPM DCR increase expected at NIEL levels of order 10'! 1-
MeV neq/cm?; cooling to -40°C or below is mandatory, together with an annealing
scheme that heats the SiPMs to 70°C or above, as discussed in Chapter 5.

The front-end and readout electronics are still under active discussion. At the time of
writing this thesis, the baseline front end is the DENEB ASIC, a 1024-channel, high-
rate device under development at INFN Torino for the GRAIN detector at DUNE,
building on the current ALCOR ASIC [91]. The 1024 channels are arranged in 32
columns, with one LVDS transceiver per column operating at 320 Mb/s in single data
rate (SDR). This yields a total output bandwidth of 32 x 320 Mb/s, corresponding
on average to about 10 Mb/s per channel. Each channel integrates four TDCs based
on analog interpolation, with a target time-of-arrival resolution of 100 ps. The chip
supports a leading-edge mode, in which all TDCs operate in parallel, as well as Time-
over-Threshold (ToT) and Slew-Rate modes with the SiPMs coupled in pairs (2-by-2).

The baseline readout architecture foresees the use of Low Power GigaBit Transceivers
(IpGBT) [92], developed at CERN, coupled to VTRx+ optical transceivers [93]|. Data
serialized by the IpGBT are transmitted via the VI'Rx+ optical links to the back-end
readout system, where event building and data processing are performed. The IpGBT
accepts up to 28 input data lines (e-links) in Forward Error Correction 5 (FEC5) mode
(e-link clock of 320 MHz, corresponding to 320 Mb/s per e-link). When coupling the
DENEB chip to the IpGBT with one e-link per column, only 28 of the 32 DENEB
columns can be connected to a given IpGBT, allowing the readout of up to 28 x32 = 896
channels per IpGBT (aggregate input 28 x 320 Mb/s = 8.96 Gb/s).

3.4.3 The trapezoidal module concept

The ideal bRICH coverage is achieved in the case of ideal packing, assuming the SiPMs
and the aerogel tiles fit perfectly into the trapezoidal frames and neglecting inter-
module gaps. Under these assumptions, this layout yields maximal aerogel and SiPM
areas of about 22.7 m? and 30.7 m?, respectively. The effective SiPM area, accounting
for the 83% packaging factor, is about 25.4 m?. These values are significantly reduced
compared to those of the cylindrical geometry quantified in Section 3.3, providing a
direct benefit in terms of cost while providing, at the same time, a larger n acceptance.
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This trapezoidal layout, implemented for the 12 pairs of symmetric sectors in the
projective geometry of Fig. 3.6, implies the development of 12 distinct aerogel tiles
and photodetector modules, as shown in Fig. 3.7.

For the aerogel, the required trapezoids have a variable height in the range ~14.5—
16.5 cm, a variable long base in the range ~16.0-18.5 cm, and a fixed short base of
~15.7 cm. The ~ notation reflects mechanical details still under definition, which
slightly reduce the effective tile size. These trapezoidal layouts are not an issue, as the
hydrophobic aerogel tiles can be shaped to the required geometry (e.g., by water-jet
cutting) as was done, for example, for Belle II ARICH [56].

The photodetector module poses the main challenge. The trapezoids would have a
variable short base in the range ~17.3-20.4 cm, a fixed long base of 20.4 cm, and a
height of 18.4 cm. Designing a fully trapezoidal module is non-trivial. Moreover, even
if one were to adopt the maximal inscribed rectangle in each sector, one would still
end up with 12 different footprints to develop, making this option impractical.

Nevertheless, I considered the trapezoidal module solution for the photodetector as
the reference layout for all simulation studies presented in the following, providing
a benchmark of the detector’s limiting performance and a baseline for assessing the
performance of more realistic, modular configurations.

3.4.4 The rectangular 17 X 18 cm? photodetector module

A realistic solution I found to ensure modularity, using the same module concept for
all the bRICH modules, is to adopt a single rectangular module equal to the largest
rectangle inscribed in the trapezoidal profile across the 12 frames. This yields a 17.3 x
18.4 cm? footprint. Including O(mm) safety margins to accommodate mechanical
tolerances, I set the current baseline module size to 17 x 18 cm?.

Through dedicated optimization studies, I optimized the geometry of the SiPM pack-
aging and positioning consistently with the specifications of the DENEB ASIC and
the coupling with the IpGBT and VTRx+, which allows reading a maximum of 896
channels per DENEB chip. The optimization criterion was to achieve the best pos-
sible single-photon angular resolution while maintaining maximal module acceptance
for incident charged tracks.

In the final layout, shown in Fig. 3.8, each rectangular 17 x 18 cm? module is equipped
with 2 x 2 mm? SiPMs arranged into 360 dies of 11.0 x 6.6 mm?, each die mounting
5 x 3 SiPMs with a pitch of 2.2 x 2.2 mm?. These are grouped into 6 blocks (tiles)
of 60 dies having size 8.5 x 6 cm?, each tile read out by one DENEB ASIC. For each
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Figure 3.8: Geometry of the rectangular 17 x 18 cm? bRICH photodetector module layout. The
blue squares correspond to the 2 x 2 mm? SiPMs. A zoom on a single 5 x 3 SiPM die is shown.

tile, there are 12 rows, each with five dies, resulting in 36 SiPMs per column along
the 8.5 cm side and 25 SiPMs per row along the 6 cm side. The die-to-die gap is
0.48 mm along the 8.5 ¢m side and 1 mm along the 6 cm side, amounting to 900
SiPMs. Excluding the four corner sensors in each tile, this yields the design value of
896 SiPMs per tile and 6 x 896 = 5376 SiPMs per module.

The proposed rectangular 17x 18 cm? geometry was taken as a reference for preliminary
studies on the integration of the electronics in the module. Fig. 3.9 shows a schematic
view of the state-of-the-art module concept. The SiPM layer is connected to the front-
end electronics (FEE) layer via a ceramic interposer that integrates two-phase COq
microchannel cooling [94] and enables annealing by forward-biasing the SiPMs [95].
Two additional PCBs are stacked to interface the FEE with the readout electronics,
and the readout electronics to the external back-end readout system. The overall target
module thickness, excluding cabling, is about 2 cm. Fig. 3.10 shows a schematic view
of the bRICH layout accounting for this module implementation.
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Figure 3.9: State-of-the-art module concept for the rectangular 17 x 18 cm? module geometry.

3.4.5 Absorbing vs transparent walls between sectors

For the nature of the walls separating adjacent sectors, corresponding to the red regions
in Figs. 3.6 and 3.10, I investigated the following two design options.

e Photon absorbing walls, which prevent photons produced in one sector from
reaching the photodetector modules of neighbouring sectors.

e Transparent walls, which allow photons emitted in one module within a sector
to propagate and be detected in modules of the adjacent sectors.

They are schematically illustrated in Fig. 3.11. Although, in principle, transparent
walls (or no walls) could increase the photon yield for tracks entering the aerogel tile
in a module close to sector boundary, where a fraction of photons naturally escapes
the module, the advantage is limited to low-multiplicity events. In high-multiplicity
conditions, photons from different tracks reaching different sectors could significantly
increase the mutual background and degrade the reconstruction performance.
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Figure 3.10: Schematic views of the bRICH layout with 17 x 18 em? photodetector modules.

Conversely, photon-absorbing walls, which currently represent the baseline design,
prevent photons leaving a sector from being detected elsewhere. In this configura-
tion, all ring photons are confined within the incidence sector of the track, allowing
each sector to operate independently and improving the separation of the rings from
different tracks. Simulation studies comparing these configurations are presented in
Section 4.4.5.

In both configurations, transparent walls (or no walls) are always assumed between
adjacent modules within the same sector. Photons emitted in a given module can
therefore be detected by the SiPMs of neighbouring modules within the same sector.

3.4.6 Projective bRICH vs problems of the cylindrical layout

Despite the added complications in terms of mechanics, integration, and modularity,
the issues observed in the cylindrical layout are naturally solved in the projective one.
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Figure 3.11: Schematic of the inter-sector photon-absorbing walls and transparent walls concept.

The reconstruction problems associated with inclined tracks disappear, since in each
sector, also accounting for the track curvature in the magnetic field and the spread
of the collision vertex, particles and their Cherenkov photons impinge on the sensors
under conditions very close to normal incidence. As a result, the reconstructed rings
remain compact, with a linear size not exceeding about 15 cm. This can be observed
in Fig. 3.12, showing the photodetector hit-map of a single central Pb-Pb collision at
Vvsnn = 5.52 TeV over the full bRICH acceptance. Despite the high-track multiplicity,
the rings associated to the different charged tracks are clearly visible over the full
detector acceptance.

Under the assumption of photon absorbing walls between adjacent sectors, all ring
photons are confined within the track incidence sector, which allows the sectors to
operate independently and ensures that rings from different tracks remain well sepa-
rated, further stabilising pattern recognition.

Moreover, not only does the projective geometry mitigate Rayleigh scattering by lim-
iting photon path lengths in the aerogel, but the addition of absorbing walls also
prevents scattered photons from propagating into far-away sectors, as occurred in the
cylindrical case, thus further reducing the background at the reconstruction level.

Finally, this confinement not only mitigates occupancy, but also minimises the spread
in photon arrival times at the module level. It therefore becomes possible to apply an
acquisition time gate of the order of ns, with sector-dependent offsets, efficiently sup-
pressing the DCR background without sacrificing signal, as discussed in Section 4.5.3.
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Figure 3.12: Photodetector hit-map of a single central Pb-Pb collision at /sy = 5.52 TeV gener-
ated using my full simulation chain for my projective proximity-focusing bRICH geometry.

This substantially relaxes the requirements on bandwidth. The projective layout thus
emerges as a robust solution for efficient PID in central Pb—Pb collisions.

The only downside of this layout is the loss of Cherenkov photons produced in the
aerogel close to the sector boundaries. This results in a smaller number of detected
photons per ring and a degradation of the ring angular resolution in those boundary
regions. Nevertheless, owing to the excellent single-photon angular resolution achieved
across all sectors, the overall ring resolution remains consistent with or even better than
the leading bRICH requirement, as discussed in detail in Section 4.4.3.

3.5 Option: Gas-based e® ID enhancement

The baseline bRICH layout is designed to ensure better than 30 e/7t separation up
to approximately 2 GeV /¢, using Cherenkov-ring information from photons emitted in
the aerogel radiator in central (0-5%) Pb-PDb collisions, as discussed in Section 4.7.3.

However, ALICE physics groups focusing on channels including thermal dielectrons
and quarkonia (such as J/¢¥ — ete™) have expressed interest in extending the e/7
separation capability up to 4 GeV/c over the full bRICH acceptance.
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Figure 3.13: Principle of operation of the proposed threshold-based electron identification using
clusters of fired SiPMs due to photons emitted in the gas filling the bRICH expansion gap assuming a
refractive index of ng = 1.0006 (left). For electrons at 3 GeV/c both aerogel photons and gas clusters
can be seen (middle), while for pions at the same momentum the gas cluster is missing (right).

The major challenge is pion contamination due to the much larger pion yield relative to
electrons in the final state, requiring a 7t rejection factor larger than 10 in a momentum
region where pions cannot be discriminated using only the aerogel signal.

To achieve this goal, I investigated the possibility of flushing the bRICH expansion
gap with a proper gas mixture acting as an additional Cherenkov radiator for efficient
threshold-based discrimination up to the target 4 GeV/c momentum limit.

3.5.1 Principle of operation

The principle of operation of the proposed identification strategy is shown in Fig. 3.13.
With a suitable choice of the gas refractive index, electrons are above the Cherenkov
threshold in the target momentum range, while muons, pions, kaons, and protons are
not. In this configuration, reconstructing clusters of SiPMs fired by aerogel photons,
with a sufficiently large photon yield, can be used to unambiguously tag electrons.

This approach not only enables the extension of electron identification capabilities up
to the target momenta, but also naturally provides a signature for electron identifi-
cation at lower momenta (below 2 GeV/c), offering additional validation of electron
tagging using the aerogel signals and potentially improving the overall electron iden-
tification performance in that region.

Potential backgrounds can still arise from non-electron tracks, including direct charged-
particle interactions with the SiPMs and Cherenkov light produced in the SiPM protec-
tive layer or in a thin entrance window, with the timing option discussed in Section 3.6.
Since the protective layer is about 100 pm thick and the timing windows under consid-
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eration are about 1 mm, these signals are confined to a small area around the projected
impact point, typically no larger than the nearest-neighbour SiPMs. Gas clustering is
therefore preserved provided that hits within this critical region are excluded from the
gas-cluster reconstruction.

3.5.2 Choice of the gas refractive index

The choice of the gas refractive index ng is crucial. Table 3.2 reports the Cherenkov
momentum thresholds for electrons, muons, pions, kaons, and protons for various
selected values of ng, together with the expected mean number of detected photons
per gas centimetre travelled by electrons, Np,/cm, calculated assuming the baseline
bRICH SiPM specifications and the same optical properties for all the values of n,.

Refractive pan [GeV /(]

index N Ph/ cm (e)

e n T K P

1.00030 0.02 4.31 5.69 20.15 38.30 0.13
1.00045 0.01 3.52 4.65 1645 31.27 0.19
1.00060 0.01 3.04 4.02 14.24 27.08 0.26
1.00075 0.01 2.72 3.60 12.74 24.22 0.32

Table 3.2: Cherenkov momentum thresholds for e, u, 7w, K, and p at representative gas refractive
indices, and the corresponding mean detected photon yield per gas cm travelled by electrons calculated
assuming the baseline bRICH SiPM specifications and the same optical properties for all gases.

Although light gases, such as the Ar or the Ny considered in the baseline bRICH layout,
have a refractive index below about 1.0003 that satisfies the threshold requirement, the
Cherenkov yield is too small for efficient electron identification. Since the yield scales
with sin? f, according to Eq. 2.13, the mean number of detected photons is about 3
for a 25 cm path in gas, which leads to sizeable contamination from pions and other
charged species through clustering of uncorrelated DCR hits. At the same time, gases
with larger n, such as COy (ng ~ 1.00046 at 400 nm) or heavier mixtures provide a
higher yield at the price of lower thresholds for w, 7t and heavier particles. An optimal
compromise is ng ~ 1.0006, adopted as a reference for simulation studies discussed
below. This choice introduces a slight p contamination for momenta between 3 and
4 GeV /¢, which is acceptable given the small muon fraction relative to electrons.
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3.5.3 Eco-friendly gas mixtures

The target refractive index, ny = 1.0006 at 400 nm, could be achieved under standard
temperature and pressure conditions (0°C and 1 atm) by blending saturated fluorocar-
bons (C,Fa,12), such as CoFg (n ~ 1.00082) or C4Fyy (n ~ 1.0014), with light gases
such as Ny (n ~ 1.00030) or COy (n ~ 1.00046). However, the high global-warming
potentials (/5,000-13,000 COg—equivalent) of fluorocarbons and the fact that their
production is being progressively discontinued render them unsuitable for ALICE 3.
Therefore, these gases are not a primary option for the bRICH.

I instead focused on gas mixtures using very small molar fractions of heavy fluoroke-
tones (C,F5,0) diluted in CO5 or Ny. For these studies, I considered C5F;¢0O, which
has n ~ 1.00175 at 400 nm and offers the required optical properties, with an expected
COg-equivalent GWP comparable to that of CO,, enabling mixtures with orders-of-
magnitude lower impact than saturated fluorocarbons [96].

The refractive index ng of a binary mixture can be expressed as:
ng—1 = wy (g —1) + wy(ne — 1), wy =1 —wy, (3.1)

where w; is the molar fraction of the heavy component (C5F;70) with refractive index
ni, and ng is the refractive index of the diluent gas. Solving for w; at a target ng gives:

w, = g — N2 (3.2)
n1 — No

e Inserting n, = 1.0006 and n; = 1.00175 and using CO, as diluent (ny = 1.00046):

1.0006 — 1.00046
1.00175 — 1.00046

~ 1085%, Wco, ~ 8915%

WC5F100 =

e Inserting n, = 1.0006 and ny; = 1.00175 and using Ny as diluent (ny = 1.00030):

1.0006 — 1.00030
1.00175 — 1.00030

WosFLo = ~ 20.69%,  wx, ~ 79.31%.

Although pure C5F;7O has a normal boiling point of about 26.9°C, the reduced partial
pressure associated with the considered mixture compositions lowers the effective con-
densation temperature, enabling safe operation at temperatures well below 0°C [97].
Such mixtures must be actively controlled during operation, since the relative molar
fractions determine the stability of n,. Monitoring solutions such as ultrasonic refrac-
tometry for real-time blending, first demonstrated in the 1990s for CsF;5/Ny in the
SLD CRID at SLAC [98, 99], should then also be integrated into the detector design.



Design of the ALICE 3 bRICH 76

3.5.4 Interfacing the gaseous radiator with aerogel

For the integration of threshold-based electron identification in the bRICH, I investi-
gated two options for the interfacing of the gaseous radiator with the aerogel tiles.

In the first option, I considered the coating of the upstream face of the aerogel tiles
with an absorbing material, so that only gas photons emitted downstream of each tile
reach the SiPM plane. This yields clusters that are uniform across each sector, with a
size determined solely by the thickness of the expansion gap in the considered sector.
In the second option, I considered the upstream face uncoated, allowing photons pro-
duced in the vessel upstream of the aerogel, from R = 90 cm, to reach the SiPMs.
Given the inclination of the photodetector modules shown in the longitudinal view
in Fig. 3.6, clusters become larger at smaller |n| than at larger |n|, resulting in an
increase of the overall mean cluster size. However, a drawback of the second option is
that upstream photons must traverse the full aerogel tile, where Rayleigh scattering
can lead to losses or introduce additional background that must be accounted for.

3.5.5 Features of gas clusters in the bRICH geometry

In this section I report my simulation results for the features of gas clusters for the two
options above in terms of topology in the ALICE 3 baseline 2 T solenoidal magnetic
field, number of fired SiPMs, total number of photoelectrons and their distributions
within the SiPMs. All the results presented in this section are obtained assuming a
mixture of 10.85% Cs5F 100 + 89.15% CO,, with a refractive index of 1.0006 at 400 nm.

The left panel of Fig. 3.14 illustrates the curvature of electrons with various pr in the
ALICE 3 baseline 2 T solenoidal magnetic field. For each track, the path of a photon
emitted at the entrance of the aerogel vessel (R = 90 c¢cm) in the direction of maximal
separation at the photodetector radius (R = 117 cm) is also displayed. The right panel
presents the cumulative hit map of gas photon hits from electrons with p = 3 GeV/c
and 7 = 0.1 in the bRICH obtained with my full simulation chain.

The curvature in the magnetic field, together with the uniform emission of Cherenkov
photons along the electron path in the gas, produces asymmetric clusters. For pp <
1 GeV/c the maximum distance of photon hits from the track impact point exceeds
2 cm. Since these outliers are few, to avoid clustering hits far from the track that are
likely due to other tracks or SiPM DCR, in the following I adopted a fiducial clustering
region. I defined it sector-by sector and as a circle of radius depending on pr, the path
length of the charged track in gas, and the curvature in the magnetic field.
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Figure 3.14: Left: Illustration of the curvature of electrons with various pr in the ALICE 3 baseline
2 T solenoidal magnetic field. For each track, the trajectory of a photon emitted at the entrance of
the aerogel vessel (R = 90 cm) in the direction where it is expected to be detected farthest from the
track impact point at the reference photodetector radius (R = 117 cm) is shown. Right: cumulative
hit-map of gas photons from electrons with p = 3 GeV/c and n = 0.1 in the bRICH.

Fig. 3.15 shows my simulation results for the features of gas and pion clusters under
the hypothesis that the upstream face of the aerogel tiles is coated with an absorbing
material, over the full bRICH acceptance, for tracks with p = 3 GeV/c. The figure
reports the distributions of the number of fired SiPMs, the distance between photon
hits and the most probable track impact point on the SiPM module, the total number
of photoelectrons (p.e.), and the number of p.e. per SiPM for the considered mixture.

The mean number of fired SiPMs as a function of the pseudorapidity 7, highlighting
the sector dependence, is also shown, together with the fraction of electron events
passing simultaneous requirements on the minimum number of fired SiPMs and on the
minimum number of p.e. With the baseline SiPM size, pitch, and PDE, the number
of fired SiPMs for electron events ranges from 7 to 13, reflecting the thickness of the
expansion gap in each sector, as shown in Fig. 3.7. The reduction at sector boundaries
corresponds to truncated clusters. The electron signature is a cluster dominated by
single-p.e. hits, with an increased number of p.e. in the cells closest to the track impact
point. The hit—track distance distribution supports a fiducial clustering radius up to
2 cm, depending on the sector, for electrons at 3 GeV /c. I repeated the analysis by
scanning p and 7 to define the corresponding fiducial radius in each sector.

For pions, hits are still recorded due either to direct interactions or to Cherenkov
photons emitted in the considered 100 pm silicone resin layer (n = 1.41 at 400 nm)
on top of the SiPMs. From the hit—track distance distribution it can be observed that
these signals lie very close to the track impact point, typically within the nearest cells,
and can be easily discarded without significantly affecting gas clustering.
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Figure 3.15: Simulation results for gas-cluster features for electrons (red) and pions (blue) at
3 GeV/c over the full bRICH acceptance, in the hypothesis of an absorbing coating on the upstream
face of the aerogel tiles, for the mixture 10.85% C5F100 + 89.15% COy (n = 1.0006). Top left:
Distribution of the number of fired SiPMs. Top right: Distribution of the distance between gas-photon
hits and the most probable track impact point on the SiPM module. Middle left: Distribution of the
total number of p.e. Middle right: Distribution of the number of p.e. per SiPM. Bottom left: Mean
number of fired SiPMs as a function of 7. Bottom right: Fraction of electron events as a function of

the minimum number of fired SiPMs and the minimum number of total p.e.
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Figure 3.16: Simulation results for gas-cluster features for electrons (red) and pions (blue)

3 GeV/c over the full bRICH acceptance, assuming no absorbing coating on the upstream face of the
aerogel tiles, for the mixture 10.85% C5F1900 + 89.15% COs (n = 1.0006). Top left: Distribution of
the number of fired SiPMs. Top right: Distribution of the distance between gas-photon hits and the
most probable track impact point on the SiPM module. Middle left: Distribution of the total number
of p.e. Middle right: Distribution of the number of p.e. per SiPM. Bottom left: Mean number of fired
SiPMs as a function of 1. Bottom right: Fraction of electron events as a function of the minimum
number of fired SiPMs and the minimum number of total p.e.
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Fig. 3.16 shows the analogous figures of merit for electrons and pions at 3 GeV /c when
the upstream face of the aerogel tiles is left uncoated. As expected, clusters become
larger at smaller || than at larger |n|, with more SiPMs firing due to single photons
in regions farther from the track impact point. This yields a broader distribution of
hit—track distances on the SiPM module, without any change in the p.e. per cell in
the cluster core, which is driven by photons emitted close to the track impact point.

The analysis of these features is important not only to define proper clustering criteria
aimed at minimizing the clustering of background hits, but also to identify the relevant
inputs for machine-learning—based e-ID algorithms, as discussed in Section 4.8.3.

3.6 Option: charged-particle timing with bRICH

An appealing R&D option I investigated for the bRICH concerns the possibility of
implementing high-efficiency Cherenkov-based charged-particle timing measurements,
with a resolution down to tens of ps, directly using the bRICH SiPMs coupled with
a thin window of transparent material. This solution would open the possibility of
combining the oTOF and the bRICH into a single detector using the same sensor
layer, with substantial technical and cost advantages.

3.6.1 Principle of operation

Previous studies have already investigated the use of SiPMs for the direct detection
and timing of incident charged particles [100, 101]. In such cases, the signals mainly
originate from Cherenkov photons emitted in the SiPM protective layer, typically a few
hundred pm of epoxy or silicone resin. However, these signals are typically confined to
the single SiPM where the interaction occurs. This confinement, combined with the
limited packaging factor of SiPMs in arrays, significantly reduces their overall efficiency
for the direct detection of the impinging charged particles.

To overcome this limitation, I explored the approach of directly coupling to a SiPM
array a thin transparent slab, with a thickness of a few mm, as illustrated in Fig. 3.17.
With a suitably chosen refractive index, this slab acts as an additional Cherenkov
radiator for the incident charged particles. The promptly emitted Cherenkov photons
(= ps) then generate clusters of contiguous fired SiPMs on the photosensitive surface.

The topology of these clusters in terms of radius, average number of fired SiPMs, and
distribution of photoelectrons is determined by the slab refractive index, transmittance
and thickness, as well as by the SiPM granularity and PDE.
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Figure 3.17: Cherenkov-based charged-particle timing using the bRICH SiPMs

The track timing is then obtained by combining the timing information from SiPMs in
the cluster. The precision of each individual measurement is determined by the intrin-
sic resolution of the SiPMs and the contributions of the electronics, primarily the time
jitter and the TDC resolution. This method offers two complementary advantages.

e In the cluster core, where signals correspond to multiple photoelectrons, yielding
the best intrinsic time resolution and the lowest time jitter, scaling with the
number of photoelectrons Ny as 1/41/Npe, and 1/N,., respectively [102].

e At the cluster periphery, where single-photoelectron statistics dominates, addi-
tional timing measurements are still available, enhancing the overall precision.

As a result, even with SiPMs combined with their associated electronics chain, yielding
a SPTR of about 100 ps, track time resolutions at the level of a few tens of ps can
be achieved. In addition, this approach mitigates the limitation imposed by the SiPM
packaging factor, enabling charged-particle detection efficiencies approaching 100%.

In the following sections, I present a detailed discussion of the choice of window ma-
terial, as well as the benefits and challenges of merging oTOF and bRICH.

3.6.2 Candidate window materials

The choice of the window material for the proposed Cherenkov-based charged-particle
timing strategy is driven by strict PID requirements. With the bRICH SiPMs placed
at a radius R larger than 100 cm from the beam axis, only charged particles with
transverse momentum pr above approximately 0.3 - B - R/2 = 0.3 GeV /c reach the
sensors, accounting for the curvature in the baseline 2 T solenoidal magnetic field.
In addition, the ALICE 3 iTOF is designed to achieve better than 3o separation
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Figure 3.18: Cherenkov momentum thresholds for e, i, 71, K and p as a function of refractive index.

for e/, /K, and K/p up to momenta of about 0.3, 1, and 2 GeV /¢, respectively.
These momentum values, together with a safety margin of overlap with the iTOF
coverage, define the lower identification limits that must be guaranteed in the scenario
of integrating the oTOF layer with the bRICH SiPMs. The PID upper limits, on the
other hand, are required to remain consistent with those of the baseline 0TOF design.

In the proposed charged-particle timing strategy, these requirements are primarily
addressed by minimizing the Cherenkov emission threshold for the different particle
species, ensuring that particles reach Cherenkov angle saturation at the lowest possi-
ble momenta, while maximizing the emission angle. Fig. 3.18 shows the momentum
threshold py, for e, p, 7, K and p as a function of the refractive index. From the plot
it can be deduced that a transparent material with a refractive index greater than 1.3
is required. Candidate materials for the sensor window include NaF (n ~ 1.33), MgFs
(n ~ 1.38) and fused silica (n ~ 1.47), which also offer excellent transparency and
optical coupling to typical SiPM protective layers.

Materials with higher refractive indices are characterized by lower momentum thresh-
olds pen, larger Cherenkov emission angles 6., and higher photon yields Ny, which
scale as Ny, o< sin® . according to Eq. 2.8, thus leading to larger clusters. However,
the optical coupling to the SiPMs becomes more challenging, and photons experience
increased time delays and spatial displacements, together with stronger reflection ef-
fects that can either reduce acceptance for external photons (e.g., from the bRICH
aerogel) or introduce background via multiple total-internal reflections. As a result,
using materials with n > 1.5-1.6 is not convenient for this application.
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3.6.3 Pros and cons of combining oTOF and bRICH

The combination of the ALICE 3 oTOF and bRICH detectors into a single system
based on the same SiPM layer offers several advantages, together with some limitations.
The main pros and cons I identified are detailed in the following.

Pros

A major benefit is the significant cost reduction. According to the oTOF cost reported
in the ALICE 3 Scoping Document [2], savings of more than 15 MCHF can be achieved.
In the proposed approach, the only additional cost with respect to the bRICH baseline
arises from the sensor window material and its optical coupling to the SiPM layer.

The proposed timing strategy ensures a charged-particle detection efficiency close to
100% in the regions covered by the bRICH modules, with the window cluster topology,
in which the emitted Cherenkov photons hit multiple contiguous SiPMs, overcoming
the limitations imposed by the finite SiPM packaging factor (< 90%).

An intrinsic advantage of the presence of this window is that the centroid of the corre-
sponding clusters delivers a tracking point at a larger radius with a spatial resolution of
a few hundred microns (o, =~ 2/v/12 mm for the baseline 2x2 mm? SiPMs). This im-
proves track propagation to the aerogel radiator and thus enhances the reconstruction
of the Cherenkov angle in the bRICH. This feature alone could justify the inclusion of
the window, regardless of whether ocTOF and bRICH are integrated or not. In addi-
tion, a better track matching with the tracker layers is expected when using 2 x 2 mm?

SiPMs compared to the larger 5 x 5 mm? granularity of the stand-alone cTOF baseline.

Window photon signals are also easily distinguished from those produced in the up-
stream aerogel radiator. Clusters from the window or resin typically contain many
photoelectrons distributed across a few adjacent SiPMs, while aerogel photons appear
as isolated single-photoelectron signals, albeit with correlated SiPM background. This
separation allows more robust signal identification. In addition, for physics analy-
ses focused exclusively on TOF measurements, the possibility exists to further reduce
background due to both aerogel photons and DCR signals by raising thresholds to a
few photoelectrons at the cost of sacrificing the bRICH signals.

An additional advantage is the possibility of exploiting the radial space originally al-
located to the stand-alone oTOF in the ALICE 3 apparatus to enlarge the expansion
gap of the bRICH sectors, thereby improving the angular resolution in the reconstruc-
tion of photons from the upstream aerogel radiator, or to more easily accommodate
thermal shielding, front-end electronics, and other services.
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Figure 3.19: Expected n-pr regions where a larger than 3o e/ (left), /K (middle) and K/p (right)
separation is achieved assuming a magnetic field strength B = 2 T using the ALICE 3 TOF and RICH
systems in the hypothesis of stand-alone 0TOF (top) and of 0TOF combined with bRICH (bottom).

Finally, the longer lever arm Ly, associated with the bRICH sensors at a mean radius
(RpricH) ~ 110 cm, compared to the baseline 0TOF radius R,ror = 85 cm, can either
provide the same PID performance while relaxing the 20 ps resolution requirement of
the baseline design, or deliver improved PID at the same target time resolution, since
the separation power scales proportionally to Ly /oy, as shown in Fig. 2.1. Fig. 3.19
shows my calculation results for a comparison of the expected n-pr regions where a
larger than 3oem, /K and K/p separation is achieved for B = 2 T using the baseline
ALICE 3 TOF and RICH systems in the hypothesis of stand-alone ocTOF and of oTOF
combined with bRICH. In the latter case, I considered a 1 mm thick fused silica window
coupled to 2x2 mm? Hamamatsu S13360 series SiPMs with a microcell pitch of 50 pm
and assumed the intrinsic SPTR in Fig. 2.11 for the calculations. A larger overall
PID separation power is potentially achieved compared to the baseline oTOF layout,
at the cost of slightly sacrificing coverage at low-pr due to both the larger radius and
the window thresholds for Cherenkov emission. However, these losses mostly occur in
regions already almost fully covered by the iTOF, so the practical cost is primarily a
reduction of the oTOF-HTOF overlap region, as detailed below.
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Cons

The combined approach also presents some challenges. In the 2 T solenoidal field,
the curvature of charged-particle tracks requires a minimum transverse momentum
above about 300 MeV /¢ for particles to reach the bRICH sensors compared to the
lower limit of the baseline 0 TOF. This results in a gap of about 150 MeV in transverse
momentum between the iTOF and oTOF+bRICH for 30 e/ separation at |n| — 2.
For comparison, the baseline oTOF layout already exhibits a 100 MeV gap in the same
kinematic region, as shown in the top-left panel of Fig. 3.19. This gap is recovered
when operating in configurations with a reduced magnetic field.

In addition, the window introduces Cherenkov emission thresholds that constrain the
low momentum reach for PID. For K and p, the corresponding momentum thresholds
lie above the magnetic field limit, as shown in Fig. 3.18. Nevertheless, this does not
represent a significant drawback, since the low-pr region is already well covered by the
iTOF, as illustrated in the bottom-middle and bottom-right panels of Fig. 3.19.

Another limitation arises from the requirement to operate at the single-photoelectron
level when combining aerogel ring measurements with timing measurements. This
makes charged-particle timing sensitive to inefficiencies caused by radiation damage
to the SiPMs, primarily through dead-time effects in high DCR conditions.

Acceptance limitations also arise from the specifications of the module concept. In the
case of the projective bRICH geometry with rectangular 17 x 18 cm? modules discussed
in Section 3.4.4, acceptance losses are expected in the regions between contiguous
modules in the same sectors and in the regions between adjacent sectors.

In summary, the combination of all these advantages and limitations must be carefully
considered toward a final design choice. Nevertheless, the crucial aspect remains the
validation of the achievable performance in terms of charged-track detection efficiency
and time resolution. In this context, I tested various SiPM types coupled with dif-
ferent sensor window materials in beam conditions. Preliminary results, discussed in
Chapter 6, confirm the feasibility of approaching the required efficiency and resolution.

3.7 Option: 1 X 1 mm? SiPMs -+ light concentrators

One of the main challenges for the feasibility of the bRICH system is to keep the
SiPM DCR per channel within the 1 MHz/mm? safety limit throughout the ALICE 3
operation. This corresponds to 4 MHz for the baseline 2 x 2 mm? SiPM. Due to the
poor radiation tolerance of the SiPMs, keeping the DCR below this limit is not trivial
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Module layout Total area (m?) Active area (m?) N channels

. . 2
Trapezoidal 30.72 25.50 (baseline 2x2mm?)

(83% integration factor) 6.35 (light conc.+1x1mm?)  ~ 0-9°M

p) i 2
Rectangular 177x18 cm 26.44 18.58 (baseline 2x2mm?)

(896 x 6 channels / module) 4.64 (light conc.+1x1 mm?3)

~4.64M

Table 3.3: Photodetector active area and number of channels for the proposed projective bRICH
geometry with the trapezoidal module layout and the rectangular 17 x 18 cm? module layout consid-
ering both the 2 x 2 mm? pixel size and the 1 x 1 mm? option with light concentrators.

even accounting for cooling and annealing, as discussed in detail in Chapter 5, where
I developed a data-driven ageing model based on my measurements on the current
reference SiPM technology.

A significant reduction of the DCR could in principle be achieved using smaller SiPMs,
e.g. with size 1 x 1 mm?, resulting in a DCR reduction by a factor of four. However,
using smaller SiPMs keeping the same acceptance would require an increase by a factor

of four in the number of SiPMs, DENEB chips, IpGBTs and VTRx+ ASICs, as well
as the other module components, making the simple smaller SiPM option unfeasible.

An appealing option I investigated involves coupling 1 x 1 mm? SiPMs with light

2 consistent with the baseline

concentrators with a collection area of 2.2 x 2.2 mm
pixel pitch, to concentrate the impinging photons onto the smaller target SiPM active
area. The concentrator option would make it possible to cover the same effective area
as the baseline option while keeping the same number of SiPMs and the corresponding

positioning on the photodetector module with a four times smaller active area.

This would reduce not only the DCR by a factor of four, but also the overall bBRICH
photodetector active area and SiPM cost by about the same amount, as shown in
Table 3.3. The overall active area would decrease from about 25.50 m? to about
6.34 m? for the trapezoidal module layout and from about 18.58 m? to about 4.64 m?
for the rectangular 17 x 18 cm? module layout.

In addition, with sufficient manufacturing tolerances, adjacent concentrators can be
packed without gaps, recovering photons that in the baseline 2 x 2 mm? option with
2.2 x 2.2 mm? pitch would fall into dead regions between adjacent SiPMs.

3.7.1 Light concentrators: Principle of operation

The use of light concentrators to reduce the active area of photon sensors has been
extensively investigated in applications ranging from high-energy physics [103] to pho-
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Figure 3.20: Ray tracing simulation in the Geant4 framework showing the principle of operation
of a light concentrator consisting of a solid truncated pyramid made of fused silica and an array of
concentrators coupled with SiPMs. The red squares correspond to the active area of the SiPMs.

tovoltaic [104]. Various implementations have been studied, including solid pyramids,
Winston cones, compound parabolic concentrators and immersion graded index optics.
For the studies presented in this work, I focused on the solid concentrator option, con-
sidering truncated pyramids made of fused silica coupled with SiPMs. The principle
of operation is illustrated in Fig. 3.20. Photons reaching the gas—fused silica inter-
face refract into the concentrators. With an optimised pyramid height, they undergo
multiple total reflections (for incidence angles above the limit angle) and Fresnel re-
flections (for incidence angles below the limit angle) along the concentrator walls and
are focused onto the SiPM active area. In this way, photons from a large area with a
narrow field of view are concentrated into a smaller area.

These concentrators are an example of non-imaging optics, since the information about
the incidence angle is lost by the exit aperture. This is not a problem for my appli-
cation, where I am assuming that each SiPM has its own concentrator, provided the
Cherenkov-angle reconstruction for an expansion gap of thickness 7}, defined relative
to the SiPM active area, is performed using an effective gap T, — ., where [, is the
height of the concentrator, instead of the baseline T}.

The main limitation concerns the photon collection efficiency, which significantly de-
creases for incidence angles above the total reflection regime. Fixing the upper and
lower base of the pyramids, the angular region where photons are efficiently collected
depends on the pyramid height. The angular region to be covered by the concentrators
for the bRICH application is determined by the angular distribution of the impinging
Cherenkov photons emitted by the considered charged-particle species of interest.
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Figure 3.21: 2D angular distributions of the charged-track incidence angles and the aerogel photon
incidence angle for all particle species, considering both all detected photons (top left) and only
photons detected by the SiPMs in the same module in which they are emitted (top right) over the
full bRICH acceptance for central Pb-Pb collisions at /syy = 5.52 TeV. The corresponding 1D track
incidence angle and photon incidence angle distributions considering all detected photons are shown
in the bottom-left and the bottom-right panel, respectively.

3.7.2 Photon incidence angles on SiPMs in central Pb-Pb

The 2D angular distributions of the charged-track incidence angles and the aerogel pho-
ton incidence angle for all particle species, considering both all detected photons and
only photons detected by the SiPMs in the same module in which they are emitted, for
central Pb-Pb collision at /sy = 5.52 TeV generated using my full simulation chain,
discussed in Section 4.1, are shown in Fig. 3.21. The corresponding 1D distributions
considering all detected photons are also shown. The end-point of the distributions is
at about 34-35°. In the case of photons from gas, in the gas-based e* ID enhancement
option outlined in Section 3.5, due to the small emission angle (< 2°), the correspond-
ing angular distribution almost mirrors the track incidence angle one.
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Figure 3.22: Top left: 2D distribution of the track incidence angle and transverse momentum at
the bRICH SiPMs for tracks with momentum larger than the threshold for Cherenkov emission in
the aerogel over the full bRICH acceptance for central Pb-Pb collisions at /syn = 5.52 TeV. Top
right: Transverse momentum distributions for e, n, , K and p. Bottom left: 2D distribution of
the photon incidence angle and transverse momentum for electrons. Bottom right: Photon incidence
angle distributions for e, y1, 7, K and p.

Fig. 3.22 shows the 2D distribution of the track incidence angle and transverse mo-
mentum at the bRICH SiPMs for tracks with a momentum beyond the threshold for
Cherenkov emission in the aerogel over the full bRICH acceptance in the generated
Pb-Pb events. The 1D transverse momentum distributions for e, 1, 7t, K and p are
also shown. These distributions highlight that the largest track incidence angles are
due to the curvature of low-pr tracks in the 2 T magnetic field.

The largest per-species contribution to the pr comes from electrons and positrons
due to their lower threshold for Cherenkov emission. The resulting 2D distribution
of the photon incidence angle and the transverse momentum for electrons and the
pr-integrated photon incidence angle distributions for e, 11, 7, K and p are shown in
the bottom panels of Fig. 3.22. These plots highlight the presence of a non negligible
electron component for photon incidence angles above the 35° maximum angle refer-
ence value I considered for my optimization studies.
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Figure 3.23: Scan over the pyramid height of the photon collection efficiency as a function of the

photon incidence angle on a light concentrator consisting of a truncated pyramid made of fused silica

with a larger base of 2.2 x 2.2 mm?2.

In particular, extending the high-efficiency collection region beyond this limit is not
compatible with the considered implementation of concentrators as solid truncated

pyramids with 2.2 x 2.2 mm? input area and 1 x 1 mm?

output area. Therefore,
this concentrator option comes at the cost of sacrificing the bRICH identification of
electrons and positions in the pr region between the 2 T magnetic field limit, about
0.3 GeV/c, and 0.5 GeV /c. Nevertheless, this region is already covered by the ALICE 3
oTOF system. Therefore the use of concentrators would just result in a reduction of

the overlap between the oTOF and the bRICH identification region.

3.7.3 Optimization of concentrator size

I performed dedicated ray tracing simulations in the Geant4 [105] framework to in-
vestigate and optimize the size of the considered solid truncated pyramids. For all

these studies, I assumed an input area of 2.2 x 2.2 mm?

, assuming no gap between
contiguous pyramids, and an output area of 1 x 1 mm?, matching the corresponding

SiPM active area. The parameter to be optimized is the pyramid height.

Fig. 3.23 shows a scan over the pyramid height of the photon collection efficiency as
a function of the photon incidence angle on a light concentrator. For this simulation
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Figure 3.24: Left: Simulated photon detection efficiency as a function of the photon incidence angle
using truncated pyramids made of fused silica with a larger base of 2.2 x 2.2 mm?, a smaller base of
1 x 1 mm? and heights of 3.1 mm (red) and 3.8 mm (blue). Right: Ratio of the number of detected
photons considering an array of 1 x 1 mm? SiPMs coupled with contiguous light concentrators to the
number of detected photons with the baseline 2 x 2 mm? SiPMs with 2.2 x 2.2 mm? pitch.

I provided the refractive index and chromatic dispersion of fused silica [106] and the
photon wavelength spectrum resulting from the convolution of the Cherenkov emission
spectrum, given by Eq. 2.7, the measured transmittance of aerogel tiles from Aerogel
Factory Co., Ltd. shown in Fig. 2.5 and the PDE of Hamamatsu S13360-**50CS SiPMs
shown in Fig. 2.7. The plot shows that the optimal height required to maximize the
photon collection efficiency for incidence angles as close as possible to the 35° reference
end-point with the considered input and output bases is about 3.8 mm. Higher values
of this height result in a negligible improvement of the efficiency at the cost of a larger
material budget in front of the SiPMs.

Fig. 3.24 shows the resulting photon detection efficiency using truncated pyramids
with heights of 3.1 mm and 3.8 mm. The two curves intersect at 35°, where they show
a collection efficiency of about 52%. The 3.8 mm case offers larger collection efficiency
for smaller angles, increasing to 77% at 30° incidence angle, at the cost of a sharper
end-point with respect to smaller values of the height. The reported efficiencies are
normalized by accounting for Fresnel reflection at the pyramid entrance face. Due
to the similarities in the refractive index of fused silica with the typical protection
layers of SiPMs (n ~ 1.5), the amount of photons that would be lost due to this
reflection is approximately the same that would be lost for photons directly traversing
the protection layer of SiPMs in the baseline option.

The right panel of Fig. 3.24 shows the ratio of the number of photons considering an

array of 1 x 1 mm? SiPMs coupled with contiguous light concentrators with heights of

3.8 mm and 3.1 mm to the number of detected photons with the baseline 2 x 2 mm?
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SiPMs with 2.2 x 2.2 mm? pitch. As anticipated in Section 3.7, the use of light
concentrators would make it possible to recover photons in the dead regions between
contiguous SiPMs. With respect to the baseline SiPM array specifications, the use of
light concentrators would ideally result in an increase by up to 21% for photon incidence
angles in the total reflection regime. In addition, for larger angles, in the Fresnel
reflection regime, this also mitigates the loss of collection efficiency. In particular, for
the optimal 3.8 mm case, this ratio is larger than 1 up to about 28°, and it decreases
to 94% and 64% at 30° and 35°, respectively.

These results show that the considered simple geometry provides almost full coverage
of the photon incidence angle region of interest for the bRICH physics. Even better
coverage could be achieved with more complex geometries, such as compound parabolic
concentrators [103], or materials, such as immersion graded index optics [104].

3.7.4 Impact on the bRICH aerogel and gas photon yield

For a charged track reaching the photodetector at a given incidence angle, the Cherenkov
photons emitted in the aerogel radiator or in the gas filling the expansion gap reach
the SiPM area at various incidence angles.

Moreover, the considered truncated pyramids made of fused silica (n &~ 1.47) behave
as additional Cherenkov radiators for the impinging charged particles. The photons
produced inside the concentrators are emitted with a Cherenkov angle of about 45°
and are not expected to be efficiently trapped in the same concentrator hit by the
impinging charged track. These photons may in principle fire multiple SiPMs near the
pyramid where they are emitted, thus representing a source of background, especially
in the case of the high-n gas-based e* ID enhancement option. In particular, due to the
low threshold for Cherenkov emission, photons emitted inside the concentrators may
result in the formation of mini-clusters around the track impact point for all particle
species with momentum above this threshold. This could potentially harm the purity
of the electron signal based on the analysis of gas clusters.

The top-left panel of Fig. 3.25 shows the event display of the simulation of an electron
at 3 GeV/c momentum and the resulting photons emitted in the aerogel tile, in gas
and in the light concentrators assuming truncated pyramids made of fused silica with
a height of 3.8 mm, a larger base of 2.2 x 2.2 mm? and coupled with 1 x 1 mm? SiPMs
on the smaller base in the Geant4 framework.

The top-right panel of the same figure shows the mean number of fired SiPMs due to
photons emitted within the concentrators as a function of the track incidence angle
resulting from the simulation. This value increases from 2 to 3 for track incidence
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Figure 3.25: Top left: Simulation of an electron at 3 GeV /¢ momentum emitting photons in aerogel,
gas and light concentrators assuming truncated pyramids made of fused silica with a height of 3.8 mm,
a larger base of 2.2 x 2.2 mm? and coupled with 1 x 1 mm? SiPMs on the smaller base. Top right:
Mean number of fired SiPMs due to photons emitted within the concentrators as a function of the
track incidence angle. Middle: Mean number of fired SiPMs due to photons emitted in the aerogel
tile as a function of the track incidence angle with both the concentrator option (left) and the baseline
SiPM size (right). Bottom: Mean number of fired SiPMs due to photons emitted in the gas filling the
expansion gap as a function of the track incidence angle with both the concentrator option (left) and
the baseline SiPM size (right) assuming the mixture 10.85% C5F190 + 89.15% COs (n = 1.0006).
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angles up to 40°. I found equivalent results for pions, kaons and protons at the same
momentum. [ verified that these photons are always first nearest neighbours to the
pyramid hit by the track, making them easy to discard by excluding hits in the corre-
sponding fiducial region when searching for e* gas clusters.

The middle and bottom panels of Fig. 3.25 show the mean number of fired SiPMs due to
photons emitted in the aerogel tile and in the gas by electrons at 3 GeV /¢ momentum as
a function of the track polar angle with both the concentrator option and the baseline
SiPM size. In the case of aerogel photons, the number of fired SiPMs with smaller
SiPMs coupled with light concentrators is higher than with the baseline SiPM size up
to about 24° track incidence angle, then it becomes smaller. The increase observed in
the baseline case at larger angles is due to the larger path length of charged particles
in the aerogel tile with the increasing incidence angle, scaling with 1/ cos(6x), where
Ok is the track incidence angle. The same considerations also apply to gas photons.
Owing to their small relative angle to the track (< 2°), concentrators yield a larger
number of fired SiPMs for track-incidence angles up to about 26°.

These results show that light concentrators coupled with smaller SiPMs are not only
a powerful tool for mitigating the SiPM DCR, but they also integrate well with the
photon-detection requirements of the ALICE 3 bRICH, achieving performance that
may potentially exceed the baseline option within specific angular regions.

3.7.5 Concentrators vs charged-particle timing

The formation of mini-clusters due to photons emitted within the concentrators may
at first sound similar to the SiPM-based charged-particle timing as discussed in Sec-
tion 3.6, where fused silica is also one of the most promising materials. However, the
considered geometry does not allow efficient collection of photons emitted directly in-
side the concentrators due to the large photon-emission angles. Most of these photons
are expected to leave the concentrator and, due to the smaller considered SiPM area of
1 x 1 mm? compared with the baseline 2 x 2 mm? with the same 2.2 x 2.2 mm? pitch,
they are just lost. In addition, despite the reference 3.8 mm height, particles traversing
the regions close to the boundary between adjacent concentrators only travel a short
path length in the concentrator material, resulting in a limited Cherenkov emission
yield. As a result, a significant fraction of the impinging particles results in small
mini-clusters of fired SiPMs with a very limited number of photoelectrons per SiPM.
Therefore, the concentrator option is not compatible with the efficient SiPM-based
charged-particle timing approach discussed in Section 3.6.
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Figure 3.26: Geometry of the rectangular 17 x 18 cm? bRICH photodetector module layout using
1 x 1 mm? SiPMs coupled with light concentrators. The blue squares correspond to the SiPMs.

3.7.6 Implications on the module concept

Using 1 x 1 mm? SiPMs coupled with light concentrators in place of the baseline
2 x 2 mm? devices while keeping the same number of channels and the reference
2.2 x 2.2 mm? SiPM pitch per die impacts the module layout. In particular, the
smaller SiPM footprint yields extra free space on the module PCB of about 160 cm?
per module, as shown in Fig. 3.26 compared with the baseline module layout shown
in Fig. 3.8. This extra free space is beneficial for integrating passive components, as
well as for SiPM routing, cabling, and bi-phase CO5 microchannel cooling.
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Figure 3.27: First prototypes of 8 x 8 SiPM arrays mounting the reference truncated pyramids with
an upper base of 2.2 x 2.2 mm?, a smaller base of 1 x 1 mm? and a height of 3.8 mm.

3.7.7 Feasibility and challenges

My optimization studies presented in the previous section led to the production of
the first prototypes of 8 x 8 SiPM arrays mounting the reference truncated pyramids
with an upper base of 2.2 x 2.2 mm?, a smaller base of 1 x 1 mm? and a height of
3.8 mm, as shown in Fig. 3.27. First results on optical characterization and beam test

measurements of these arrays will be available shortly after the end of this thesis work.

A stringent requirement for application in the bRICH is adherence to tight manufactur-
ing tolerances over a total effective area of approximately 25.50 m? for the trapezoidal
module layout or 18.58 m? for the rectangular layout. The main challenge concerns
the stability of the concentrator arrays at the expected Total lonizing Dose (TID), as
well as the glue used to couple them to the SiPMs, across the required temperature
range, from operation at -40°C or below to annealing at 70°C or higher.



Chapter 4

bRICH performance simulation

To study the PID performance of the proposed bRICH layout, I developed a dedicated
custom full simulation framework enabling the generation and analysis of events from
single particles to pp and Pb—Pb collisions. Within this framework, I implemented ded-
icated Cherenkov-angle reconstruction and particle identification algorithms to carry
out a comprehensive performance assessment. The simulation also accounts for the
other ALICE 3 subsystems contributing to the overall bRICH performance.

I first focused on the evaluation of the single-photon angular resolution, the mean
number of detected photons, and the ring angular resolution over the full bRICH
acceptance to quantify the limiting bRICH performance. The studies cover both the
trapezoidal and the rectangular 17 x 18 cm? photodetector module layouts. I also
quantified the impact of transparent and absorbing walls between contiguous sectors.

The core of my work targets the most challenging environment of central (0-5%) Pb-Pb
collisions in extreme DCR conditions. After a detailed analysis of track acceptance and
the space—time topology of Pb—Pb events, aimed at defining robust selection criteria
for background suppression, I studied pattern recognition and PID performance in
terms of efficiency and purity for e, u, 7, K, and p. The Pb—Pb results were compared
to the ones in pp collisions, serving as a benchmark under near-ideal conditions.

For the performance assessment, I first adopted a classical approach based on the
Hough transform method for pattern recognition combined with a Bayesian approach
for PID. Due to the performance limitations observed in high-multiplicity events, I
then developed a machine-learning algorithm based on XGBoost, trained to learn
Cherenkov-ring topologies in the projective geometry. This approach outperforms the
classical method and provides a state-of-the-art reference for bRICH performance.
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I also implemented an XGBoost-based algorithm to study the performance of the gas-
based electron identification option in pp and Pb-Pb events. Finally, I evaluated the
bRICH contribution to ALICE 3 dielectron physics by studying the PID efficiency
VErsus Mee and pPr e, showing that the bRICH is essential to fully explore this channel.

This chapter is structured as follows. In Section 4.1 I present the simulation frame-
work. In Section 4.2 I study the energy spectrum of detected signal-photon hits to
characterize Rayleigh-scattering background and the expected spectral response. In
Section 4.3 I describe the Cherenkov-angle reconstruction algorithm. In Section 4.4 1
report the performance in single-particle events for the tested configurations, estab-
lishing the limiting reference performance. In Section 4.5 I discuss the features of the
generated Pb—Pb events. The corresponding PID efficiency and purity obtained with
a classical Bayesian PID approach are discussed in Section 4.6. In Sections 4.7 and 4.8
I present my XGBoost-based PID algorithms and their performance in pp and central
(0-5%) Pb—Pb events using the aerogel signal and the gas clusters. In Section 4.9 I
discuss the bRICH contribution to ALICE 3 dielectron physics. Finally, in Section
4.10 T discuss the bRICH contribution to the D® — K~ 7t identification.

4.1 Full simulation framework

The full simulation framework I developed for this study is based on the integration
of Pythia 8.304 [107] for event generation and Geant4 11.0.3 [105] transport tools.
These tools enable a detailed modelling of particle propagation in matter, including
decays and interactions, such as the emission, propagation, and detection of Cherenkov
photons from the RICH radiator, as well as the interactions of charged and neutral
particles across the traversed detector layers. In addition, they also take care of the
magnetic field. The particles then leave hits in the defined sensitive volumes containing
information on the particle type, momentum, nominal position and deposited energy.
I then developed a custom digitizer to simulate the actual detector response, account-
ing for features including the pixelization, dead areas, the time resolution, the detection
efficiency, the dark counts and the dead time of the sensors. The output of the digitizer
is then used for the analysis. A diagram of the simulation steps is shown in Fig. 4.1.
For the generation of Pb-Pb Pythia 8 includes a machinery based on the Angantyr
model [108], in which the simulation of heavy-ion collisions is implemented by com-
bining multiple nucleon—nucleon collisions. For all the simulation studies presented in
this work, I used the Geant4d FTFP BERT and the G4OpticalPhysics physics lists.

In the following sections, I describe the implementation of the detector geometry, the
event generation, my custom digitizer, and the set of observables stored for the analysis.
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Figure 4.1: Diagram of the simulation workflow: event generation, transport, and digitization.

4.1.1 Detector geometry

The simulation includes the bRICH layout of interest, along with all other upstream
ALICE 3 subsystems potentially affecting tracking and the background due to inter-
actions with the materials, including the beam pipe, the barrel tracker layers, the
outer tracker disks and the iTOF and oTOF layers. I implemented the bRICH ge-
ometry according to the various configurations under study presented in Chapter 3,
while all the other subsystems were implemented according to their state-of-the-art
specifications [2] and were kept fixed throughout this work. Fig. 4.2 shows the sim-
ulated geometry for the proposed projective proximity-focusing bRICH layout. The
two vessels and walls at sector boundaries are not shown for visualization purposes.

In particular, for the bRICH geometry, I considered both the options with the trape-
zoidal photodetector module concept and the rectangular 17 x 18 cm? module concept.
For the refractive index and transmission length for the 2 cm thick aerogel tiles and
the PDE of the SiPMs I assumed the typical curves of hydrophobic aerogel tiles from
Aerogel Factory Co., Ltd., and Hamamatsu S13360-**50 SiPMs, reported in Fig. 4.3.

For the additional detector subsystems, I considered silicon cylinders and disks, with
geometric specifications and material budgets as listed in Tables 1.4, 1.5, and 1.6,
for the inner tracker, outer tracker, and TOF layers, respectively, surrounded by air.
For the beam pipe, I considered a beryllium cylinder of radius 3.0 cm and thickness
0.8 mm, corresponding to about 0.23% of a radiation length Xj.

All studies reported in this chapter used a uniform 2 T field along the beam direction,
as an approximation of the field provided by the ALICE 3 superconducting magnet.

I considered the standard ALICE coordinate system, where the origin (0, 0, 0) corre-
sponds to the nominal interaction point of the beams, and the Z-axis is aligned with
the nominal beam axis. The X-axis points horizontally outward from the beam line,
and the Y-axis points vertically upward, forming a right-handed coordinate system.
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Figure 4.2: Full simulated geometry for the projective bRICH layout, including the beam pipe
(gray), the barrel and disk tracker layers (green) and the iTOF and oTOF layers (purple)
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Figure 4.3: Reference aerogel refractive index (left), aerogel transmission length (middle) and SiPM
PDE (right) as a function of the photon wavelength used for the simulation.
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Pythia settings PP Pb-Pb
Version 8.304 8.304
Tune Monash 2013 Monash 2013
Beams:idA 2212 1000822080
Beams:idB 2212 1000822080
Beams:eCM 14000 #GeV 5520 #GeV
ParticleDecays:limit Tau0 on on
ParticleDecays:tau0Max 10 #mm/c 10 #mm/c
HardQCD:hardccbar on //
HardQCD:hardccbar on //
Heavylon:SigFitNGen // 0
Heavylon:SigFitDefPar // 14.82,1.82,0.25,0,0,0,0,0
Heavylon:bWidth // 20 #fm

Table 4.1: Simulation settings used for event generation in pp and Pb-Pb collisions.

4.1.2 Event generation

For all the results presented in this chapter, I used the following categories of events.

e Single-particle events with a single e, 11, 7, K or p.
e cc and bb biased pp collisions at centre-of-mass energy /s = 14 TeV.
e Central (0-5%) Pb-Pb collisions at centre-of-mass energy /syny = 5.52 TeV.

[ generated single-particle events using the Geant4 General Particle Source (GPS) [109],
a generator allowing full control over the energy and angular distributions of the pri-
mary particles. I used these events to assess the limiting detector performance.

I then considered pp and Pb—Pb collisions, generated using Pythia 8.304, to test the
stability of the detector performance in the effective occupancy conditions planned for
the ALICE 3 detector and to quantify the PID performance of the considered RICH
configurations. The settings used for the event generation in both collision systems are
summarised in Table 4.1. Samples of central (0-5%) Pb-Pb events were generated using
the Angantyr model [108] with Heavylon:bWidth set to 20 fm [110] and considering
the 5% of events in the sample featuring the largest primary track multiplicity.

Fig. 4.4 shows the event display with 500 primary tracks from the nominal collision
vertex, showing the propagation of both tracks and photons in the system. For visu-
alization purposes, only photons passing the reference SIPM PDE check are shown.
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Figure 4.4: Event display of a Pb-Pb event with 500 primary charged tracks entering the bRICH
showing the propagation of both charged tracks (blue and red) and photons (green) in the system.
For visualization purposes, only photons passing the reference SiPM PDE check are shown.

Raw data

For each simulated event an output file is written storing the information required
for later digitization. It includes all new primary particles and all secondary particles
created by interactions with the detector materials and by decays. For each generated
particle, my simulation code configures Geant4 to store the PDG code identifying the
particle species, the process that produced it, the parent track labels, the space—time
coordinates and four-momentum at the production point, and the same quantities at
every hit in the tracker, TOF, and RICH sensitive volumes.

4.1.3 Custom digitizer

Starting from the hits recorded in the generic sensitive volumes, I implemented a
custom digitizer that models the detector response of the subsystems used in this
analysis, including pixelization, time resolution, detection efficiency, recovery time
and dark counts. The most relevant details are summarised in the following.

Charged-particle detection and timing

For the tracker and TOF layers, I assumed a charged-particle detection efficiency of
100% in order to decouple the intrinsic RICH performance from that of the other
subsystems. Consequently, all bRICH PID efficiency results presented in the following
are normalized to the fraction of reconstructed good tracks for each particle species.
For the charged-particle hit times provided by the TOF layers, I assumed the ALICE 3
TOF target resolution of o,, = 20 ps. The measured hit times were obtained by
smearing the nominal arrival times with a Gaussian fluctuation of width oy .
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Photodetector pixelization

For each available hit on the bRICH photodetector modules, I mapped its position
relative to the SiPM layout and discarded all hits falling outside the active SiPM
areas. For the rectangular 17 x 18 cm? module layout in Section 3.4.4, the discarded
hits correspond to photons impinging within the 200 pm gaps between adjacent SiPMs
on the same die or within the inactive regions separating neighbouring dies. For hits
falling within the area of a given SiPM, I assigned the coordinates of the corresponding
pixel centre (Zpn, Yph, 2pn). An example of this step for a single particle event with the
rectangular 17 x 18 cm? module layout is shown in the left panel of Fig. 4.5.

Photon detection efficiency

For the detection of photons with the bRICH SiPMs, I used the wavelength-dependent
PDE curve shown in the right panel of Fiig. 4.3. For each optical-photon hit, I generated
a random number uniformly distributed between 0 and 1 and accepted the hit only if
this number was smaller than the PDE value at the photon’s wavelength.

Single photon time resolution

For the optical photon hits on the RICH photodetector modules, one of the goals of this
chapter is to highlight the impact of the overall single-photon time resolution (SPTR),
including both the SiPM and electronics contributions. Accordingly, I considered
several SPTR scenarios in the range 50-200 ps, and computed the measured hit times
by adding a Gaussian fluctuation of width o, to the nominal times.

Simulation of SiPM dead time effects

A critical consideration at high DCR and for a given acquisition window At is the
SiPM recovery time. SiPMs can fire due to DCR, together with correlated cross-talk
and afterpulsing, before the gate opens and may still be recovering when a true signal
arrives, failing to register the threshold crossing. To account for this, I implemented a
custom simulation, based on the method proposed in [111], to evaluate the probability
that a SiPM is still recovering at the gate opening. The right panel of Fig. 4.5 shows this
probability as a function of the DCR for 2 x 2 mm? SiPMs under various assumptions
for the recovery time 7 assuming the cross-talk and afterpulsing probabilities and
characteristic times of commercial Hamamatsu SiPMs, showing how operation becomes
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Figure 4.5: Left: Single-particle event with digitized hits on the 17 x 18 em? rectangular module
layout. Right: Simulated probability that a SiPM is still recovering at the acquisition time gate
opening as a function of DCR under various assumptions for the recovery time 7.

critical beyond the MHz/mm? level. In this chapter I assumed 7 = 20 ns and, event
by event, disabled a random fraction of SiPMs with probability taken from Fig. 4.5.

Simulation of SiPM DCR

For a reference DCR per unit area (e.g. 1 MHz/mm?), a SiPM active area Agipy (4 mm?
for the reference 2 x 2 mm? SiPMs), an acquisition time gate At, and a number of
available (i.e. not disabled in the previous step) SiPMs N,, in the bRICH, I extracted
the effective number of dark counts Npcgr from a Poisson distribution with mean:

(Npcer) = DCR - Agipyt - Nay - At (4.1)

For each generated count, I randomly selected one of the available SiPMs and assigned
a hit time ¢, uniformly distributed in the At window with a sector-dependent origin.

Clustering of multiple hits in the same SiPM

From the steps described above, multiple counts, either signal hits passing the PDE
check or background hits, can occur on the same SiPM in the same event. In such
cases, | treated the SiPM as firing once, with the number of photoelectrons equal to
the total number of counts and the detection time corresponding to the earliest hit.
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Digitizer output

For each event, my digitizer records the relevant information on all the accepted
charged tracks and the hits in the bRICH SiPM modules for the analysis. For each
track, it stores the hit coordinates and time (zTor, yror, 2ToF, tTOF), as well as the
momentum components (P, tor, Py TOF, Pz 10F), at the oTOF layer, and the particle
species ID. The space-time coordinates and four-momentum at the production point
are also stored. For each hit in the bRICH SiPM modules, the digitizer stores the
position and time (Zpn, Yph, Zphs tph), the number of photoelectrons, and the parent la-
bel. The coordinates and momenta are used for the reconstruction of the Cherenkov
angle, while the species IDs and parent labels are employed to quantify the detector
performance, efficiencies, and separation power among different particle species.

4.2 Energy spectrum of detected photons

I studied the wavelength spectrum of detected photons to quantify the impact of
Rayleigh scattering and to determine the average radiator refractive index (n,) to be
used in the analysis. The detected A spectrum results from the convolution of the
Cherenkov emission spectrum, the aerogel transmittance, and the PDE of the SiPMs.

For this study, I simulated single 71~ events with momentum p = 10 GeV /¢, directed
towards the centre of the aerogel tile of module 1 in the central sector (+1) assuming
photon absorbing walls between contiguous sectors. Fig. 4.6 shows the resulting wave-
length spectra of both direct unscattered and Rayleigh scattered Cherenkov photons
reaching the photodetector active area (left) and those passing the reference PDE se-
lection (right). Scattered photons not reaching the SiPMs are also shown.

Despite significant Rayleigh scattering at short wavelengths (A < 350 nm), the projec-
tive geometry naturally rejects most scattered photons, with only about 9% detected
per event. With the reference SiPM PDE in Fig. 4.3, the detection efficiency at short
wavelengths is further suppressed, leading to fewer than one detected scattered photon
per event on average, compared to approximately 24 expected unscattered photons at
saturation. From a scan over the bRICH sectors, I found the mean number of detected
scattered photons to be below 0.5-0.6 per event, depending on the sector gap. Under
these conditions, the Rayleigh contribution is therefore almost negligible.

From the spectrum of detected unscattered photons, I extracted a mean detected
wavelength of (\) = 460 nm, leading to the choice of the dispersion curve in Fig. 4.3,
with the nominal n = 1.03 at 460 nm. I also extracted the standard deviation of the
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Figure 4.6: Spectrum of all Cherenkov photons (left) and of photons passing the SiPM PDE selection
(right) for = at p = 10 GeV/c. The blue and yellow areas correspond to unscattered and scattered
photons reaching the SiPMs. The red area indicates scattered photons not reaching the SiPMs.

detected wavelength spectrum, o) = 125 nm, which I used in the analytical calculation
of the chromatic contribution to the angular resolution in Appendix A.

4.3 Cherenkov angle reconstruction chain

I implemented a C++ pattern recognition algorithm for reconstructing the charged-
particle Cherenkov emission angle in aerogel using the hits produced in the bRICH.

For all available charged tracks, I required at least one hit in the oTOF layer for track
selection. This condition rejects tracks that do not reach the RICH systems due to
low pr in the 2 T magnetic field or interactions with the traversed material. I further
required the oTOF track extrapolation to reach a hypothetical cylindrical layer with
radius 117 cm, to ensure acceptable conditions for reconstruction.

From the hit on the oTOF layer and the corresponding track momentum, I extrapo-
lated the track to the most probable emission depth T, of detected unscattered pho-
tons in the aerogel radiator, with space-time coordinates (Z;ad, Yrad, Zrad; trad), While
accounting for curvature in the 2 T magnetic field. I determined T,,, with a dedicated
simulation following the procedure discussed in Appendix C.4. For the reference aero-
gel sample I found T, to lie 650 um beyond the median plane of the tiles.

For each track, I evaluated the hypothetical Cherenkov emission angle associated to
each measured hit, treated as a candidate photon emitted by the considered track at
the most probable emission depth in the radiator, using the algorithm in Section 4.3.1.
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I applied selections on the track—photon relative detection time and on the recon-
structed single hit angle to suppress background hits due to photons produced by
other charged particles and the SiPM DCR, as discussed in Sections 4.3.3 and 4.3.2.

Finally, I processed the surviving hits with a Hough-like pattern recognition method [112]
to determine, for each track, the ring Cherenkov angle, as detailed in Section 4.3.4.

4.3.1 Single hit Cherenkov angle

Given a track and a hit on the photodetector, I performed a geometrical backtracking
to reconstruct the angle under which a hypothetical photon causing the hit would be
emitted if produced by the considered track [112]. The following assumptions are made.

e The origin of all candidate photons is assumed at the extrapolation point of
the charged track to the most probable emission depth of detected unscattered
photons in the aerogel radiator, 650 pm beyond the median plane of the tiles.

e All candidates are assumed to have the same wavelength (\), corresponding to
the mean wavelength of detected unscattered photons, evaluated in Section 4.2.

The following parameters are required to perform the angle extrapolation:

— T,,T, = aerogel tile and gap thickness in the considered module,
— Tom = most probable emission depth in the aerogel tile,

— (n,), (ny) = aerogel and argon refractive indices at wavelength (\).
The following variables are then required to perform the angle extrapolation:

— Tad = (Trads Yrads Zraa) : track extrapolation to Tip, in the aerogel tile,
— Tph = (Tph, Yph, Zpr) * hit coordinates on the photodetector,
~ Prad = (Parads Dyrad, Pzrad) @ track momentum extrapolation at r,,q,

— Uy, : vector normal to the aerogel tile in the considered module.

The angle reconstruction procedure consists of the following steps:



bRICH performance simulation 108

1. The variation of the photon coordinates dr from the most probable emission
point r,,4 to the detection point r,;, is evaluated as or = rp, — ryq

2. The apparent emission angle 6, between dr and the normal vector to the radiator
tile in the considered radiator module u.,, is calculated as:

0qp = arccos <&) (4.2)

|0 [

3. The angle 6,,4 between the candidate photon direction in the radiator and uem
is obtained from 6,, by taking into account refraction at the interface between
aerogel and gas using Snell’s law and by numerically solving for ,.q the equation:

(T — Tem +Ty) tan oy = (T, — Tem) tanbpqq + T, tan [arcsin (ézri sin Hmd)} (4.3)
g

4. The angle 60 = 6,, — 0,44 is evaluated and a rotation R,(60) by an angle 66 is
applied to dr around the axis passing through the point r.,q and perpendicular
to both ér and u,,, with positive direction given by the unit vector u defined as:

Or X Uy,
= " 4.4
" |0T X Wep| (4.4)

The vector resulting from the rotation dr’ is then given by:

Or' = Ry (60)0r = u(u - dr) + cos (66)(u x or) X u + sin (60)(u x or)  (4.5)

5. The most probable Cherenkov emission angle 6, is finally obtained as the angle
between or’ and the charged-particle direction p as:

51'/ * Prad )
0. = arccos | ———— 4.6
(o 0

This method is general and is valid for any track incidence on the modules of the
considered bRICH implementations. The result is equivalent to one obtained through
the treatment discussed in Appendix A with the change of variables:

(rrad7rph7prad) — (ze,x,y,z,ﬁp,gbp). (47)

The corresponding uncertainty, o, representing the single photon angular resolution,
can then be evaluated with the procedure discussed in Section 2.3.2.
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4.3.2 Angle selection: Cherenkov angle physical limit

Considering all available hits as candidate Cherenkov photons for a given track, uncor-
related background hits can yield reconstructed angles above the physical Cherenkov
maximum in aerogel. For the analysis I only kept hits within the physically allowed
range. The theoretical limit 6, pax for (n,) = 1.03 is about 0. max ~ 241.9 mrad. Ac-
counting for measurement effects, including tracking, the pixel size, the emission-depth
uncertainty and chromatic dispersion, determining the single-photon resolution o7, I
only retained hits such that 0, < 0. m.x + 307, and treat larger angles as background.

4.3.3 Timing selection: hit-track time matching

With a single-photon time resolution (SPTR) better than 200 ps, a time cut on
hit—track matching can be applied to substantially suppress contamination from the
SiPM DCR and from photons emitted by other particles in the same event.

For each detected hit with detection time t,, at the position r,, on a photodetec-
tor module, and the most probable emission point r,,; when regarded as candidate
Cherenkov photon by a given track, I evaluated the time ¢p required to travel the total
path length from r,,4 to r,,. For the calculation I assumed straight line propagation
in the aerogel tile and the gas filling the expansion gap, with refraction at their in-
terface, and the corresponding group velocities derived from their dispersion curves at
(A\) = 460 nm. I then evaluated the most probable emission time as te,, = t,, — tp.
Comparing to the extrapolated track arrival time t,.4 at r,4q, I retained hits satisfying:

|AT| = |tem - 2frad' < NUAT (48)

where oar is the spread in the AT distribution of true Cherenkov photons associated
to the considered tracks and N can be tuned to optimize the selection.

For the analysis of pp and Pb-Pb events, I investigated the impact of the time-matching
requirement for an overall SPTR ranging from the target 50 ps to 200 ps. For all these
studies I assumed the baseline track-time resolution oy, = 20 ps from the oTOF. As
a first approximation, the expected spread of the AT distribution is then given by:

oy = \/SPTR® + 0, , (4.9)

which gives oxr & 54 ps for SPTR = 50 ps and ~ 201 ps for SPTR = 200 ps. I found
that the optimal compromise among the achievable efficiency, purity and signal to
background ratio was achieved for N ~ 2, as detailed in Section 4.5.5.
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Figure 4.7: Illustrative example of the application of the Hough transform method for the recon-
struction of the Cherenkov angle associated to a given charged track in a RICH detector.

4.3.4 Ring Cherenkov angle: the Hough transform

For the determination of the ring Cherenkov angle for a given track I used a modified
Hough-transform method [113, 114], similar to that employed in the ALICE HMPID
detector [112], to account for the uncertainty o) on the measured single hit angles 0.

The method is based on a sampling band approach to scan the 6. angular spectrum of

the candidate photon hits. The extraction of the angle consists of the following steps:

. A threshold N2

1. A sliding window with width b of units of o) is used to scan the angular range of

interest [fmin, Omax] in the 6, measured spectrum with a step size Af.. At each
step the number of hits found within the window is counted.

. A search is made for the interval with the largest number of counted hits. The

information on the number N of photodetector hits falling in the selected sam-
pling band and the corresponding angles 6, ;, with i = 1,..., N¥ is recorded.

is set on the number of recorded hits N to avoid the clustering

of background hits for charged tracks below or slightly above the threshold for
Cherenkov emission. If N¥ < N1

min?

the considered track is discarded.

. The mean Cherenkov angle 87 associated to the track is finally calculated by

averaging the measured angles of the hits falling in the selected window:

H
H 1 <
¢ 4=1

An illustrative example of the application of the Hough transform for reconstruction of
the Cherenkov angle associated to a charged track is shown in Fig. 4.7. The algorithm

performance and computational load depend on the step size Af.., the considered range
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[Ornin, Omax), the width of the sliding window b and the threshold N on the number
of counted hits N. The step size and the range determine the number of steps

Nateps = (Omax — Omin)/Ab,, i.e. the number of iterations required to fill the counter.

I found that the optimal range for the bRICH aerogel tiles was between 6,,;, = 30 mrad
and 0.y = arccos(1/(n,)) + 307, where o) is the single photon angular resolution at
saturation in the considered sector and module. Hits with 8. < 30 mrad are discarded
since they may be due to photons emitted in gas or in the SiPM protection layer,
which may result in clusters of hits potentially harming the Hough counting. I also
considered a step size A, = 1 mrad. I found the optimal band width for reconstruction
in high-multiplicity events and in high DCR conditions to be b ~ 2 x (207).

The threshold NZ

min

sets the effective lower-momentum PID limit and impacts effi-

ciency and purity, as tracks with fewer than N detected photons are rejected. An

min

appropriate choice of N suppresses tracks at or below the Cherenkov threshold,

where Hough-selected hits are predominantly background. A typical working point
is NI

min

= 3 to ensure high-efficiency reconstruction. Higher values can increase PID
purity at the cost of a reduced efficiency, as discussed in Sections 4.6.3 and 4.6.4.

4.4 Performance in single particle events

I evaluated the projective bRICH performance over the full acceptance in terms of the
single photon angular resolution, the mean number of detected ring photons, and the
resulting ring angular resolution from Hough transform reconstruction.

To quantify the intrinsic performance limits, I considered single particle events with
e, i1, M, K and p. I primarily focused on the reconstruction at the Cherenkov angle
saturation, which is the most critical region for PID since rings from different species
have comparable radii and the best possible resolution is required. I also mapped the
scaling with the particle velocity § and momentum p for e, p, 7t, K and p.

I compared the effects on the performance of several design choices discussed in Chap-
ter 3, including the photodetector module layout, the optical properties of the walls
between contiguous sectors, the SiPM size, and the microcell pitch.

4.4.1 Tested bRICH configurations

The results reported here refer to the following configurations, summarised in Table 4.2.
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Module Inter sector SiPM size SiPM pitch ~ Microcell PDE at
geometry walls (mm?) (mm?) pitch (nm?) 450 nm (%)
Trapezoidal  absorbing 1x1 1.1 x1.1 50 x 50 40
Trapezoidal ~ absorbing 2 %2 2.2 x 2.2 50 x 50 40
Trapezoidal  absorbing 3x3 3.3 x3.3 50 x 50 40
Trapezoidal transparent 1x1 1.1 x1.1 50 x 50 40
Trapezoidal transparent 2x2 2.2 x 2.2 50 x 50 40
Trapezoidal transparent 3x3 3.3 x3.3 50 x 50 40
Rectangular . 2.2 x 2.2

17 % 18 cm? absorbing 2x2 (3 x 5 tile) 50 x 50 40
Rectangular . 2.2 x 2.2

17 % 18 cm? absorbing 2x2 (3 x 5 tile) 75 % 75 50

Table 4.2: Photodetector configurations used for the bRICH performance studies.

e Trapezoidal SiPM modules with photon absorbing walls and transparent walls
between adjacent sectors, equipped with 2 x 2 mm? SiPMs with 2.2 x 2.2 mm?
pitch and 50 x50 pm? microcell pitch. The reference PDE curve of S13360-**50CS
in Fig. 4.3 is considered, corresponding to about 40% at 450 nm at recommended
overvoltage. The options with smaller 1 x 1 mm? and larger 3 x 3 mm? SiPMs
with pitches 1.1 x 1.1 and 3.3 x 3.3 mm?, preserving the same 83% packaging
factor as the 2 x 2 mm? case, have been studied for comparison.

e Rectangular 17 x 18 cm? SiPM modules with photon absorbing walls between
adjacent sectors, equipped with 2 x 2 mm? SiPMs with 2.2 x 2.2 mm? in 3 x 5
tiles packaged as discussed in Section 3.4.4, with 2.2 x 2.2 mm? pitch within
each 3 x 5 SiPM tile and 50 x 50 pm? microcell pitch. The PDE curve follows
S13360-**50CS, corresponding to about 40% at 450 nm at recommended over-
voltage. The option with 75 x 75 pm? microcell pitch, assuming the reference
PDE curve of Hamamatsu S13360—**75CS SiPMs [75], corresponding to about
50% at 450 nm, has been studied for comparison.

Simulation strategy

For the evaluation of the single photon angular resolution, the mean number of Hough-
clustered ring photons, and the ring angular resolution in the tested configurations, I
generated single-particle events over the full bRICH acceptance. I assumed a Gaussian
spread of the production Z around the nominal collision vertex, as expected for real
pp and Pb-Pb events. Defining 0,.q and ¢,.q as the polar and azimuthal angles the
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Figure 4.8: Distributions of the reconstructed single hit angle as a function of momentum for single
particle events with e, u, m, K and p over the full bRICH acceptance. The trapezoidal bRICH
photodetector module layout with photon absorbing inter-sector walls is assumed.

most probable emission point in the radiator r,,;, I mapped the performance versus
—log(tan(6,a4/2)), hereafter the radiator (geometric) pseudorapidity 7aq (not coinci-
dent with the particle’s physical 1 due to the curvature in the magnetic field), together
with ¢.q and the velocity . I extracted the single photon angular resolution o7 as
the standard deviation of the single hit Cherenkov angle distribution around the signal
region. This was preferred over a Gaussian fit given the expected non-Gaussian shape
dominated by the almost uniform emission-depth uncertainty. Applying the Hough
transform I obtained the number of clustered ring photons and the reconstructed
Cherenkov angle. From the mean and standard deviation of these distributions, I ex-
tracted the mean number of detected photons and the ring angular resolution.

4.4.2 Cherenkov angle analysis: resolution and yield

Figs. 4.8 and 4.9 show examples of the distributions of the reconstructed Cherenkov
angle at the single hit level and the resulting ring Cherenkov angle obtained with
the Hough transform as a function of momentum for a sample of 5M e, u, t, K and
p, with 1M events per species and uniform momentum distribution up to 20 GeV/c
over the full bRICH acceptance. The plots refer to the reference trapezoidal bRICH
photodetector module layout with photon absorbing inter-sector walls.
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Figure 4.9: Distribution of the reconstructed ring Cherenkov angle using the Hough transform as a
function of momentum for single particle events with e, u, 7t, K and p over the full bRICH acceptance.
The trapezoidal photodetector module layout with photon absorbing walls is assumed.

The bands corresponding to the different particle species are clearly distinguishable.
The nearly uniform background visible in the single hit Cherenkov angle distribution
arises mainly from photons undergoing Rayleigh scattering in the aerogel tiles and
from secondaries produced by interactions with the materials. The horizontal band
at small angles corresponds to Cherenkov photons emitted in the argon filling the
expansion gap and in the considered 100 pum silicone resin layer on top of the SiPMs.
With a mean number of correlated background hits below one per event in the region
0. < 260 mrad, the Hough transform successfully clusters the signal hits, yielding ring
Cherenkov angles consistent with the expected values across the full momentum range.

The projections of these distributions for each species, momentum interval, and bRICH
sector allow the extraction of the angular resolutions. Fig. 4.11 illustrates the distri-
butions of the reconstructed single-hit Cherenkov angle in three representative sectors
for 7t at 10 GeV/c.  The results correspond to sector +1, the central sector, sector
+5, which hosts modules with the smallest expansion gap and therefore exhibits the
poorest resolution, and sector +12, the outermost sector characterized by the largest
expansion gap and consequently the best expected angular resolution.

The extracted sector-averaged single-photon Cherenkov angle resolutions o are ap-
proximately 5.8 mrad, 7.1 mrad, and 4.2 mrad for the three sectors, respectively.
The corresponding expectations derived from the combination of geometric, localiza-
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Figure 4.10: Left: Distributions of the single hit Cherenkov angle in sectors +1 (top), +5 (middle),
+12 (bottom) for simulated single particle events with negative 7t at 10 GeV/c momentum. Right:
Expected single photon angular resolution and the corresponding geometric, localization, chromatic,
magnetic field and aerogel multiple scattering contributions as a function of momentum. The trape-
zoidal photodetector module layout with photon absorbing inter-sector walls is assumed.

tion, chromatic, magnetic field, and multiple-scattering contributions are also shown
in Fig. 4.10 demonstrating good agreement with the simulation results.

Fig. 4.11 shows the distributions of the number of Hough-selected hits and the re-
constructed ring Cherenkov angle for the same sectors. The shape of the multiplicity
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Figure 4.11: Distributions of the number of Hough selected hits (left) and the reconstructed ring
Cherenkov angle using the Hough transform (right) in sectors +1 (top), +5 (middle), +12 (bottom)
for simulated single particle events with 7 at 10 GeV /¢ impinging uniformly on the sector modules.
The trapezoidal photodetector module layout with photon absorbing inter-sector walls is assumed.

distributions reflects the dependence of photon yield on the track impact position in

the aerogel, since a fraction of the photons emitted near sector boundaries is lost.
The mean number of detected photons, about 17.7, 18.5, and 16.0 in sectors +1, +5,
and +12 respectively, indicates that smaller expansion gaps correspond to smaller ring

radii and thus to larger regions of full photon acceptance. Overall, the reconstructed

ring angular resolutions meet the ALICE 3 design target of approximately 1.5 mrad.
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In the following sections, the same study is extended to the single-track level, both as
a sector-averaged measurement and through a detailed scan across the module area,
to map the local variations in angular resolution for the different tested configurations.

4.4.3 Trapezoidal modules: performance with 2x2 mm? SiPMs

Fig. 4.12 shows the sector average and the local fine sector scan of the single photon
angular resolution, the mean number of detected ring photons, and the ring angular
resolution from Hough transform reconstruction for simulated 7 at 10 GeV/c as a
function of the radiator pseudorapidity 7,4, for the trapezoidal bRICH photodetector
module layout with the reference 2 x 2 mm? SiPMs with photon absorbing walls.

Single photon angular resolution

The single photon angular resolution o7 in Fig. 4.12 follows the trend of the expansion
gap width 7, in the bRICH sectors, shown in Fig. 3.7. This is expected since the
dominant contributions to the angular resolution, the uncertainties on the emission
depth and the hit localization on the SiPMs, scale as 1/T},, as discussed in Appendix A.
The resolution is 5.8 mrad at midrapidity, 7.1 mrad for |n..4| ~ 0.8, and 4.2 mrad
for |maa| — 2. The largest o) corresponds to the sectors with the smallest gap of
19 cm. The local fine scan in Fig. 4.12 shows that in the considered configuration with
absorbing walls, so that all signal photons hit the same photodetector module, o7 is
almost independent of the 7,,4 and it mostly depends on the geometry of the system.

Mean number of detected ring photons

The extrapolated number of detected ring photons Ny, shown in Fig. 4.12 is the
result of the convolution of the Cherenkov emission yield, which also depends on the
considered aerogel thickness of 2 ¢cm, with the photodetector module acceptance for
the rings. The fine sector scan shows that the detected photon yield strongly depends
on the position of the track impact point in terms of 6.,q, with a loss of a fraction
of photons for particles entering the aerogel close to sector boundaries. In particular,
about 23-24 photons are clustered for tracks at Cherenkov angle saturation that enter
the central 7,,q region of the modules in a given sector. This number is almost halved,
down to about 12-13, at the extreme 7,4, where roughly half of the ring photons fall
outside the sector acceptance and are absorbed by the sector walls.
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Figure 4.12: Sector average (left) and local fine sector scan (right) of single photon angular resolution
(top), mean number of detected ring photons (middle), and resulting ring angular resolution (bottom)
from Hough transform reconstruction for simulated 7 at 10 GeV/c as a function of the radiator
pseudorapidity 7..q4. The panels refer to the trapezoidal bRICH photodetector module layout with
photon absorbing walls between contiguous sectors. The results relative to the reference 2 x 2 mm?
SiPMs with 2.2 x 2.2 mm? pitch and 50 x 50 pm? microcell pitch (green) are compared with the cases
of 1 x 1 mm? SiPMs (red) and 3 x 3 mm? SiPMs (blue), using the same packaging factor of 83% to

define the pitch, the same microcell pitch and PDE.
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The 6,.q region where full acceptance is ensured in each detector depends on the sector
gap thickness Tj,. A larger gap corresponds to a ring radius, R, o< T, and to a smaller
full acceptance region. This balances the trend of ¢, since regions with the worst o
are more likely to have larger acceptance, thus improving the ring resolution.

Ring angular resolution

The resulting ring angular resolution at saturation shown in Fig. 4.12 follows the
expected 02 /v/Nge scaling across the full 7,,q4 range accounting for the combined
behaviour of o) and Ny discussed above. For the considered photodetector module
layout geometry a ring angular resolution better than the 1.5 mrad bRICH target is
achieved in the central region of almost all sectors, with a worsening up to 2 mrad
limited to the regions corresponding to the sector boundaries, particularly for the
sectors at |Mmq| = 0.8, due to the combined effect of reduced ring acceptance and the
larger single photon angular resolution o) caused by the smaller expansion gap.

4.4.4 Trapezoidal modules: performance vs SiPM size

In Fig. 4.12, the angular resolution and the number of detected ring photons for the
reference 2 x 2 mm? SiPMs are compared to those for 1 x 1 mm? and 3 x 3 mm? devices
assuming the same 83% packaging factor, as indicated in Table 4.2.

The single photon angular resolution o] worsens with increasing SiPM size as expected
due to the larger uncertainty on the hit localization on the photodetector, scaling
with the pixel size, as discussed in Appendix A. Despite the same packaging factor
being assumed, the detected photon yield is slightly smaller for larger pixels, since
multiple photons are more likely to enter the same pixel and be counted as a single
hit. Nevertheless, the overall difference in resulting ring resolution o is not larger
than 0.3 mrad when comparing the 1 x 1 mm? to the 3 x 3 mm? configuration.

These results highlight that the impact of pixel size on physics performance is marginal,
and that the choice is mostly technical. Larger pixels minimize the number of channels,
4/9 relative to 2 x 2 mm? SiPMs, but suffer more from radiation damage, 9/4 relative to
2x 2 mm? SiPMs. Smaller pixels are better in terms of per pixel DCR after irradiation,
with an expected DCR about four times smaller than for 2 x 2 mm?, but would require
four times more channels, making the module integration unfeasible within the current
spatial constraints. A possibility to use smaller SiPMs to cover the same effective area
is using light concentrators, as discussed in Section 3.7. For the studies reported in
the following, unless stated otherwise, the 2 x 2 mm? option is always assumed.
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4.4.5 Trapezoidal modules: absorbing vs transparent walls

Fig. 4.13 shows the same results as Fig. 4.12 for the option with transparent inter-sector
walls discussed in Section 3.4.5 to improve the yield for tracks at sector boundaries.

The wall properties have a significant impact on the single photon angular resolution
o) and on the mean number of detected photons Nge in the region |7.q4| < 0.8.

In this region, Ny at sector boundaries is always larger than in the absorbing wall
case due to the extra collected photons. However, o] at boundaries for sectors in this
region is not flat, unlike the photon absorbing wall case. In particular, as shown in the
top-right panel of Fig. 4.13, 07 in a given sector is better for the boundary at larger
|7raa|, and worse for the boundary at smaller |n;aq].

This behaviour is expected, and can be interpreted from the longitudinal view of the
projective bRICH geometry in Fig. 3.6. The extra photons detected in the modules
of adjacent sectors are seen through an effective expansion gap that can be smaller or
larger than the gap of the sector where they are produced. These extra photons enter
the distribution used to extract o7, increasing or reducing the corresponding standard
deviation relative to the case where only photons produced in the same sector are
considered. This results in spikes close to the sector boundaries, with the worst o
reaching 8.7 mrad at |n.q| = 0.5. Nevertheless, the extra collected photons lead to an
overall better ring angular resolution o, at sector boundaries relative to the case of
absorbing walls throughout the region |9..q| < 0.8.

The impact of transparent walls becomes negligible or even negative for |7.,q| > 0.8,
where the projective geometry and segmentation prevents photons emitted in the mod-
ule of a given sector from reaching modules in the adjacent sectors.

A drawback of transparent walls is the increase of the mutual ring background in high
multiplicity events, especially close to midrapidity. In particular, photons emitted
by different tracks in adjacent sectors can reach the module of a neighbour sector,
causing potential ring overlaps and larger mutual background in angle reconstruction.
Photon absorbing walls naturally avoid this problem, by fully disentangling the ring
reconstructions for tracks traversing different sectors, and by suppressing mutual back-
ground, at the cost of reduced ring acceptance. Therefore, the absorbing wall option
was preferred to the transparent one, and, unless stated otherwise, all studies pre-
sented in the following were performed under this assumption.
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Figure 4.13: Sector average (left) and local fine sector scan (right) of single photon angular resolution
(top), mean number of detected ring photons (middle), and resulting ring angular resolution (bottom)
from Hough transform reconstruction for simulated 7 at 10 GeV/c as a function of the module
pseudorapidity 7:.q4.- The panels refer to the trapezoidal bRICH photodetector module layout with
transparent walls letting photons emitted in one sector reach an adjacent sector. The results relative
to the reference 2 x 2 mm? SiPMs with 2.2 x 2.2 mm? pitch and 50 x 50 pm? microcell pitch (green)
are compared with the cases of 1 x 1 mm? SiPMs (red) and 3 x 3 mm? SiPMs (blue), using the same
packaging factor of 83% to define the pitch, the same microcell pitch and PDE.
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4.4.6 Trapezoidal modules vs rectangular 17 X 18 cm? modules

In Fig. 4.14 the performance of the reference trapezoidal bRICH photodetector module
layout with 2 x 2 mm? SiPMs, 2.2 x 2.2 mm? pitch, and 50 x 50 pm? microcell pitch
is compared with the rectangular module layout of the same SiPM size and microcell
pitch. Results for the rectangular layout with a larger microcell pitch, 75 x 75 pum?,
which provides a higher PDE, are also shown for comparison.

The single photon angular resolution o7 is unaffected by the layout when the same
SiPM size is considered. The main difference between the two layouts concerns the
number of detected ring photons Ng.. Photons entering the regions of the trapezoidal
frames not covered by the rectangular modules are systematically lost. These regions
amount to a fractional loss of 14%, relative to the maximal coverage. Additional
losses occur in the dead regions between different dies, as discussed in Section 3.4.4.
Photons falling between SiPMs within the same die, with size 2 x 2 mm? and pitch
2.2x 2.2 mm?, are lost in both layouts. As a result, the effective active area, determined
by the 6 x 896 = 5376 SiPMs per rectangular module, corresponds to about 73% of
the active area in the trapezoidal layout, consistently with the values in Fig. 4.14.

A fraction of these photons can be recovered when using SiPMs with larger microcell
pitch. Considering, for example, Hamamatsu S13360- x* 75CS SiPMs, with 75x 75 pm?
microcells and a PDE about 25% larger than the 50 x 50 um? case (50% vs 40% at
450 nm), the effective loss relative to the trapezoidal geometry is reduced from about
27% to about 9%. These larger microcell SiIPMs are therefore a viable backup option.

The profile of Nyt affects the ring angular resolution o.. With the rectangular module
layout and the reference 50 x 50 wm? microcell pitch, 0% worsens by less than 0.3 mrad
relative to the trapezoidal layout. This is most critical in sectors with [n.q4| ~ 0.8,
where o7 exceeds the 1.5 mrad design target. The 75 x 75 um? option improves the
resolution, recovering the target at least in the full ring acceptance regions.

In the following, all studies with both rectangular and trapezoidal modules are reported
for the reference 50 x50 um? microcell pitch, in order to explore the worst case scenario.

4.4.7 Performance vs azimuthal angle

All results on the angular resolution and on the number of detected photons presented
above were discussed as a function of 7,,q. Here, the dependence on ¢,,4 is investigated.
As specified in Section 3.4.5, while both absorbing and transparent inter-sector walls
are studied, transparent walls are always assumed between the modules within a sector.
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Figure 4.14: Sector average (left) and local fine sector scan (right) of single photon angular resolution
(top), mean number of detected ring photons (middle), and ring angular resolution (bottom) from
Hough transform reconstruction for simulated 7t at 10 GeV/c as a function of 7,,4. The results relative
to the trapezoidal bRICH photodetector module layout with 2 x 2 mm? SiPMs, 2.2 x 2.2 mm? pitch,
and 50 x 50 y1m? microcell pitch (red curve) are compared with those for the rectangular 17 x 18 cm?
module layout of the same SiPM size with microcell pitches of 50 x 50 pm? and 75 x 75 pm? shown
in blue and green. Photon absorbing walls are assumed between contiguous sectors.
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Fig. 4.15 shows the local fine scan of the single photon angular resolution, the mean
number of detected ring photons, and the resulting ring angular resolution for simu-
lated 7t at 10 GeV/c in module 1 of sector +1, as functions of 0,9 and ¢,aq, for both
the trapezoidal bRICH module layout and the rectangular 17 x 18 cm? layout.

The single photon angular resolution, o7, is unaffected by the module layout, shows

almost no dependence on ¢,,q, and remains almost uniform in both #,,4 and ¢,.q. The
largest impact of the module geometry is on the number of detected photons, Nge.

For trapezoidal modules, which have no uncovered regions other than the 200 um gap
between adjacent SiPMs, the Nyt values show the expected 0,,4 scaling as discussed in
Section 4.4.3. At fixed 6,.4, it is almost uniform in ¢.,q. A slight worsening is observed
in the two extreme ¢.,q bins, where some tracks traverse the aerogel tile close to the
edges and exit before the full depth, resulting in a lower photon yield. The same trend
appears in the ring angular resolution, o, following the expected 1/v/Nge behaviour.

For the rectangular 17 x 18 cm? layout, the behaviour is more complex. In addition to
the reduction of Nge in 0,9 regions close to sector boundaries, the ¢..q profile, at fixed
0:2q exhibits an absolute maximum near ¢,,q = 0° and local maxima around 43.5°.
This occurs since the rectangular modules leave uncovered areas at the boundaries of
the trapezoidal frames. Depending on the track impact point in the radiator, a larger
or smaller fraction of the ring, with radius R. ~ 6 cm at Cherenkov saturation for
the considered module, intercepts these uncovered regions, which locally reduces or
enhances the mean Nge. This structure is absent in the trapezoidal layout, where the
full frame region is equipped with SiPMs, providing maximal acceptance for the rings.

4.4.8 Performance vs particle velocity

The results presented in the previous sections characterized the performance at the
Cherenkov angle saturation. In this section, I report the results on the dependence on
the particle velocity (. In particular, I explored the range from g = 0.97, corresponding
to the Cherenkov velocity threshold in aerogel with refractive index n = 1.03, to § — 1.

Fig. 4.16 shows the results for the single photon angular resolution, the mean number
of detected ring photons, and the resulting ring angular resolution for simulated 7, as
functions of 7,4 and S for both the trapezoidal and the rectangular module layouts.

In each of the 24 bRICH sectors, for a fixed 3, the single photon angular resolution,
o], is almost uniform versus 7,,4. The value in each sector increases with 3, yielding
the worst resolution at saturation for § — 1, for the sectors in the region |n.q4] =~ 0.8.
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Figure 4.15: Local fine scan of single photon angular resolution (top), mean number of detected
ring photons (middle), and ring angular resolution (bottom) from Hough transform reconstruction
for simulated 7t at 10 GeV /¢, for module 1 of sector +1, shown as functions of 0;.q and ¢,aq. The
left panels refer to the trapezoidal bRICH photodetector module layout and the right panels to the
rectangular 17 x 18 cm? layout. All results are obtained with the reference 2 x 2 mm? SiPMs with
50 x 50 pm? microcell pitch. Photon absorbing walls are assumed between contiguous sectors.
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Figure 4.16: Local fine sector scan of single photon angular resolution (top), mean number of
detected ring photons (middle), and resulting ring angular resolution (bottom) from Hough transform
reconstruction for simulated 7t shown as functions of 7.,4 and 8. The left panels refer to the trapezoidal
bRICH photodetector module layout and the right panels to the rectangular 17 x 18 cm? layout. All
results are obtained with the reference 2 x 2 mm? SiPMs with 50 x 50 pm? microcell pitch. Photon
absorbing walls are assumed between contiguous sectors.
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The mean number of detected photons, Ny, shows the expected acceptance-driven
variation at sector boundaries convolved with the reduction with decreasing 8 from the
Cherenkov emission spectrum, given by the Frank—Tamm relation in Eq. 2.7. Com-
paring the rectangular and trapezoidal layouts, the Nge ratio (rectangular over trape-
zoidal) is consistent with the relative fraction of active area over the full g range. The
resulting ring angular resolution, o%, is almost uniform in the central 6,4 regions of
each sector and, for all 3, follows the expected o)/ V/Nget scaling.

A slight worsening of o is observed at sector boundaries with decreasing 5. As ex-
pected, the effect is more evident for the rectangular photodetector layout. This res-
olution degradation at small 3, unlike the saturation region § — 1, is not harmful for
particle identification performance, because it occurs where the Cherenkov angles for
the considered particle species are well separated from those of other species. However,
an excessively low Nge near sector boundaries may affect the feasibility itself of the
angle reconstruction, thus reducing the angle reconstruction efficiency.

4.5 Features of simulated Pb-Pb events

In the following I discuss the simulation results of the bRICH performance obtained for
central (0-5%) Pb—Pb collisions at /syny = 5.52 TeV, representing the most challenging
environment with a charged-particle multiplicity dNg,/dn at the collision vertex of
about 2000 at midrapidity. For all these studies I generated the Pb-Pb datasets as
described in Section 4.1.2, using minimum bias collisions and selecting the 5% of events
in the sample with the largest charged-track multiplicity at the collision vertex.

This section covers the properties of the simulated events in terms of charged-track
multiplicity and kinematics at the bRICH, the geometric acceptance of the aerogel tiles
and of the photodetector modules to those tracks, the time profile of the photodetec-
tor hits, the photodetector occupancy in central Pb—Pb events, and the aerogel tile
acceptance together with the resulting photodetector acceptance. Except for the lower
occupancy, all the considerations presented for Pb-Pb are also valid for pp events.

4.5.1 Charged-track multiplicity and kinematics at the bRICH

Fig. 4.17 shows the features of simulated Pb-Pb collisions at \/sxy = 5.52 TeV in
terms of tracks entering the bRICH. The top—left panel shows the distribution of
the charged—track multiplicity of accepted tracks with centrality classes indicated to
illustrate the selection strategy. The top-right panel reports the mean number of
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Figure 4.17: Features of simulated 0-5% Pb-Pb collisions at V/sNN = 5.52 TeV in terms of tracks
reaching the bRICH. Top left: Charged—track multiplicity of accepted tracks for the bRICH analysis
with centrality classes indicated to show the selection strategy. Top right: Mean number of tracks
per bRICH sector for 0-5%, 5-10% and 10-20% Pb-Pb events. Bottom left: Momentum distribution
of tracks at the bRICH. Bottom right: Pseudorapidity distribution of tracks at the bRICH.

tracks per bRICH sector for 0-5% events, compared to 5-10% and 10-20% selections.
The bottom panels show the momentum and 7 distributions of the accepted tracks.

The 0-5% events of interest correspond to more than 4.4k tracks entering the bRICH
per event, corresponding to about 200 tracks per sector (following the expected d N, /dn
across the different sectors) and 5-6 charged tracks per bRICH module.

The lower number relative to the about 8k on average at the collision vertex is expected
due to both the curvature in the 2 T magnetic field, preventing particles with pr <
0.3 GeV/c from reaching the RICH position, and the interactions with the traversed
material budget, as shown in the corresponding momentum distribution.
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4.5.2 Projective bRICH acceptance for charged tracks

A crucial aspect of the projective geometry to be investigated is the geometric accep-
tance for impinging charged particles in pp and Pb—Pb collisions. The geometry is
optimized to collect straight tracks from the nominal collision point. The stability of
the acceptance for low momentum tracks in the baseline 2 T solenoidal magnetic field
and in the presence of the expected spread of the collision point is not trivial.

I studied the charged-track acceptance both at the radiator module level, which con-
trols the production of Cherenkov photons in aerogel, and at the photodetector module
level, which is relevant for charged-particle timing with SiPMs and for the gas-based e
identification option. For the photodetector module I considered both the ideal trape-
zoidal module layout and the rectangular 17 x 18 cm? module layout.

Simulation strategy

In the full bRICH simulation I introduced two continuous normalization sensitive vol-
umes. The first was positioned immediately downstream of the aerogel tiles. The
second was positioned immediately downstream of the SiPM modules. Their segmen-
tation followed the trapezoidal profiles of the frames for both the aerogel tiles and the
photodetector modules, with all trapezoids interconnected so that every impinging
charged track was registered with unit efficiency inside these normalization volumes.

I determined the geometric acceptance at the radiator level or at the photodetector
level as the fraction of charged tracks that enter the corresponding normalization
volume and also enter an aerogel tile or a photodetector module within the frame.

In the following I report the acceptance results for simulated central (0-5%) Pb-Pb
collisions at /syn = 5.52 TeV assuming a Gaussian spread of the primary vertex along
the beam direction with the typical o7 = 10 cm relative to the nominal collision vertex.
I evaluated the acceptance as a function of the track momentum p, the pseudorapidity
7, and the azimuthal angle ¢ of the charged track at the production point.

Acceptance at the radiator level

The left panels of Fig. 4.18 show the accepted fraction of tracks at the radiator as func-
tions of pr, n, and ¢. The top-right and middle-right panel show the two-dimensional
acceptance maps in the planes (pr, n) and (1, ¢), highlighting the corresponding corre-
lations. The bottom right panel shows the map of track impact points on the radiator
tiles in terms of (Mraq, Prad), Where n.q and ¢.q are the geometrical pseudorapidity,
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Figure 4.18: Fraction of accepted tracks at the radiator for simulated central (0-5%) Pb—Pb colli-
sions at /syn = 5.52 TeV. Left (top to bottom): acceptance versus the track pr, , and ¢. Top-right
and middle-right: two-dimensional acceptance maps in the (pr,n) and (7, ¢) planes, illustrating their

correlations. Bottom-right: map of track impact points on the radiator in (9cad, Prad)-
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— log(tan(6;aqa/2)), and the azimuthal angle of the impact point on the radiator.

The lower limit near pr ~ 0.3 GeV/c in the one-dimensional pr plot and in the
two-dimensional pr versus 1 map arises from track curvature in the 2 T field, which
prevents soft tracks from entering the bRICH and the normalization layers. The one-
dimensional distributions in 7 and ¢ and the corresponding two-dimensional map are
thus shown only for pp > 0.5 GeV/c in order to highlight purely geometric effects.

The trapezoidal aerogel tile profile provides an overall acceptance larger than 98% in
polar and azimuthal coverage, also accounting for the spread of the Z coordinate of the
collision vertex. A shallow minimum around 95% at 1 = 0 is visible and corresponds
to the 1 cm gap between the two bRICH vessels introduced in Section 3.4.1.

The slight acceptance loss close to |n| = 2 is expected since the bRICH design boundary
at |n| = 2 corresponds to the case of straight tracks from the nominal vertex. With a
distributed vertex along Z, tracks with n — 2 and n — —2 produced at positive and
negative Z, respectively, can be lost by the bRICH. Those tracks are not actually lost
in the full ALICE 3 system, since they are still expected to enter the fRICH disks.

The impact point map of accepted tracks also shows only a minor loss at boundaries
between contiguous modules and sectors, validating the effectiveness of the proposed
trapezoidal radiator tile layout in terms of geometric track acceptance in Pb-Pb events.

Acceptance at the photodetector level

Figs. 4.19 and 4.20 show the same set of plots as Fig. 4.18 at the photodetector level
for the trapezoidal and the rectangular 17 x 18 cm? layouts, respectively. The impact
point maps are given in terms of (1qes, Paet), the geometrical pseudorapidity and the
azimuthal angle of the impact point of accepted tracks on the photodetector modules.

For trapezoidal photodetector modules the behaviour closely follows that of the aerogel
tiles, including the effect of the vertex spread. For rectangular modules a significant
loss appears. Tracks that would cross regions of the trapezoidal frame outside the
inscribed rectangular modules are lost as illustrated schematically in Fig. 3.7. These
losses correspond to the white areas in the (7get, Gget) map.

The largest loss occurs at midrapidity where the azimuthally integrated acceptance
is about 78%. The loss is mitigated toward |n| — 2 where the geometric efficiency
exceeds 90%. The stronger loss at midrapidity follows from the ratio of active module
area to frame area, which is smallest at midrapidity by construction. The loss is almost
uniform as a function of ¢, with an 7 integrated acceptance close to 87%.
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Figure 4.19: Fraction of accepted tracks at the photodetector for the trapezoidal module layout for
simulated central (0-5%) Pb-Pb collisions at /sy = 5.52 TeV. Left (top to bottom): acceptance
versus the track pr, 1, and ¢. Top-right and middle-right: two-dimensional acceptance maps in the
(pT,m) and (1, ) planes, illustrating their correlations. Bottom-right: map of track impact points on
the photodetector in (fdet, Pdet)-
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Figure 4.20: Fraction of accepted tracks at the photodetector for the rectangular 17 x 18 cm?
module layout for simulated central (0-5%) Pb-Pb collisions at /sy = 5.52 TeV. Left (top to
bottom): acceptance versus the track pr, 7, and ¢. Top-right and middle-right: two-dimensional
acceptance maps in the (pr,n) and (1, ¢) planes, illustrating their correlations. Bottom-right: map
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It is important to note that acceptance losses at the photodetector plane are not critical
for Cherenkov angle reconstruction as long as the track enters the radiator. Because
of the finite ring size, a fraction of the photons remains detectable by the rectangular
modules. The reduced acceptance nonetheless lowers the number of detected photons
and degrades the achievable angular resolution, as discussed in Section 4.4.6.

However, the photodetector acceptance loss is critical for gas-based electron identifica-
tion and charged-particle timing with SiPMs, where the signal photons are clustered
within a region smaller than one centimetre around the predicted track impact point.
For tracks falling outside the active module area, gas photons are lost, and for SiPM-
based timing there is no signal at all because the track does not traverse any SiPM
region. This directly limits the timing performance and gas-based e-tagging efficiency.

4.5.3 Time profile of Pb-Pb events

With SiPM DCR levels of order 1 MHz/mm?, the overall data load expected when
collecting all SiPM hits within a broad acquisition window becomes a serious concern.
A central motivation for proposing the projective bRICH geometry is the expected
time clustering of signal Cherenkov photons and charged—track hits into narrow time
windows of the order of nanoseconds. Quantifying the intrinsic arrival-time structure
of charged particles and photons at the bRICH SiPMs is therefore essential to define
and validate the front—end electronics requirements.

Fig. 4.21 shows the intrinsic time profiles (i.e. without smearing from the time reso-
lution) relative to the collision time for simulated central (0-5%) Pb—Pb events. The
contributions from charged-track hits, aerogel photons, gas photons, and DCR are
highlighted. Two DCR operating conditions are considered, 50 kHz/mm?, correspond-
ing to brand-new SiPMs operated at room temperature, and 1 MHz/mm?, correspond-
ing to the reference DCR safety limit. The left panels display the cumulative signal
and DCR hits across all 24 bRICH sectors, while the right panels show the cumulative
time profile for a single module including its own signal photons and DCR hits.

As expected, the projective geometry results in pronounced signal spikes in each sector
superimposed on the uncorrelated DCR hits. Accounting for the time walk and the
finite sensor time resolution, all signal hits within a sector cluster within time windows
shorter than 2 ns. This enables an efficient reduction of the data volume by applying
per—sector acquisition gates shorter than 2-3 ns with a different origin for each sector.

If the gate is opened at most once per bunch crossing, every 25 ns, the data load is
reduced by about a factor 12.5 for a 2 ns window and about 8.3 for a 3 ns window,
compared with continuous readout. This gating is foreseen directly at the front-end
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Figure 4.21: Intrinsic time profiles of charged-track hits and Cherenkov photons at the bRICH
sensors for simulated central (0-5%) Pb-Pb events at /sny = 5.52 TeV relative to the collision time
assuming DCR = 50 kHz/mm? (top) and DCR = 1 MHz/mm? (bottom) and considering all the 24
bRICH sectors (left) and only sector +8 (right). The contributions from charged-track hits, aerogel
photons, gas photons, and DCR are highlighted.

level by vetoing the DENEB ASIC discriminators outside the fiducial time window.
This feature is already included in the ongoing DENEB design studies.

It is interesting to note that, in central (0-5%) Pb—Pb events, the track and photon
multiplicity is so large that the number of detected signal hits within such a time gate
exceeds the number of DCR hits. On the contrary, in low multiplicity events such as
pp, the signal yield is so small that the time spikes are barely distinguishable from the
DCR bands, which account for more than 99% of the recorded hits.

To report results in a worst-case scenario, all simulation studies presented in the fol-
lowing that include a time gate use a 4 ns window starting 1 ns before the nominal
arrival time of the fastest tracks in each sector relative to the collision time.
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Figure 4.22: Overall (left) and per sector (right) photodetector occupancy in simulated central
(0-5%) Pb-Pb collisions at /sy = 5.52 TeV. The values obtained in the reference layout without
DCR (blue), adding the hits from a DCR of 1 MHz/mm? sampled in a sector-specific acquisition time
gate of 1 ns (red) and 2 ns (green) are shown. Also shown is the option with the modules coupled to
a 1 mm thick SiOy window used to enhance charged-particle timing without DCR (orange) and with
a DCR of 1 MHz/mm? sampled in a 1 ns gate (magenta).

4.5.4 Photodetector occupancy in central Pb-Pb events

Due to the large expected track and hit multiplicity in central Pb-Pb events as well
as the large expected SiPM DCR relative to the considered acquisition time gate, I
investigated the photodetector occupancy in those events, also accounting for the DCR
and the photons from a hypothetical 1 mm SiOy window for timing.

Fig. 4.22 shows the photodetector occupancy in simulated central 0 to 5% Pb-Pb col-
lisions at /sny = 5.52 TeV, comparing the reference layout without DCR, the contri-
bution of hits from a DCR of 1 MHz/mm? sampled in sector-specific acquisition gates
of 1 ns and 2 ns, as well as the option with a 1 mm SiO, window directly coupled to
the SiPM either without DCR or with hits from a DCR of 1 MHz/mm? sampled in a
1 ns gate. The occupancy is shown averaged over the full acceptance and per sector.
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Most of the hits come from the Cherenkov photons produced in the aerogel tiles. They
result in an average occupancy of 1%, ranging from 0.6% in the central sectors and
increasing up to 1.6% at forward rapidities. A DCR of 1 MHz/mm? results in an
increase of the occupancy of about 0.5% per 1 ns acquisition time gate. A further
systematic increase of about 0.5% is observed in the case of the SiOs. These results
highlight that with a time gate of 1 to 2 ns, despite the large DCR, in central (0-5%)
Pb-Pb events the largest contribution still comes from the products of the collision. In
this case the main concern for the pattern recognition of Cherenkov rings comes from
the mutual background of hits by different particles in the same events.

4.5.5 Hit-track time matching vs SPTR and DCR

A crucial design parameter for the bRICH is the overall single photon time resolution
(SPTR) accounting for both SiPMs and front-end. In this section I investigate the im-
pact of the SPTR on the time matching between charged tracks and the corresponding
signal photon hits, also accounting for the background from the SiPM DCR.

Fig. 4.23 shows the distributions of the difference AT between the extrapolated emis-
sion time of candidate photon hits and the extrapolated charged-track arrival time
at the most probable emission point in the radiator, calculated as discussed in Sec-
tion 4.3.3, for central (0-5%) Pb-Pb collisions at /syy = 5.52 TeV. Only hits with
reconstructed single hit angle less than 260 mrad are considered. The results obtained
with an assumed SPTR of 50 ps, 100 ps, and 200 ps under hypotheses of both no
DCR, where only physical hits are detected, and a DCR of 1 MHz/mm? sampled in
an acquisition time window of 4 ns, are compared.

In all cases, the observed distribution of true signal photon hits is a Gaussian with mean
about 0 and a standard deviation dominated by the SPTR, with the extra contribution
of the track time based on the oTOF time resolution of 20 ps being almost negligible.

From the plots, it can be observed that even with DCR levels of the order of MHz/mm?,
the hit multiplicity in central Pb-Pb events was still dominated by the correlated
background from particles within the same event. The panels also show how effectively
improving the SPTR separates signal and background hits.

From the scan of the Cherenkov angle reconstruction versus the time cut AT, I found
that the best compromise among efficiency, purity, and signal-to-background ratio for
pattern recognition and PID was obtained by selecting only hits with |AT| < 2SPTR.
In the following, I always adopted this assumption, unless stated otherwise.
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Figure 4.23: Distribution of the difference AT between the extrapolated emission time of candidate
photon hits and the extrapolated charged-track arrival time at the most probable emission point in
the radiator for central (0-5%) Pb-Pb collisions at /sy = 5.52 TeV, considering only hits with single
hit angle less than 260 mrad. The panels correspond to the assumption of a SPTR of 50 ps (top),
100 ps (middle), and 200 ps (bottom), shown for the case without DCR (left) and with a DCR of
1 MHz/mm? sampled in a 4 ns acquisition window per sector (right). The contribution of signal

(green) and background (red) hits is highlighted.
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4.5.6 Hit-track distance vs SPTR and DCR

To characterize the topology of the Cherenkov rings on the photosensitive surface, I
investigated the spatial distribution of detected signal and background hits relative to
the most probable charged-track impact point on the photodetector modules. I deter-
mined the track impact point extrapolating the track from the most probable photon
emission point in aerogel to the photodetector modules, using the same procedure dis-
cussed in Section 4.3 for the extrapolation from the ocTOF layer to the bRICH aerogel.

Fig. 4.24 shows the distribution of the distance between candidate photon-hit positions
and the extrapolated track impact point on the photodetector modules for central
(0-5%) Pb-Pb collisions at /sy = 5.52 TeV. Only hits with reconstructed single hit
angle less than 260 mrad, corresponding to the physical Cherenkov angle region, are
considered. The left and right panels correspond to the cases without DCR and with
a DCR of 1 MHz/mm? sampled in a 4 ns acquisition window per sector.

The results with SPTR = 50 ps and 100 ps, both with a £2SPTR hit-track time-
matching cut, are compared to the case where no time matching is applied, highlighting
the significant background suppression. In particular, excellent suppression of the
uncorrelated DCR hits is achieved with a SPTR of 200 ps or better. This also partially
mitigates the correlated background due to hits from different tracks in the same event.

The peak below 2 mm corresponds to the pixel crossed by the track, where photons
are produced in the considered 100 pum silicone resin layer in front of the SiPMs.
Although they originate from the track of interest, they still represent background for
the selection of signal photon hits used to reconstruct the Cherenkov angle in aerogel.

One of the main design features of the proposed projective bRICH geometry is that it
maintains near-normal track incidence on the radiator even toward forward rapidities,
yielding localized rings and limiting the photon spread. This is crucial to suppress
mutual track background in such a high-multiplicity environment.

Signal hits are in fact confined within a maximum distance of 9 cm relative to the
track. The multiple signal peaks in Fig. 4.24 mirror the width of the expansion gap
across sectors, as the detected ring radius scales proportionally with the gap.
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Figure 4.24: Distribution of the distance between candidate photon-hit positions and the ex-
trapolated track impact point on the photodetector modules for central (0-5%) Pb—Pb collisions
at /sy = 5.52 TeV, considering only hits with single hit angle < 260 mrad. The panels correspond
to the case without DCR (left) and with a DCR of 1 MHz/mm? sampled in a 4 ns acquisition window
per sector (right). Rows correspond to the cases with SPTR = 50 ps (top) and 100 ps (middle), both
with a £2 SPTR hit-track time-matching cut, and to all hits without timing selection (bottom). The
contribution of signal (green) and background (red) hits is highlighted.
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4.6 Particle identification: a Bayesian approach

In order to study the PID performance of the tested bRICH configurations in pp
and Pb-Pb events, I implemented a dedicated algorithm based on a Bayesian ap-
proach [115]. The considered approach is based on computing, track by track, the
probability P(i|S) that the measured signal S corresponds to a given particle species
1, namely e, 11, 7t, K and p. The main ingredients of Bayesian PID are the following:

e the probability A(S|i) to register the signal S for each mass hypothesis i;

e the a priori relative abundances C; of each particle species i in the sample.

I defined the probability for the mass hypothesis i as:

C; A(S]i)
Z?ll species Cj A(S|j)

P(ilS) = (4.11)

[ assigned the final track identity according to the maximum P(i]S) among all mass
hypotheses. In this context, I studied the impact on PID efficiency and purity of setting
a minimum requirement P™" on this maximum, leaving tracks untagged when:

max

Pp =max P(i | ) < poin (4.12)

max"*

Larger PN values increase PID purity at the cost of reduced efficiency, and vice versa.
Tuning this threshold is therefore possible to optimize tagging in terms of efficiency

and purity depending on the needs of any specific physics analysis.

Measured signal

For the bRICH performance analyses with the Bayesian approach, I assumed the
measured signal S to be the reconstructed ring Cherenkov angle 6,.., evaluated with
the Hough-transform estimator 67 as discussed in Section 4.3.4.

The reconstructed angle 0,.. is accompanied by the information on the number of
clustered hits N.... Since low N, values are likely to correspond to the clustering of
background hits, I investigated the impact on PID efficiency and purity of imposing a

minimum requirement N™® for N, by leaving tracks untagged when:

Niee < N2in, (4.13)

rec

Larger N™n values increase PID purity at the cost of reduced efficiency, and vice versa.
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Detector response

For the calculation of the detector response A(S|i), I assumed a Gaussian with mean
equal to the expected Cherenkov angle 67, , calculated using Eq. 2.4, and standard
deviation given by mean ring angular resolution o, ; from the simulation of the con-
sidered RICH configuration, evaluated at the track pseudorapidity n and momentum
p for the tested mass hypothesis i:

1

AS i) = ———

exp

B (brec — Oinyi) ] ' (4.14)

202

Tt

If the track momentum p is below the aerogel Cherenkov threshold for mass hypothesis
i, the response is set to zero, A(S | i) = 0, for that hypothesis. In order to limit the
PID contamination due to the random clustering of background yields, yielding 6.
values totally unrelated with any of considered mass hypotheses, tracks with

|Orec — Otni| > 40,; for all mass hypotheses i = e, p, 7, K, p (4.15)

are discarded. This choice leads to an improvement of the PID purity at the cost of
efficiency loss depending on the collision system, track multiplicity, and DCR level.

Relative abundances

For the relative abundances C;, I used the Monte Carlo fractions of e, p, 71, K, and p
(particle + antiparticle) entering the bRICH modules in the considered pp and Pb-Pb
collisions. The reference values employed in the analysis are reported in Table 4.3.

Cle) Cm) C(m) CK) C(p)
0.32% 0.08% 83.58% 10.17% 5.85%

Table 4.3: Relative abundances of e, p, 71, K, and p entering the bRICH used for the analysis.

4.6.1 PID efficiency and purity

For each tested configuration, I evaluated the tagging performance for the considered
collision systems in terms of e, u, 7, K, and p PID efficiency and purity, in intervals
of momentum and pseudorapidity (p,7). For a given interval, let Nf™¢ be the number
of true particles of species ¢ entering the bRICH, N;_,; the number of those tagged as



143 bRICH performance simulation

species 7, and > i Nji the total number tagged as ¢, irrespective of their true species.
Untagged tracks are included in N/ but excluded from ) i Njoi-

The efficiency ¢; and the purity P; of the sample tagged as species i are given by:

N,_,; N,_,;
and Py = ————.
N frue > ij i

& = (4.16)

The corresponding uncertainties on ¢; and P; are evaluated according to the relations:

Py(1—P)

81(1 — 81')
> Njsi

C= (4.17)

and op, =

4.6.2 Performance in pp collisions

To benchmark the limiting bRICH performance, I report pattern-recognition and PID
results in pp under the ideal reference conditions with SPTR = 50 ps and no DCR.

Fig. 4.25 shows the performance of the Hough-transform-based pattern recognition
combined with Bayesian PID in 1.8M simulated c¢ biased pp collisions at /s = 14 TeV.
Results are provided for both the trapezoidal photodetector module layout and the
rectangular 17 x 18 cm? layout. Tracks are accepted only if the number of Hough-
selected hits is > 3 and tagged when the maximum Bayesian probability exceeds 50%.

The reconstructed Cherenkov angles follow the expected momentum dependence for all
particle species, with an almost negligible fraction of events with a fake reconstructed
angle due to hits from the mutual track background and secondaries.

The corresponding efficiencies and purities indicate near-ideal PID performance be-
tween threshold and saturation in these low-multiplicity events. Electrons are sepa-
rated from pions up to 2-2.5 GeV /¢, kaons from pions up to 8-10 GeV /¢, and protons
from pions and kaons beyond 14 GeV/c. The analysis reported here is limited to
14 GeV /e by sample statistics at higher momenta rather than intrinsic performance.

The main challenge for PID is keeping performance as close as possible to the limiting
ones reported here in terms of efficiency and purity even in the high-multiplicity en-
vironment of the most central Pb—Pb collisions under extreme DCR conditions, a key
objective of my research and the focus of the next sections.
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Figure 4.25: Distributions of the reconstructed ring Cherenkov angle (top), PID efficiency (middle)
and purity (bottom) versus momentum for e, u, 7, K and p, obtained with the Hough transform
and Bayesian PID for simulated pp collisions at /s = 14 TeV assuming SPTR = 50 ps, a +2SPTR
hit-track matching cut, no DCR, an acquisition time gate of 4 ns per sector, and both the trapezoidal
layout (left) and the rectangular 17 x 18 cm? layout (right). Tracks are accepted only if the number
of Hough-selected hits is > 3 and tagged when the maximum Bayesian probability exceeds 50%.
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4.6.3 Pattern recognition in central Pb-Pb

To visualize the complexity of pattern recognition in central Pb-Pb, Fig. 4.26 shows
the distributions of the reconstructed ring Cherenkov angle versus momentum ob-
tained with the Hough transform method for simulated central (0-5%) Pb-Pb colli-
sions at \/sny = 5.52 TeV for the trapezoidal photodetector module layout. A DCR
of 1 MHz/mm? sampled in an acquisition time gate of 4 ns is assumed, representing a
worst case scenario. The results obtained with a £2 SPTR cut on the hit-track time
matching assuming the ideal target SPTR of 50 ps (on the left) and the worst case
scenario of 200 ps (on the right) are compared. The three rows correspond to cuts on
the minimum number of Hough-selected hits required to accept a track of 3, 7 and 11.
The corresponding plots for rectangular 17 x 18 cm? modules are shown in Fig. 4.27.

The signal bands of e, i, t, K and p become wider relative to the pp case due to the
clustering of both uncorrelated DCR hits and mutual track background hits, resulting
in the worsening of the ring angular resolution.

The main problem arises for charged tracks below the threshold for Cherenkov emis-
sion, where there are no signal photon hits to cluster. In this case, only background
hits are clustered together by the Hough transform. This results in the vertical bands
in Figs. 4.26 and 4.27 where the momentum steps corresponding to 7t, K and p are
clearly visible. In particular, below 0.6 GeV/c, corresponding to the 7t threshold in
aerogel, 7, K and p all contribute to the vertical band. Between 0.6 GeV/c¢ and
2 GeV /e, corresponding to the K threshold, both K and p contribute to the band.
Finally between 2 GeV /c and 4 GeV /c mostly protons contribute to the band.

Fake Cherenkov angles reconstructed in those regions could invade the bands asso-
ciated to the different particle species, significantly affecting the purity. Although
this background can be suppressed by setting a threshold on the minimum number of
Hough-selected hits, discarding those tracks and enhancing the purity, this comes at
the cost of a reduced efficiency, as discussed in Section 4.6.4.

The effects of this background are particularly relevant for electrons, due to low relative
abundance, about 0.3% of the tracks, compared to all the other species, while the best
possible efficiency and purity are required for their identification.

Comparing results with a SPTR of 50 ps and 200 ps, the benefit of the best resolution
on the background suppression is clear, favouring a SPTR better than 100 ps.
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Figure 4.26: Distributions of the reconstructed ring Cherenkov angle versus momentum obtained
with the Hough transform method for simulated central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV
assuming a DCR of 1 MHz/mm?, an acquisition time gate of 4 ns and trapezoidal photodetector
modules. Columns correspond to a SPTR of 50 ps (left) and 200 ps (right). A +£2SPTR hit-track
matching cut is assumed. Rows correspond to cuts on the minimum number of Hough-selected hits
required to accept a track, namely 3 (top), 7 (middle), and 11 (bottom).
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Figure 4.27: Distributions of the reconstructed ring Cherenkov angle versus momentum obtained
with the Hough transform method for simulated central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV
assuming a DCR of 1 MHz/mm?, an acquisition time gate of 4 ns and rectangular 17 x 18 cm?
photodetector modules. Columns correspond to a SPTR of 50 ps (left) and 200 ps (right). A
+2SPTR hit-track matching cut is assumed. Rows correspond to cuts on the minimum number of
Hough-selected hits required to accept a track, namely 3 (top), 7 (middle), and 11 (bottom).
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4.6.4 PID performance in central Pb-Pb

Figs. 4.28-4.33 show the PID efficiency and purity versus momentum for e, u, 7t, K and
p obtained with the Hough transform and Bayesian PID for 5k central (0-5%) Pb-Pb
collisions at /sy = 5.52 TeV for the trapezoidal photodetector module layout. To
quantify the intrinsic limitations due to the high hit/track multiplicity of the events,
the contribution of the DCR, the impact of the SPTR and the effect of the requirement
of a minimum number of Hough-selected hits NL | the six figures refer to cases with
SPTR = 50, 100, and 200 ps, both without DCR and with a DCR of 1 MHz/mm?.
In all cases, a 4 ns acquisition window per sector is used. For pattern recognition, a
+2 SPTR hit—track time matching requirement is applied. Tracks are tagged only if the
=3,7, 1L

The same results for rectangular 17 x 18 cm? modules are shown in Figs. 4.34-4.39.

maximum Bayesian probability exceeds 50%. The rows correspond to N/
The results in the case of no DCR show the intrinsic performance, limited only by
correlated mutual track background due to the high-multiplicity of the collision, while
those with a DCR of 1 MHz/mm? represent the worst-case operating scenario.

Hadron identification

Analysing the plots relative to the trapezoidal module layout, it can be observed that,
for the considered selections, the purities of 7r, K and p are almost unaffected by N

with purities larger than 95% for momenta between the Cherenkov threshold and the
overlap regions, even with N2 = 3 in the worst scenario of DCR and SPTR.

min

In the momentum regions where the bands associated to 7t, K and p begin to overlap,
the purities start worsening. The major loss above 10 GeV /c is observed for kaons, as
expected, also considering the relative abundance of kaons with respect to pions.

In the momentum region where the species are intrinsically well separated, efficiencies
larger than 95% are found for the trapezoidal module layout for N2 = 3 even in the

worst case scenario of DCR and SPTR. The efficiency could be further increased by
softening the Bayes probability cut relative to the 50% considered for these plots at
the cost of a reduction in the corresponding PID purity.

Increasing N leads to marginal improvements of the hadron purities at the cost of

a significant reduction of the PID efficiency, dropping down to 90%. The 7t, K and

p efficiency loss with increasing N is particularly evident at low momenta, close to

the corresponding thresholds for Cherenkov emission. The efficiency loss is partly due
to the loss of photons for tracks entering the bRICH aerogel tiles close to the sector

boundaries, which are more easily discarded by higher N2 thresholds.

min
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Comparing the results on hadron PID obtained for trapezoidal modules with the case
of rectangular 17 x 18 cm? modules, comparable purities are achieved with an efficiency
lower by about 2-3% for N2 = 3. Raising N2 to 7 or 11 improves PID purity but

min min
degrades efficiency much more than the option of trapezoidal modules. In particular,
for N2

min

modules to roughly 80% or less with rectangular modules. This behaviour is expected,

= 11 the maximum efficiency decreases from about 90-95% with trapezoidal

since the rectangular layout provides only ~ 73% of the active area of the trapezoidal

design, yielding fewer signal and background hits. Consequently, looser N2 require-

min

ments are needed for rectangular modules to mitigate efficiency losses.

Despite the worsening with respect to low-multiplicity pp collisions, these results show
that, even in the high-multiplicity environment of Pb—Pb collisions, with a SPTR. of
200 ps and a DCR of 1 MHz/mm?, the proposed rectangular 17 x 18 cm? module
layout enables the Hough-transform plus Bayesian-PID selections to be optimized to
achieve excellent 71/K separation up to 810 GeV /c with both efficiency and purity
above 80%, and excellent K/p separation beyond 14 GeV/c.

Electron identification

The main limitation of the Hough-transform plus Bayesian PID approach in Pb—Pb,
relative to the pp limiting performance discussed in Section 4.6.2, concerns the iden-
tification of electrons below 2 GeV/c. The dominant contamination arises from the
clustering of background hits for tracks below the Cherenkov threshold.

For analyses focused on electron identification, this background can be substantially

reduced by increasing N . Since electrons entering the bRICH are always in the

min*
saturation regime, the associated efficiency loss is limited. Further improvements are
obtainable by tuning the Bayesian probability threshold relative to the 50% used here,

loosening it to raise efficiency or tightening it to raise purity.

With SPTR values of 50 ps or 100 ps, both efficiency and purity above 80% remain
achievable up to 1.5-2 GeV/c with suitable tuning. However, performance worsens
markedly for poorer SPTR, rendering such projections unstable. This behaviour re-
flects intrinsic limits of Hough-based pattern recognition under the high multiplicity of
central Pb—Pb events combined with large SiPM DCR, particularly at low momentum.

In the following, I show that custom machine-learning algorithms trained on aerogel-
ring patterns in the proposed projective geometry result in better PID, improving the
electron identification efficiency and purity, and thereby validating the expected bRICH
performance across all the considered operating scenarios. This is particularly impor-
tant for the rectangular module layout due to the reduced acceptance for photons.
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Figure 4.28: PID efficiency (left) and purity (right) versus momentum for e, pn, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 50 ps, a £2SPTR hit-track matching cut, no DCR, an acquisition time gate of
4 ns per sector, and trapezoidal photodetector modules. Rows correspond to cuts on the minimum
number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11 (bottom), with
the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.29: PID efficiency (left) and purity (right) versus momentum for e, pn, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 50 ps, a £2SPTR hit-track matching cut, DCR= 1 MHz/mm?, an acquisition
time gate of 4 ns per sector, and trapezoidal photodetector modules. Rows correspond to cuts on
the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11
(bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.30: PID efficiency (left) and purity (right) versus momentum for e, n, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 100 ps, a £2SPTR hit-track matching cut, no DCR, an acquisition time gate of
4 ns per sector, and trapezoidal photodetector modules. Rows correspond to cuts on the minimum
number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11 (bottom), with
the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.31: PID efficiency (left) and purity (right) versus momentum for e, n, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 100 ps, a 2 SPTR hit-track matching cut, DCR= 1 MHz/mm?, an acquisition
time gate of 4 ns per sector, and trapezoidal photodetector modules. Rows correspond to cuts on
the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11
(bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.32: PID efficiency (left) and purity (right) versus momentum for e, pn, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 200 ps, a £2SPTR hit-track matching cut, no DCR, an acquisition time gate of
4 ns per sector, and trapezoidal photodetector modules. Rows correspond to cuts on the minimum
number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11 (bottom), with
the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.33: PID efficiency (left) and purity (right) versus momentum for e, pn, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 200 ps, a 2 SPTR hit-track matching cut, DCR= 1 MHz/mm?, an acquisition
time gate of 4 ns per sector, and trapezoidal photodetector modules. Rows correspond to cuts on
the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11
(bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.34: PID efficiency (left) and purity (right) versus momentum for e, n, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 50 ps, a £2SPTR hit-track matching cut, no DCR, an acquisition time gate of
4 ns per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond to cuts on
the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11
(bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.35: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 50 ps, a £2SPTR hit-track matching cut, DCR= 1 MHz/mm?, an acquisition
time gate of 4 ns per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond
to cuts on the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle),
and 11 (bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.36: PID efficiency (left) and purity (right) versus momentum for e, n, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 100 ps, a £2SPTR hit-track matching cut, no DCR, an acquisition time gate of
4 ns per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond to cuts on
the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11
(bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.37: PID efficiency (left) and purity (right) versus momentum for e, pn, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 100 ps, a 2 SPTR hit-track matching cut, DCR= 1 MHz/mm?, an acquisition
time gate of 4 ns per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond
to cuts on the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle),
and 11 (bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.38: PID efficiency (left) and purity (right) versus momentum for e, pn, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 200 ps, a £2SPTR hit-track matching cut, no DCR, an acquisition time gate of
4 ns per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond to cuts on
the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle), and 11
(bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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Figure 4.39: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with the Hough transform and Bayesian PID for central (0-5%) Pb-Pb collisions at \/sxn = 5.52 TeV,
assuming SPTR = 200 ps, a 2 SPTR hit-track matching cut, DCR= 1 MHz/mm?, an acquisition
time gate of 4 ns per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond
to cuts on the minimum number of Hough-selected hits to accept a track, namely 3 (top), 7 (middle),
and 11 (bottom), with the requirement that the maximum Bayesian probability is at least 50%.
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4.7 Machine learning techniques for bRICH PID

A part of my research project was focused on the development of fast and efficient
machine-learning-based pattern recognition algorithms for PID in central Pb-Pb. Al-
though the classical Hough-transform based pattern recognition algorithm and the
Bayesian PID approach perform well in low-multiplicity environments, limitations arise
in high-multiplicity events and in high DCR conditions. A key difficulty is taking into
account the complex ring topology in the projective bRICH geometry, e.g. open rings
for tracks entering aerogel near sector boundaries, when defining a cut on the mini-
mum number of clustered hits optimal for all 7, p and mass hypotheses.

To address this, I explored various machine-learning classifiers trained to learn the
space—time signature of aerogel rings, thereby potentially improving PID performance
relative to classical analyses. In particular, I implemented and tested various algo-
rithms based on Artificial Neural Networks [116], Random Forests [117], and Boosted
Decision Trees [118] developed in Python using the tensorflow, sklearn and xgboost
libraries, respectively. I found that a well-trained Boosted Decision Tree based on
Extreme Gradient Boosting (XGBoost) demonstrated the highest performance. The
details on the configuration, training and results are presented in the following.

4.7.1 Boosted Decision Tree

The Boosted Decision Tree (BDT) concept is based on the binary decision tree. A
binary decision tree is a supervised machine-learning model that recursively partitions
an input space with threshold splits on the input variables until a stopping condition is
met (e.g., maximum depth). Each split defines a decision rule, and each leaf outputs a
prediction, such as class scores or probabilities. As a supervised model, a decision tree
is trained on labelled data by optimizing an appropriate loss function and tuning the
split variables, thresholds, and number of partitions. In the training phase, the model
"learns" how to classify events through the patterns shown in their input variables.

The performance of a single decision tree can be improved through ensemble boost-
ing. A boosted decision tree builds an additive model of many shallow trees, each a
weak learner, added in sequence so that each new tree reduces the residual errors of
the current ensemble. The procedure optimizes a regularized loss with gradient-based
updates, which reduces prediction error while controlling model complexity. The re-
sulting ensemble acts as a strong learner that combines the predictive power of its
constituents, thus outperforming any individual tree. For the studies reported in the
following, I used Extreme Gradient Boosting (XGBoost [119]) as the boosting engine.
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Datasets

In order to directly compare the performance achieved with the classical approach
based on the Hough transform and the Bayesian approach, I used the same full raw
datasets employed for the classical analysis, 18M pp collisions at /s = 14 TeV and 5k
central (0-5%) Pb-Pb collisions at /syy = 5.52 TeV, corresponding to about 25 x 10°
charged particles reaching the bRICH in the 2 T magnetic field, as the test datasets.

For the training and validation of the algorithms, I generated new raw datasets using
the same procedure followed for the main pp and central Pb-Pb datasets, but with a
different random seed. In the following, I report the results relative to SPTR values
of 50 ps, 100 ps and 200 ps and limiting DCR values of 0 and 1 MHz/mm?.

For all considered cases, in the training phase I used a stratified 5% of the events as a
validation set to monitor the validation metric at each boosting step. Stratification is
important for e and u, due to the lower than 0.35% relative abundance in the sample.

Features

The features I selected for both pattern recognition and tagging studies with the
bRICH include both track parameters and high-level space—time clustering observables
computed for each of the five considered mass hypotheses, namely e, 1, 7, K and p.

e Track parameters:

— p: Momentum at the most probable emission point in aerogel.
— n: Pseudorapidity at the most probable photon emission point in aerogel.
— 6,.q: Polar angle of the most probable emission point in aerogel.

— ¢raq: Azimuthal angle of the most probable emission point in aerogel.

e Per—hypothesis space—time clustering counts:
For each accepted charged track, with the corresponding set of candidate Cherenkov
photon hits on the photodetector, the following observables are first computed:
— The single-hit Cherenkov angle ..., using the procedure in Section 4.3.1.

— The single-hit Cherenkov azimuthal angle ¢,.., defined as the projection of
the candidate photon direction in the plane perpendicular to the track and
calculated with respect to the positive Z direction.

— The relative hit-track time AT at the most probable emission point in the
traversed aerogel tile, calculated as discussed in Section 4.3.3.
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Then, for each mass hypothesis ¢ = e, 1, 71, K and p, given the expected angle 6y, ;,
the single photon angular resolution ¢ (), and the single photon time resolution
SPTR, counts are formed in angular windows n € {1,2,3}, time windows m €
{1,2}, and azimuthal intervals k € {0,1,2,3} with ¢ € [kn/2, (k+1)7/2].
The corresponding features are:

|9rec — chﬂ-’ <nol(i)
Nhits(i; n,m, k) = Nhits |AT| <mSPTR
¢rec S [k?ﬂ'/?, (k+1)7T/2}

The track parameters correspond to 4 features. The space-time counts correspond to
5 x 3 x 2 x 4 =120 additional features. The total feature count is 124.

Particle identification labels

For the classification task, the label assigned to each track is the categorical mass
hypothesis ¢ = e, p, 7, K and p. For tracks with momentum below the aerogel
threshold for Cherenkov emission, I introduced a sixth label to tag them as below
threshold.

Particle identification: One-vs-rest strategy

Tagging the five particle species in the considered dataset constitutes a multi-class
classification problem. I addressed it with a one-vs-rest scheme, training five indepen-
dent binary XGB classifiers (e vs. all, p vs. all, 7t vs. all, K vs. all, p vs. all). For each
classifier, tracks of the target species with momentum above its aerogel Cherenkov
threshold are assigned label 1 (positive class), while all other tracks, including those
below threshold, are assigned label 0 (negative class).

Each of these models outputs a score interpreted as the probability p (i | «) that the
corresponding feature vector x results from a particle of species i. Finally, I assigned
the final track identity according to the maximum score among all mass hypotheses.

As in the case of the Bayesian PID approach discussed in Section 4.6, a minimum-
confidence threshold P™3* can be applied to leave low-confidence tracks untagged,
thereby increasing PID purity at the cost of reduced efficiency. The selection and the
impact of this threshold for PID in central (0-5%) Pb-Pb is discussed in Section 4.7.3.
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Classifier configuration

For each of the five XGB classifiers in the one-vs-rest scheme, I optimized the hyper-
parameters through a grid search. Table 4.4 reports the optimal configuration used for
training and inference with XGBClassifier in the aerogel-based PID with the bRICH.

Hyperparameter Value
objective binary:logistic
reg_alpha 0.10
reg_lambda 0.03
n_estimators 250
learning_rate 0.10
max_depth 10
min_child_weight 3
subsample 0.30
colsample_bytree 0.90

Table 4.4: Configuration of XGBClassifier aerogel-based PID with the bRICH.

Let the training set be D = {(xy, i)}, for N events with features ) and labels
i € {0,1}. The ensemble outputs a class probability px = p(ix=1 | ;). The training
objective, or loss function, £ minimized by the classifier during the training procedure
consists of a data term Lg.:2 and a tree-level regularization term (2,

L = Lo + Q. (4.18)

With objective=binary:logistic, the data term is set to the binary cross-entropy:

Laata = Z[— ir logpr — (1 —iy)log(1 —Pk)] (4.19)

k=1

The tree-level regularization term considered for this study is given by:

M Tm \ Tm
Q = Z[aZ]wmj| + §Zw,2nj], (4.20)

where M is the number of trees, T}, the number of leaves in tree m, and w,,; the
leaf weight. The coefficients o and \ are controlled by reg_alpha and reg_lambda in
Table 4.4. The « term (L; regularization) promotes sparsity in leaf weights, while the
A term (Lo regularization) shrinks large weights, improving generalization.

The other hyperparameters control model complexity, learning rate, and sampling.
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e The parameter n_estimators=250 sets the number of boosting rounds.

e The parameter learning_rate=0.10 applies step-size shrinkage to the feature
weights, so that after each boosting step, the new tree’s feature weights are scaled
by the learning rate, making updates more conservative to prevent overfitting.

e The parameter max_depth—10 limits the tree complexity by constraining the
number of splits along any path of each tree.

e The parameter min_child_weight=3 enforces a minimum effective sample num-
ber of entries in every leaf, preventing overly fine splits.

e The parameter subsample=0.30 applies random row subsampling, drawing 30%
of the training instances once per boosting iteration to reduce variance, improve
generalization, and mitigate overfitting.

e The parameter colsample_bytree=0.90 defines the subset of features, which
are randomly sampled, used for split finding when constructing each tree.

All remaining hyperparameters not reported in Table 4.4 and not explored in the grid
search were kept at the corresponding XGBClassifier default values (version 1.7.5).

4.7.2 Results in pp collisions

As in the case of Bayesian PID, to benchmark the limiting PID performance achievable
with my XGBoost-based PID algorithm, here I report the PID results in pp collisions
under the ideal reference conditions of SPTR = 50 ps and no DCR.

Figs. 4.40 and 4.41 show PID efficiency and purity versus momentum for e, wu, 7, K,
and p, obtained with my XGBoost-based algorithm for the test dataset of simulated cc-
biased pp collisions at /s = 14 TeV. Fig. 4.40 refers to the trapezoidal module layout,
while Fig. 4.41 refers to the rectangular 17 x 18 cm? layout. The rows correspond to
minimum XGBoost score thresholds of 20%, 50%, and 80%.

As expected, for low-multiplicity events my XGBoost-based PID yields efficiencies and
purities comparable to those obtained with the Bayesian approach, shown in Fig. 4.25,
by properly matching the XGBoost score threshold and the maximum Bayesian prob-
ability threshold. A slight purity gain can actually be observed at fixed efficiency,
especially for e and p, for the XGBoost analysis, due to the better performance deal-
ing with open rings close to the sector boundaries. Overall, electrons are separated
from pions up to 2-2.5 GeV /¢, kaons from pions up to 810 GeV /¢, and protons from
pions and kaons beyond 14 GeV/c. This validates the reliability of the algorithm.
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Figure 4.40: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p,
obtained with my XGBoost-based PID algorithm for the test dataset of simulated pp collisions at
/s = 14 TeV, assuming SPTR = 50 ps, no DCR, an acquisition time gate of 4 ns per sector, and
trapezoidal photodetector modules. Rows correspond to minimum score thresholds of 20% (top), 50%
(middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.41:
obtained with my XGBoost-based PID algorithm for the test dataset of simulated pp collisions at
/s = 14 TeV, assuming SPTR = 50 ps, no DCR, an acquisition time gate of 4 ns per sector, and
rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score thresholds of
20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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4.7.3 Results in Pb-Pb collisions

Figs. 4.42-4.47 show the PID efficiency and purity versus momentum for e, u, 7t, K and
p obtained with my XGBoost-based PID algorithm for the full test dataset of central
(0-5%) Pb-Pb collisions at y/syny = 5.52 TeV for the trapezoidal photodetector module
layout. The figures refer to cases with SPTR = 50, 100, and 200 ps, both without DCR
and with a DCR of 1 MHz/mm?. In all cases, a 4 ns acquisition window per sector is
used. The rows correspond to minimum XGBoost score thresholds of 20%, 50%, and
80%. The results for rectangular 17 x 18 cm? modules are shown in Figs. 4.48-4.53.
The results in the case of no DCR show the intrinsic performance, limited only by
correlated mutual track background due to the high-multiplicity of the collision, while
those with a DCR of 1 MHz/mm? represent the worst-case operating scenario.

Similar considerations to those discussed in Section 4.6.4 still apply to these results.
However, the efficiencies and purities are systematically higher than those obtained
with the classical Hough-transform plus Bayesian PID analysis. In particular, com-
parable purities are achieved at significantly larger efficiencies, reaching values close
to 100% in the momentum range between the Cherenkov threshold and saturation for
hadrons with PID limits up to or beyond 10 GeV /c depending on the particle species.
The electron identification performance is notably improved across all tested config-
urations, with combined efficiency and purity exceeding 90-95% for SPTR = 50 and
100 ps, and remaining above 80-85% for 200 ps, up to 1.5-2 GeV /¢, for both the
trapezoidal and rectangular 17 x 18 cm? module layouts.

Comparing the panels for different score thresholds, one can observe that the ef-
ficiency—purity trade-off can be optimized by tuning the minimum XGBoost score
threshold to the requirements of the specific physics analysis and particle species.

The only region where a slight degradation is observed corresponds to kaons above
8 GeV/c, where the kaon and pion mass hypotheses become compatible. This effect
is mainly due to limited statistics in the training sample at high momentum, causing
the algorithm to preferentially assign the pion hypothesis. Further improvement is
therefore expected with larger training datasets. Nevertheless, these results highlight
the ability of the proposed algorithm trained on aerogel-ring patterns to effectively
learn and exploit the ring topology in the considered projective bRICH geometry,
clearly outperforming the classical Hough-transform plus Bayesian PID approach.

The main conclusion of this analysis is that, despite the reduced active area and photon
acceptance of the rectangular 17 x 18 cm? module layout, acceptable performance is
achieved even in the worst-case scenario of central (0-5%) Pb—Pb events with a DCR
of 1 MHz/mm? and a SPTR of 200 ps, validating it as a viable bRICH design option.
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Figure 4.42: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
VSN = 5.52 TeV, assuming SPTR = 50 ps, no DCR, an acquisition time gate of 4 ns per sector,
and trapezoidal photodetector modules. Rows correspond to minimum score thresholds of 20% (top),
50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.



171 bRICH performance simulation
> 1.4 14
5 13 4 Elec <+ Muon <4 Pion Kaon 4 Prot 5 L3 4 Elec -+ Muon <4 Pion Kaon -+ Prot
512 21.2
1 21,
9 1.0 — w ° o 1.0 er o
0918, W 0.9{°% 2 s “4&%
* % . e
08] 4 4 4 0.8 +
0.7 ¢ 0.7 t
0.6 + 4 Trapezoidal 0.6 Trapezoidal
05 TR Pb-Pb (0-5%) 05{ ¢ Pb-Pb (0-5%)
o4ty ++ 1 MHz/mm? 0.4 1 MHz/mm?
03 4 SPTR 50 ps 0.3 SPTR 50 ps
0.2 0.2
01 4 +¢ P’ 2 20% 0.1 Prn' 2 20%
0.0 0.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Momentum [GeV/c] Momentum [GeV/c]
> 1.4 14
qc) 13 <4 Elec 4 Muon 4 Pion Kaon - Prot 5 13 4 Elec <4 Muon 4 Pion Kaon -+~ Prot
D12 212
1 91,
0 1.0 — W . . 1.0 i — wwo
_ oy b o +
oo, %@w 091 3 * # MNJ{'W
08 Y 0.8 L bl
0.7 " 071 ¢
0.6 4 : Trapezoidal 0.6 Trapezoidal
05 . Pb-Pb (0-5%) 05 Pb-Pb (0-5%)
04 an L4 1 MHz/mm? 0.4 1 MHz/mm?
03 ﬂ, SPTR 50 ps 03 SPTR 50 ps
0.2 0.2
01 ' +§ P > 50% o1 P > 50%
0.0 0.0
0 1 2 4 5 6 7 8 9 10 11 12 13 14 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Momentum [GeV/c] Momentum [GeV/c]
> 14 >4
213 : €13 -
) 4 Elec <4 Muon 4 Pion Kaon 4 Prot S 4 Elec -4 Muon 4 Pion Kaon 4~ Prot
S 1.2 212
= [a)
1 Z11
g 1.0 F——Wﬂ’wf ‘f#. 107 o T geene— Ty g.~’k,;"W
0.97 % s N, H 0.91 ¢ m
o8] % 4 Wmﬂ 0.8
0.7{ ¢ ¢ ¢ +*ﬁ'+ 0.7
0.6 3 Trapezoidal + 0.6 Trapezoidal
0.5 L Pb-Pb (0-5%) 0.5 Pb-Pb (0-5%)
0.4 + $ 1 MHz/mm? 0.4 1 MHz/mm?
0314 Y SPTR 50 ps 03 SPTR 50 ps
o ¢ PrEE > 80% 02 PIE > 80%
0.1 L 3 no= 0.1 n =
0.0 0.0
1 2 4 5 6 7 8 9 10 11 12 13 14 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Momentum [GeV/c]

Momentum [GeV/c]

Figure 4.43: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
V/SnN = 5.52 TeV, assuming SPTR = 50 ps, DCR= 1 MHz/mm?, an acquisition time gate of 4 ns
per sector, and trapezoidal photodetector modules. Rows correspond to minimum score thresholds
of 20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.44: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
VSN = 5.52 TeV, assuming SPTR = 100 ps, no DCR, an acquisition time gate of 4 ns per sector,
and trapezoidal photodetector modules. Rows correspond to minimum score thresholds of 20% (top),
50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.45: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
V/SnN = 5.52 TeV, assuming SPTR = 100 ps, DCR= 1 MHz/mm?, an acquisition time gate of 4 ns
per sector, and trapezoidal photodetector modules. Rows correspond to minimum score thresholds
of 20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.46: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
VSN = 5.52 TeV, assuming SPTR = 200 ps, no DCR, an acquisition time gate of 4 ns per sector,
and trapezoidal photodetector modules. Rows correspond to minimum score thresholds of 20% (top),
50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.47: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
V/SnN = 5.52 TeV, assuming SPTR = 200 ps, DCR= 1 MHz/mm?, an acquisition time gate of 4 ns
per sector, and trapezoidal photodetector modules. Rows correspond to minimum score thresholds
of 20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.48: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb—Pb collisions at
VSN = 5.52 TeV, assuming SPTR = 50 ps, no DCR, an acquisition time gate of 4 ns per sector,
and rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score thresholds
of 20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.49: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
V/SnN = 5.52 TeV, assuming SPTR = 50 ps, DCR= 1 MHz/mm?, an acquisition time gate of 4 ns
per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score
thresholds of 20% (top), 50% (middle), and 80% (bottom) to the highest-scoring mass hypothesis.



bRICH performance simulation

178

14
213
5 . 4 Elec <+ Muon <4 Pion Kaon 4 Prot
G 1.2
1
g T
% 0.9 Ve, ey,
0.8 .
0.7 #‘* % *
064 ¢ ' §+ Rectangular
0.5 Pb-Pb (0-5%)
0.4 P ¢ no DCR
0317yt SPTR 100 ps
0.2 )
o1f 4% PR > 20%
0.0 Al

10 11 12 13 14
Momentum [GeV/c]

o 1 2 3 4 5 6 7 8 9

o 1.4
213
qc) . <4 Elec 4 Muon 4 Pion Kaon - Prot
G 1.2
1
0101 o ey o $
= 05| v Mf% i
0.8 .
o7 f %
0.6 P4 Pt Rectangular
05 $ Pb-Pb (0-5%)
0.4 ) b no DCR
03773 L SPTR 100 ps
0.2
o1 . *;‘ P > 509%
0.0 3 ®
“0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Momentum [GeV/c]

> 14
o

qc) 13 +  Elec <4 Muon 4 Pion Kaon +  Prot
12

1

0 1.01 s oo *

2 : ¥ t
= 0o oo = MW W} } |
0.8 ¢ o “m +

¢ #\g*

0.7 {'* # %#ﬂ
06l ¢ ¢ Rectangular +
051 ¢ 4 1; Pb-Pb (0-5%) t
0.4 no DCR
0.3 . SPTR 100 ps
021 ¢ ¢ max o
o 4 P > 80%

. Y
0.0

10 11 12 13 14
Momentum [GeV/c]

1 2 3 4 5 6 7 8 9

4 Elec -+ Muon <4 Pion Kaon -+ Prot

.@oﬁ? - "“"wﬁm}&w

} Rectangular
Pb-Pb (0-5%)

+ no DCR
SPTR 100 ps
P > 20%

min

10 11 12 13 14
Momentum [GeV/c]

1 2 3 4 5 6 7 8 9

4 Pion -4~ Prot

Kaon

4 Elec <4 Muon

Fike

¢+}

t

Kot 29 AT Gy
he 3{1+ %5%{3: %

Rectangular
Pb-Pb (0-5%)
no DCR
SPTR 100 ps
P > 50%

min

o 1 2 3 4 5 6 7 8 9

10 11 12 13 14
Momentum [GeV/c]

4 Pion Kaon 4 Prot

%’&ﬁ ++*

4 Elec <4 Muon

-

t

Rectangular
Pb-Pb (0-5%)
no DCR
SPTR 100 ps
P > 80%

min

o 1 2 3 4 5 6 7 8 9

10 11 12 13 14
Momentum [GeV/c]

Figure 4.50: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
VSN = 5.52 TeV, assuming SPTR = 100 ps, no DCR, an acquisition time gate of 4 ns per sector,
and rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score thresholds
of 20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.51: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
V/SnN = 5.52 TeV, assuming SPTR = 100 ps, DCR= 1 MHz/mm?, an acquisition time gate of 4 ns
per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score
thresholds of 20% (top), 50% (middle), and 80% (bottom) to the highest-scoring mass hypothesis.
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Figure 4.52: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
VSN = 5.52 TeV, assuming SPTR = 200 ps, no DCR, an acquisition time gate of 4 ns per sector,
and rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score thresholds
of 20% (top), 50% (middle), and 80% (bottom) applied to the highest-scoring mass hypothesis.
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Figure 4.53: PID efficiency (left) and purity (right) versus momentum for e, p, 7, K, and p, obtained
with my XGBoost-based PID algorithm for the test dataset of central (0-5%) Pb-Pb collisions at
V/SnN = 5.52 TeV, assuming SPTR = 200 ps, DCR= 1 MHz/mm?, an acquisition time gate of 4 ns
per sector, and rectangular 17 x 18 cm? photodetector modules. Rows correspond to minimum score
thresholds of 20% (top), 50% (middle), and 80% (bottom) to the highest-scoring mass hypothesis.
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4.8 Gas-based e-ID option in central Pb-Pb

The Cherenkov rings from the aerogel tiles enable efficient identification of electrons
and positrons up to about 2 GeV/c in central (0-5%) Pb—Pb events. The threshold
gas—based e-ID option introduced in Section 3.5, using a green-gas mixture such as
10.85% C5F 150 + 89.15% CO, with refractive index n = 1.0006, provides an additional
observable, the gas cluster, to tag electrons. This not only strengthens coverage below
2 GeV /e, but also makes it possible to extend e-ID up to 4 GeV/c and beyond.

To validate the effectiveness of this option under ALICE 3 operating conditions, I
investigated the corresponding e-ID performance in central (0-5%) Pb-Pb events.
Here I considered both the case in which all photons emitted in gas, both upstream
and downstream of the traversed aerogel tiles, can reach the photodetector modules,
and the case in which upstream-emitted photons are absorbed, so that only photons
produced downstream can be detected. I evaluated the two limiting DCR scenarios of
no DCR and 1 MHz/mm? considering an overall SPTR of 100 ps. For this study, I

assumed trapezoidal photodetector modules. In the rectangular 17 x 18 cm?

option,
similar purities are expected but with lower efficiencies, due to the systematic loss of

gas photons from tracks falling into inactive regions outside the module boundaries.

4.8.1 Background to gas clusters

The discrimination capabilities of the proposed gas-based e-ID option are affected by
background hits, mainly from Cherenkov photons emitted in aerogel by the various
charged tracks in the events, particularly relevant at high multiplicity, the SiIPM DCR,
and hits arising from secondaries. These hits can cluster near the most probable impact
points of a track on the photodetector modules, creating fake clusters that mimic true
electron clusters. Given the low e relative abundance, even small fractions of non-
electron tracks misclassified as electrons significantly harm the achievable purity.

4.8.2 Pre-filtering of aerogel background photons

To mitigate the large correlated background from aerogel photons in each event, I
first applied, track-by-track, the XGBoost-based aerogel PID classifier discussed in

Section 4.7 for the considered DCR level and SPTR. I then used the predicted label ¢
to discard all hits in the event satisfying

|Orec — buni| < 307(i), (4.21)
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where 0,.. is the single-hit candidate Cherenkov angle computed as in Section 4.3.1,
Bin; is the theoretical Cherenkov angle for species ¢, and ¢7(7) is the single-photon
angular resolution for the considered particle species and sector.

With this simple pre-filtering, most of the unscattered Cherenkov photons from other
tracks are therefore removed. However, photons that undergo Rayleigh scattering in
the aerogel before leaving the tiles, and hits from secondaries produced in material
interactions, cannot be rejected and constitute an irreducible background. The main
drawback of this procedure is the possible removal of true electron gas-cluster photons
when the cluster lies within the fiducial ring area of any other track to which the filter
is applied, leading to an efficiency loss. However, this is crucial to ensure PID purities
larger than 90% at the considered track multiplicities.

4.8.3 Machine-learning-based e-ID with gas

For this analysis, I developed a classification algorithm trained in a one-vs-rest scheme,
using a binary XGB classifier to discriminate e from any other mass hypothesis.

Datasets

For the training, validation, and testing of the algorithm, I generated new datasets by
replacing Ar in the vessel with a 10.85% CsF100 + 89.15% CO, mixture, following
the same procedure used for the main pp and central Pb—Pb datasets. The pp and
Pb—Pb training and test datasets comprised 18M and 5k collisions, respectively. For
all considered cases, in the training phase I used a stratified 5% of the events as a
validation set to monitor the validation metric at each boosting step. Stratification is
important for e and u, due to the lower than 0.35% relative abundance in the sample.

Features

The features I used for electron tagging with gas are both track parameters and high-
level observables describing the cluster topology, namely the number of fired SiPM
channels and the number of detected photoelectrons within the cluster fiducial region.

e Track parameters:

— p: Momentum at the most probable photon emission point in aerogel.

— n: Pseudorapidity at the most probable photon emission point in aerogel.
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— f4et: Polar angle of the track impact point on the SiPM module.
— ¢ger: Azimuthal angle of the track impact point on the SiPM module.

In particular, I considered the p and n extrapolated at the most probable emission
point in aerogel also for the study with gas, to enable a direct comparison of
purity and efficiency with the aerogel only option. The track impact point on the
SiPM modules was obtained by extrapolating the track from the most probable
photon emission point in aerogel to the photodetector modules, accounting for
the 2 T magnetic field. Tracks not reaching any SiPM module were discarded.

e Gas cluster topology:

For each accepted charged track, extrapolated to the position ¢’ on the cor-

responding photodetector module, and for the pre-filtered set of candidate gas
photons with hit positions r{¢, T counted the number of hits Ny, and the num-
ber of photoelectrons IV, in five cluster regions, defined by the radial limits

dr € {0, 0.32 cm, 0.70 cm, 1.05 cm, 1.40 cm, 2.00 cm }, k=0,...,5,

and indexed by j = 0,...,4 as the five annuli [d;, d;;1) around ri, given by:
Nhits(J) = Nuies{dj < Hrﬂftt — s | <dji1},
Npe(j) = Npe{dj < Hrﬂftt - r(tiflf | < dj+1} .

In addition, within the same disk of radius R, = 1.40 cm centred at rdt, I

counted the cumulative number of recorded hits, the corresponding number of
photoelectrons and the number of SiPM hits with charge @) exceeding four fixed
thresholds Qmin € {2,3,4,5} in units of photoelectrons, yielding the six features:

Nhits(R*) = Nhits{”rﬂ?tt - r?ﬁ:H < R*} )
Npe(Ra) = Npe{[[rii — x| < R.}
NhitS(R*a Qmin) = ]\/vhits{”rﬂ‘istt - r?ﬁ(t ‘ < R*, Q 2 Qmin}-

Assuming a single photon time resolution SPTR, these hit-related features are

computed only if relative hit—track time on the photodetector ATy satisfies:

| ATyt | < 2SPTR. (4.22)

The track parameters correspond to 4 features. The gas cluster topology features
correspond to 5+5+6 = 16 additional features. The total feature count is 20.



185 bRICH performance simulation

Labels

Electron/positron tracks are assigned label 1, while other tracks are assigned label 0.

Classifier configuration

As in the case of Section 4.7.1, for the XGB classifier developed for gas studies, I
optimized the hyperparameters through a grid search. Table 4.5 reports the optimal
configuration used for training and inference with XGBClassifier in the gas—based e-
ID bRICH option. The definition of the hyperparameters is provided in Section 4.7.1.

Hyperparameter Value
objective binary:logistic
reg_alpha 0.05
reg_lambda 0.05
n_estimators 250
learning_rate 0.10
max_depth 9
min_child_weight 3
subsample 0.30
colsample_bytree 1.00

Table 4.5: Configuration of XGBClassifier gas-based e-ID with the bRICH.

4.8.4 Results in pp collisions

To benchmark the limiting gas-based e-ID performance achievable with my XGBoost-
based PID algorithm, here I report the results for pp collisions under the ideal reference
conditions of SPTR = 100 ps, a =2 SPTR hit-track matching cut, and no DCR for
the two tested configurations. In particular, Figs. 4.54 and 4.58 show the results for
the test dataset of simulated cc-biased pp collisions at /s = 14 TeV considering both
the configuration in which gas photons emitted both upstream and downstream of
the aerogel radiator tiles are detected, and the configuration where only gas photons
emitted downstream of the aerogel tiles are considered. The panels show the score
probability distributions for electrons versus all other species, the e-ID purity and
efficiency, integrated over the full momentum spectrum, as a function of the threshold
on the XGB score, and the efficiency and purity as a function of momentum setting a
minimum score threshold of 50%.
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Figure 4.54: Performance of the gas-based e-ID option using my XGBoost-based algorithm for
the test dataset of pp collisions at /s = 14 TeV assuming SPTR = 100 ps, a +£2SPTR hit-track
matching cut, no DCR, an acquisition time gate of 4 ns per sector, trapezoidal photodetector modules,
the bRICH vessel filled with C5F10O+CO4, and considering gas photons emitted both upstream and
downstream of the aerogel tiles. Score probability distributions for electrons and all other species
(top left), integrated electron-identification purity and efficiency as a function of the threshold on the
XGB score (top right), and electron efficiency (bottom left) and purity (bottom right) as functions
of momentum for a minimum score threshold of 50%.

The target e-ID coverage is achieved up to 4 GeV/c and above, with purities and
efficiencies close to unity. The observed efficiency and purity loss below 0.5 GeV/c is
mainly due to the curvature in the 2 T magnetic field, resulting in a too large separation
between photons emitted upstream in the gas and the track impact point on the
photodetector, and preventing those photon hits from being included in the clusters.
In the momentum region where enough statistics is available for training, comparable
results are achieved both in the case where only photons produced downstream of the
aerogel tiles are detected and in the case in which upstream photons are also included.
This is expected since the latter configuration provides a larger photon yield without
introducing significant additional background in the low-multiplicity pp environment.
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Figure 4.55: Performance of the gas-based e-ID option using my XGBoost-based algorithm for the
test dataset of pp collisions at /s = 14 TeV assuming SPTR = 100 ps, no DCR, a +2SPTR hit-track
matching cut, an acquisition time gate of 4 ns per sector, trapezoidal photodetector modules, the
bRICH vessel filled with C5F190+CO3, and considering only gas photons emitted downstream of the
aerogel tiles. Score probability distributions for electrons and all other species (top left), integrated
electron-identification purity and efficiency as a function of the threshold on the XGB score (top
right), and electron efficiency (bottom left) and purity (bottom right) as functions of momentum for
a minimum score threshold of 50%.

As for the aerogel-based analysis, the real challenge arises in central Pb—Pb collisions,
especially under high-DCR operation, as detailed in the following section.

4.8.5 Results in Pb-Pb collisions

In this section, I report the results for the gas-based e-ID performance achieved with
my XGBoost-based algorithm for the test dataset of central (0-5%) Pb-Pb at |/syny =
5.52 TeV assuming an acquisition time gate of 4 ns per sector, a SPTR of 100 ps, a
+2 SPTR hit-track matching cut, and the limiting cases of no DCR, to study correlated
background, and 1 MHz/mm? for the trapezoidal photodetector module layout.
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Figure 4.56: Performance of the gas-based e-ID option using my XGBoost-based algorithm for the
test dataset of central (0-5%) Pb-Pb collisions at /sy = 5.52 TeV assuming SPTR = 100 ps, a
+2SPTR hit-track matching cut, no DCR, an acquisition time gate of 4 ns per sector, trapezoidal
photodetector modules, the bRICH vessel filled with C5F;170+COs, and considering gas photons
emitted both upstream and downstream of the aerogel tiles. Score probability distributions for
electrons and all other species (top left), integrated electron-identification purity and efliciency as
a function of the threshold on the XGB score (top right), and electron efficiency (bottom left) and
purity (bottom right) as functions of momentum for a minimum score threshold of 50%.

Figs. 4.56 and 4.57 show the results for the configuration in which gas photons emitted
both upstream and downstream of the aerogel radiator tiles are detected for the cases
with no DCR and a DCR = 1 MHz/mm?, respectively. The panel layout is identical
to that of Figs. 4.54 and 4.55 relative to the pp case.

The corresponding results for the configuration in which only gas photons emitted
downstream of the aerogel radiator tiles are detected are shown in Figs. 4.58 and 4.59.
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Figure 4.57: Performance of the gas-based e-ID option using my XGBoost-based algorithm for the
test dataset of central (0-5%) Pb-Pb collisions at /sy = 5.52 TeV assuming SPTR = 100 ps, a
+2SPTR hit-track matching cut, DCR = 1 MHz/mm?, an acquisition time gate of 4 ns per sector,
trapezoidal photodetector modules, the bRICH vessel filled with C5F19O+CO3, and considering gas
photons emitted both upstream and downstream of the aerogel tiles. Score probability distributions
for electrons and all other species (top left), integrated electron-identification purity and efficiency as
a function of the threshold on the XGB score (top right), and electron efficiency (bottom left) and
purity (bottom right) as functions of momentum for a minimum score threshold of 50%.

Performance without DCR

From the plots of efficiency and purity versus momentum, with DCR = 0 and a 50%
score threshold, e-ID efficiencies and purities above 90% are achieved up to 2 GeV /¢,
and above 80% up to 4 GeV/c. The larger efficiencies observed below 1 GeV /¢ arise
from the effective suppression of correlated background using the £2 SPTR hit-track
time matching cut. In this momentum range, electrons have velocity g — 1, while
other species with smaller S result in hit times that are naturally separated, which
limits random clustering of background hits from different tracks and preserves purity.
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Figure 4.58: Performance of the gas-based e-ID option using my XGBoost-based algorithm for the
test dataset of central (0-5%) Pb-Pb collisions at /sy = 5.52 TeV assuming SPTR = 100 ps, a
+2SPTR hit-track matching cut, no DCR, an acquisition time gate of 4 ns per sector, trapezoidal
photodetector modules, the bRICH vessel filled with C5F100O+CO3, and considering only gas photons
emitted downstream of the aerogel tiles. Score probability distributions for electrons and all other
species (top left), integrated electron-identification purity and efficiency as a function of the threshold
on the XGB score (top right), and electron efficiency (bottom left) and purity (bottom right) as
functions of momentum for a minimum score threshold of 50%.

At higher momenta, § — 1 also for other species, the nominal time differences shrink,
and the timing cut becomes less effective at rejecting correlated background.

The probability distributions show the expected trade-off between efficiency and pu-
rity varying the score threshold. Increasing the threshold raises purity at the cost of
efficiency, while decreasing the threshold raises efficiency at the cost of purity.

Above 4 GeV/c the efficiency progressively decreases because p and 7t are above the
Cherenkov threshold in gas and can produce clusters similar to those of e. Given the
small e fraction compared with other species, the classifier tends to label some true
e as 7t in this regime, losing efficiency. The fluctuations observed at high momentum
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Figure 4.59: Performance of the gas-based e-ID option using my XGBoost-based algorithm for the
test dataset of central (0-5%) Pb-Pb collisions at \/syn = 5.52 TeV assuming SPTR = 100 ps, a
+2SPTR hit-track matching cut, DCR = 1 MHz/mm?, an acquisition time gate of 4 ns per sector,
trapezoidal photodetector modules, the bRICH vessel filled with C5F;7O+CO3, and considering only
gas photons emitted downstream of the aerogel tiles. Score probability distributions for electrons
and all other species (top left), integrated electron-identification purity and efficiency as a function of
the threshold on the XGB score (top right), and electron efficiency (bottom left) and purity (bottom
right) as functions of momentum for a minimum score threshold of 50%.

are due to limited electron statistics in the 5k events used in this study.

Across the full momentum range, the efficiencies and purities for all species other than
electrons are about unity. Tracks from these species are rarely tagged as electrons,
which preserves high efficiency. Moreover, even if a fraction of electrons is classified as
other species, their low abundance (~ 0.3%) makes the impact on purity negligible.

With DCR = 0, background arises from correlated hits due to primary tracks, including
Cherenkov photons produced in aerogel, and from secondaries generated in material.
The excellent efficiencies and purities indicate that the pre-filtering of aerogel photons
effectively suppresses the background from unscattered aerogel signal photons.
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Performance with DCR = 1 MHz/mm?

When considering the worst case scenario with a DCR of 1 MHz/mm?, both effi-
ciency and purity are systematically reduced. Nevertheless, within the full bRICH
acceptance, efficiencies and purities remain above 80% below 4 GeV /¢, with a momen-
tum integrated purity and efficiency of about 90%. The largest losses appear below
1 GeV/c. This is expected, since the uniformly distributed in space and time DCR
affects all tracks within the £2 SPTR hit-track time matching window. Maintaining a
SPTR no worse than 100 ps is thus crucial to prevent random clustering of background
hits and to ensure optimal e-ID with the expected multiplicity and DCR.

Impact of photons produced upstream of the aerogel tiles

Slightly worse performances are achieved in the configuration in which gas photons
emitted both upstream and downstream are detected relative to the configuration in
which only downstream photons are detected for the considered central Pb-Pb events.

This is partly due to training limitations, since the variable electron cluster size within
the same sector depending on the track entrance region in the bRICH vessel requires
much more statistics to fully learn the topology of the electron clusters relative to the
case where only photons produced downstream of the aerogel tiles are detected.

In addition, although larger clusters can occur for certain track entrance regions en-
abling the collection of all gas photons, the absence of any focusing optics causes
upstream emitted photons to strike SiPMs at larger distances from the track, extend-
ing the cluster with sparse hits over a wider fiducial area. Extra hits in the peripheral
regions of the clusters result in patterns also found for non-electron tracks due to back-
ground hits from other tracks or the SiPM DCR, thus affecting efficiency and purity.

Because of additional Rayleigh scattering in aerogel for photons emitted upstream of
the tile, which must traverse the full thickness of the tile, these extra photons in Pb-Pb
events provide little net benefit for electron identification. Therefore, the results shown
here indicate that operating with only photons emitted downstream of the aerogel tiles
and absorbing upstream photons seems to be the optimal design choice.

4.9 Dielectron efficiency vs mee and pr ee

One of the main physics contributions of the bRICH in ALICE 3 is the reconstruction
of dielectrons originating from virtual photons emitted throughout all stages of Pb—Pb
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collisions. These electromagnetic probes enable measurements of the time evolution of
the QGP temperature and studies of chiral symmetry restoration in the p—a; sector.
As discussed in Section 1.9.1, these analyses require efficient double-differential ete™
measurements in (Mee, Prec) With robust particle identification for me, < 4 GeV/c?
and pre < 3 GeV/c, while keeping contamination, dominated by pions, as low as
possible. Using the ALICE 3 iTOF and oTOF alone provides limited reach, effectively
constraining the sensitivity to me. < 0.7 GeV/c? and pre. < 0.7 GeV/c even with
the ideal 20 ps time resolution. The identification capabilities provided by the bRICH
with aerogel rings and gas clusters are thus mandatory to achieve the target coverage.

In this section I present results obtained with a dedicated fast-simulation tool T de-
veloped to map the dielectron selection efficiency, requiring both et and e~ to be
identified, as a function of (Mee, Pree) using the efficiency curves relative to central
(0-5%) Pb-Pb at \/snyy = 5.52 TeV obtained in the full simulation framework.

To ensure coverage of dielectron pairs with one hard and one very soft electron, or
with both electrons soft, which may not enter the bRICH acceptance, the iTOF and
0TOF remain essential. I therefore quantified the performance of each subsystem
alone, requiring both e™ and e~ to be identified by that single subsystem, to highlight
intrinsic limitations, and then evaluated the combined performance by accepting pairs
when each track is identified by at least one of bRICH aerogel, bRICH gas, iTOF, or
oTOF, thereby illustrating their complementarity:.

4.9.1 Simulation strategy

The simulation workflow used in this dielectron study includes the following steps.

e Iscanned the dielectron phase space in (1mee, Pree) by generating virtual photons
with fixed (Mee, pree) and rapidity ye. sampled uniformly in [—-2,2], with cor-
responding pseudorapidity 7... They were then decayed to ete™ with standard
two body kinematics, providing the pr and 7 of each daughter electron.

e [ propagated each daughter through the detectors accounting for the ALICE 3
baseline 2 T solenoidal magnetic field and evaluated whether the track entered
the acceptance of the PID subsystems, namely the iTOF, oTOF and bRICH. If

a track entered a subsystem I applied particle identification for that subsystem.

e ForiTOF and oTOF I assumed the ALICE 3 target time resolution oror = 20 ps.
I classified a track as an electron only when its measured time-of-flight, including
the Gaussian spread due to oror, was consistent with the e hypothesis within
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3oror and differed from the 7t hypothesis by more than 3 orop, independently
of event multiplicity. This ideal TOF performance was chosen to best highlight
the bRICH contribution to this physics channel.

e For the bRICH, I used the full-simulation single-electron efficiency curves for
central (0-5%) Pb-Pb collisions at \/syy = 5.52 TeV with DCR = 1 MHz/mm?
and SPTR = 100 ps, considering both aerogel and the gas option, and employing
my XGBoost-based PID algorithms for aerogel and gas signals. For each track
I drew a uniform random number in [0, 1] and tagged the track as an electron
when the number was smaller than the efficiency value at the track pr and 7.

e [ evaluated the counts of correctly tagged events both at the single subsystem
level, by requiring both e™ and e~ to be identified by the same subsystem, and at
the combined level, by accepting pairs when each track was identified by at least
one of bRICH aerogel, bRICH gas, iTOF, or oTOF. Counts were normalized to
the accepted events to get the final efficiencies in each (Mee, Pree) bin.

For the bRICH, I tested both the reference trapezoidal photodetector layout and the
rectangular 17 x 18 cm? module layout, using the aerogel-ring and gas-cluster infor-
mation. For both module layouts, I modelled the aerogel response with the efficiency
curves specifically obtained for the considered configuration, while for gas signals I
first required the track to fall within a photodetector module, leaving tracks hitting
regions beyond the module boundaries untagged. For tracks satisfying this geometric
requirement, I applied the same gas-efficiency curves as in the trapezoidal layout.

4.9.2 Results

In the following I present dielectron efficiency results across (Mee, P ce), including the
iTOF and oTOF only, the standalone contribution of the bRICH with the information
on aerogel rings and gas clusters, and their combination to reach the target coverage.
For the bRICH I compare the performance obtained with the trapezoidal photodetector
module layout with that of the rectangular 17 x 18 cm? module layout, focusing on
the associated efficiency losses and their kinematic dependence.

Dielectron efficiency with iTOF and oTOF

Fig. 4.60 shows the simulated dielectron pair efficiency as functions of me. and pr e
using TOF PID. The top-left panel requires both e* and e~ identified by the iTOF. The
top-right panel requires both identified by the oTOF. The bottom-left panel accepts
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Figure 4.60: Simulated dielectron efficiency versus mee and pree for central (0-5%) Pb-Pb at
V/SNN = 5.52 TeV. The top-left panel requires both e* and e to be identified by the iTOF. The
top-right panel requires both e™ and e~ to be identified by the oTOF. The bottom-left panel accepts
pairs when each track is identified as an electron by either the iTOF or the oTOF. The bottom-right
panel shows the corresponding projections for pr e = 1,2, 3,4 GeV/c.

pairs when each track is identified as an electron by either the iTOF or the oTOF.
The bottom-right panel reports the corresponding one-dimensional efficiency curves for
Pree = 1,2,3,4 GeV//c for the OR selection. As expected, TOF systems alone provide
useful coverage primarily in the region me < 0.7 GeV/c? and pre. < 0.7 GeV/e.

~

Dielectron efficiency with bRICH aerogel rings and gas clusters

Figs. 4.61 and 4.62 show the contribution of the bRICH for the trapezoidal photode-
tector module layout and for the rectangular 17 x 18 cm? module layout, respectively.
In each figure, the top-left panel requires both e™ and e~ identified by bRICH using
aerogel only. The top-right panel requires both identified using gas clusters only. The
middle-left panel accepts pairs when each track is identified by at least one of bRICH
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aerogel, iTOF, or oTOF. The middle-right panel accepts pairs when each track is
identified by at least one of bRICH aerogel, bRICH gas, iTOF, or oTOF. The bottom
panels show the one-dimensional efficiency for pr.. = 1,2,3 and 4 GeV /c.

Considering aerogel only or gas only for the identification of both tracks, the bRICH
extends the PID reach up to about 3 GeV/c for me. and pre with aerogel and up
to about 5 GeV/c with gas. However, the region near me, — 0, especially at large
DT ee, Temains poorly covered since the pairs in this region often include one hard and
one soft electron, with the soft one failing to enter the bRICH acceptance. These soft
electrons are efficiently recovered by iTOF and oTOF. Combining the iTOF, oTOF
and bRICH thus ensures an almost symmetrical coverage in both me. and pr ee.

Using both the aerogel ring and the gas cluster information is particularly effective
below about 2 GeV/c at the single electron level, where the two observables provide
efficient and largely independent separation power. The 1D curves of the dielectron
efficiency as a function of me. at fixed pre. in Figs. 4.61 and 4.62 best highlight the
strong impact of the gas information on the target (mee, prce) reach.

Rectangular 17 X 18 cm? versus trapezoidal photodetector module layout

To quantify the performance loss with the rectangular module layout, Fig. 4.63 shows
the ratios of the dielectron efficiencies obtained with the rectangular 17 x 18 cm? layout
to those with the ideal trapezoidal layout, for the same set of selections described above.

From the ratio maps and curves, one observes a systematic efficiency reduction for
both the aerogel and gas signals due to the extra dead regions within the trapezoidal
frames housing each rectangular photodetector module relative to the ideal coverage of
the trapezoidal module layout, as shown in Fig. 3.7. The nearly flat 2D ratio of about
74% in the gas only case is consistent, to first order, with the square of the rectangular
photodetector module single track acceptance integrated over the full 7 range covered
by the bRICH, which is about 86%, since both e* and e~ must be detected.

Nevertheless, combining iTOF, oTOF, bRICH aerogel, and bRICH gas information,
an overall efficiency larger than 75% is observed in the full (mee, pree) range up to
5 GeV/c? and 4 GeV /c, respectively, for the rectangular 17 x 18 ¢cm? module layout
relative to the trapezoidal one. Both configurations provide the required PID capabili-
ties for dielectron measurements. Since comparable purity is expected under the same
operating conditions, and considering the advantages in the reduced overall SiPM area,
modularity, and integration, these results indicate that the rectangular option is a ro-
bust and physically viable choice for dielectron studies despite its lower acceptance.
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Figure 4.61: Simulated dielectron efficiency versus mee and pree for central (0-5%) Pb-Pb at
V3NN = 5.52 TeV assuming SPTR = 100 ps, DCR = 1 MHz/ mm?, trapezoidal photodetector modules
and the bRICH vessel filled with C5F;00O-+CO3. The top panels require both et and e~ identified
by the bRICH using only the aerogel rings (left) and only gas clusters (right). The middle-left panel
accepts pairs when each track is identified by at least one of bRICH aerogel, iTOF, or oTOF. The
middle-right panel accepts pairs when each track is identified by at least one of bRICH aerogel, bRICH
gas, iTOF, or oTOF. The bottom panels show the 1D projections for pre. = 1,2,3,4 GeV/c.
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Figure 4.62: Simulated dielectron efficiency versus mee and pr . for central (0-5%) Pb-Pb at
V/SnN = 5.52 TeV assuming SPTR = 100 ps, DCR = 1 MHz/mm?, rectangular 17 x 18 cm? modules
and the bRICH vessel filled with C5F;0O-+CO3. The top panels require both et and e~ identified
by the bRICH using only the aerogel rings (left) and only gas clusters (right). The middle-left panel
accepts pairs when each track is identified by at least one of bRICH aerogel, iTOF, or oTOF. The
middle-right panel accepts pairs when each track is identified by at least one of bRICH aerogel, bRICH
gas, iTOF, or oTOF. The bottom panels show the 1D projections for pr e = 1,2,3,4 GeV/ec.
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Figure 4.63: Ratios of the dielectron efficiency with the rectangular 17 x 18 cm? bRICH photodetec-
tor layout relative to that with the ideal trapezoidal layout, shown versus me. and pr e, for central
(0-5%) Pb-Pb at \/snn = 5.52 TeV assuming SPTR = 100 ps and DCR = 1 MHz/mm?. The top-left
panel requires both e™ and e~ identified by the bRICH using only the aerogel signal. The top-right
panel requires both identified by the bRICH using gas clusters only. The middle-left panel accepts
pairs when each track is identified by at least one of bRICH aerogel, iTOF, or oTOF. The middle-
right panel accepts pairs when each track is identified by at least one of bRICH aerogel, bRICH gas,
iTOF, or oTOF. The bottom panels show the 1D projections for pre. = 1,2,3,4 GeV/c.
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4.10 D= K nt efficiency vs pr and n

A significant contribution of the bRICH to the ALICE 3 physics programme is the
identification of decay products of high-pr hadrons, which is crucial, for instance, for
measuring azimuthal correlations between heavy-flavour hadrons, such as DODO, as
discussed in Section 1.9.3. These measurements require high D purity up to and
beyond pr = 4 GeV /¢, as indicated in the left panel of Fig. 1.14.

In this section I report a preliminary study of the D° efficiency in the decay channel
D? — K~mr" in pp collisions for the rectangular 17 x 18 cm? bRICH photodetector
layout. The goal is to quantify the impact of the bRICH and its interplay with the
iTOF and oTOF, which remain mandatory for kaon identification at momenta p <
2 GeV/c, i.e. below the Cherenkov threshold in aerogel. For the results reported
here, I performed particle identification using the bRICH probability cuts chosen to
maximize the overall efficiency x purity for 71/K separation.

To map the D° (5, pr) phase space, I generated D events with the decay fixed to K7+
and propagated the daughters through the ALICE 3 apparatus. I accepted events in
which both K~ and 7™ enter the bRICH, embedded the corresponding simulated hits
with hits from a dataset of pp events to include the corresponding background, and
then applied PID selections for the iTOF, oTOF, and bRICH systems.

For the TOF I assumed a target time resolution of opor = 20 ps and classified a track
as 7t or K when its measured time-of-flight was consistent with that hypothesis within
3oror and differed from the alternative hypothesis by more than 3 oror. For the
bRICH T used my XGBoost-based PID algorithm trained on pp at /s = 14 TeV. 1
evaluated the DO efficiency as the fraction of parent D° for which both daughters were
identified, either by the same subsystem or by at least one of them.

Fig. 4.64 shows the reconstructed Cherenkov-angle distributions for the daughter K~
and 7" as a function of momentum using the Hough transform, together with the
parent DY identification efficiency as a function of 1 and py for the bRICH alone,
iTOF+0TOF, and the combined iTOF+0oTOF-+bRICH configuration.
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Figure 4.64: D° — K~ 7t: reconstructed Cherenkov-angle distributions for the daughter tracks as
a function of momentum using the Hough transform (top left), together with the resulting parent
DY identification efficiency versus 7 and pt for bRICH alone (top right), iTOF+oTOF (bottom left),
and the combined iTOF+0TOF+bRICH configuration (bottom right).

As expected, the bRICH alone yields limited overall efficiency due to events where the
daughter K~ has momentum below the aerogel threshold, p < 2 GeV/c. The iTOF
and oTOF identify these tracks efficiently, providing high overall D° efficiency up to
pr =~ 3.5-4 GeV/c at n = 0, with lower reach at larger |n|. Only the combination
with the bRICH, which extends coverage to high-momentum pions and kaons, enables
efficient DY identification up to about 14-15 GeV/c at n = 0 and about 4 GeV/c as
In| — 2 with minimum contamination, as required for the correlation measurements.

Although a slight degradation is expected in the high-multiplicity environment of
Pb—Pb collisions, these results highlight the strong contribution that the proposed
bRICH can offer to the ALICE 3 physics programme.



Chapter 5

SiPM ageing in ALICE 3

Due to the limited radiation tolerance of the SiPMs, it is crucial to ensure their opera-
tion within a DCR safety limit of approximately 1 MHz/mm? at the expected fluences
of order 10! 1-MeV n.,/cm? in the bRICH to guarantee stable and reliable detector
performance throughout the ALICE 3 lifetime. This limit is derived from a com-
bined analysis of the SiPM recovery characteristics and the operational constraints
of the reference front-end, the DENEB ASIC. In particular, the conversion times of
the TDCs, the available data bandwidth, and their impact on pattern recognition and
particle identification performance have been considered. Operating within this DCR
threshold is therefore essential to maintain the efficiency and accuracy of the detector,
ultimately determining the achievable physics reach of the system.

In this context, I performed characterization measurements of Hamamatsu SiPM ar-
rays irradiated up to fluences of 10'? 1-MeV n.,/cm? aimed at quantifying the scaling
of DCR with fluence and its mitigation through cooling and annealing. Based on these
results, I constructed a SiPM ageing model describing the progressive DCR increase
with integrated luminosity and its mitigation under various operating conditions.

5.1 SiPM DCR measurements

In order to develop a realistic scaling model for the DCR as a function of fluence,
and a bRICH SiPM ageing model for the reference devices used in my design study,
accounting for both cooling and annealing, I performed dedicated characterization
measurements. Specifically, I extrapolated the DCR of five 8 x 8 Hamamatsu S13361
series arrays made of 2 x 2 mm? SiPMs irradiated with neutrons at the TRIGA re-
actor at JSI in Ljubljana [120], up to fluences of 10'* 1-MeV n.,/cm?. Measurements
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were performed down to -60°C, with annealing up to 70°C. The target operation
and annealing temperatures were achieved using a Climats EXCAL 1423-HA climatic
chamber [121]. The specifications of the tested SiPM arrays and their annealing his-
tory, the measurement procedures and DCR extrapolation, and the resulting DCR
scaling and SiPM ageing models are detailed in the following.

5.1.1 Tested SiPM arrays

Five 8 x 8 Hamamatsu S13361-2050AE-08 arrays [90] made of 2 x 2 mm? SiPMs with
a microcell pitch of 50 pm and mounting epoxy resin were tested. In the following, the
arrays are identified by their serial numbers: S438, S439, S440, S441, and S442. Arrays
S441 and S442 were not irradiated to serve as references, while arrays S439, S438, and
S440 were irradiated to fluences of 10'°, 10!, and 10'? 1-MeV n,,/cm?, respectively.

5.1.2 History of irradiated arrays

Documenting the post-irradiation history of the arrays is essential to account for pas-
sive annealing and to quantify the impact of subsequent active annealing.

Arrays S439, S438, and S440 were irradiated to their target fluences at the TRIGA
reactor at JSI in Ljubljana [120] in July 2024. One week later, the first set of mea-
surements on all five arrays was performed at room temperature (7" = 25°C). For
the three irradiated samples, a ~20% reduction in DCR relative to the immediately
post-irradiation condition is already expected from the literature [122].

Between September and October 2024, arrays S439, S438 and S440 were kept at room
temperature for about one month during additional characterization and beam tests, a
period over which a 40-50% DCR decrease relative to the immediately post-irradiation
state is expected. The arrays were then stored in a freezer at -20°C, where annealing
is expected to be negligible, until February 2025, when I performed a second DCR
measurement campaign, scanning the temperature range from 20°C down to -40°C
using a Climats EXCAL 1423-HA climatic chamber [121].

Subsequently, S439, S438, and S440 were again kept at -20°C until May 2025, when I
repeated the DCR measurements prior to active annealing at 70°C for a total of 611 h.
DCR measurements were taken after 135 h and again at the end of the 611 h anneal,

after which the arrays were returned to -20°C for storage. In this final campaign,
temperatures were extended down to -60°C for S439 and to -40°C for S438 and S440.
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5.1.3 Measurement method

The set-up for characterization measurements is shown in Fig. 5.1. The arrays were
placed inside the climatic chamber mounted on dedicated PCBs providing access to
the individual SiPMs with cables routed through a sealed feedthrough and connected
to an iseg SHR Series High Precision HV Source Measuring Unit [123]. For each array
and operation temperature, I measured the reverse current I., of each SiPM as a
function of the reverse bias voltage Vijas.

The measured current I.., accounts for both the leakage current [, and the bulk
current Iq,, according to the relation:

]rev - Ileak + ]dark (51)

For the determination of the breakdown voltage V4 of each measured channel of the
considered arrays at each temperature I used the method of the Inverse Logarithmic
Derivative [124]. From the measured I-V curves, I estimated the leakage component
Lok by fitting the pre-breakdown region with a constant, and I obtained I4. by
subtraction relative to the measured I,.,. I then computed the DCR at V, as:

Tgark

DCR(1+CN) = ek (5.2)
where ¢ is the elementary charge and G is the gain at the operating overvoltage V..
The factor (1 + CN) accounts for correlated-noise contributions in addition to primary
dark counts. For the measurements reported in the following, I did not disentangle
(1 + CN) from the DCR, and I report only their product DCR (1 + CN). For all
my calculations, I used the nominal gain of the considered arrays at the operation
overvoltage [90], and I assumed that the gain associated with each dark count is
independent of fluence. This assumption proved to be reasonable for all tested arrays
and operating temperatures, except for array S440 irradiated to 10'? 1-MeV n,/cm?
operated at room temperature. In that case, the very high DCR causes pile-up of
multiple dark count events occurring in the same microcell before it fully recharges,
reducing the effective gain and consequently leading to an underestimation of the DCR.

5.1.4 Results

The main results on the scaling of DCR with fluence and its mitigation through cooling
and annealing based on my measurements are detailed in the following subsections.
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Figure 5.1: Setup for SiPM DCR studies with cooling and annealing. Top left: SiPM array mounted
on a dedicated PCB providing access to individual channels. Top right: Arrays placed inside the
climatic chamber, with SiPM signal and temperature-sensor routed outside the chamber through
a sealed feedthrough. Bottom left: Full setup with climatic chamber and HV source-measure unit
during data-taking. Bottom right: Annealing of the irradiated arrays at 70°C in the chamber.
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Figure 5.2: Mean reverse current per channel for the five tested arrays (top left), reverse current
ratio of each array to the non-irradiated S441 (top right) and extrapolated DCR(14+CN) (bottom left)
as a function of the overvoltage for data taken at room temperature one week after irradiating arrays
S439, S438, and S440. The bottom-left plot shows a comparison of the extrapolated DCR(1 + CN)
at the different fluences at overvoltages of 2 V, 3 V and 4 V.

DCR scaling with fluence

Fig. 5.2 shows the mean reverse current per channel for the five tested arrays, the
reverse current ratio of each array to the non-irradiated S441, and the extrapolated
DCR(1 + CN) as a function of the V,, . The data were taken at room temperature
in July 2024, one week after irradiating S439, S438, and S440. A comparison of the
extrapolated DCR(1 + CN) at different fluences at V., of 2, 3, and 4 V is also shown.
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Relative to the non-irradiated reference, I observed increases in the mean reverse cur-
rent by a factor of 10% for the sample irradiated to 10'® 1-MeV n.,/cm?, by 10* for
10! 1-MeV ney/cm?, and by 5 x 10* for 10" 1-MeV ne,/cm?. As expected, the response
is linear between 10' and 10" 1-MeV n.,/cm?, while at 10'? the increase is only a
factor of five relative to 10! instead of the expected ten. As discussed in Section 5.1.3,
this deviation is likely due to pile-up of successive dark counts in the same microcell
before full recharge, which lowers the effective gain. Consequently, the DCR obtained
with the procedure in Section 5.1.3 is underestimated at 10'? for operation at 25°C.

The two non-irradiated samples, S441 and S442, feature the same bulk current g,
while a difference in the leakage current ... by about a factor of two is observed.
The resulting DCR(1+CN) is between 60 kHz/mm? and 120 kHz/mm? for operation
at overvoltages between 2 V and 4 V.

The corresponding measured DCR(1+CN) values for the arrays irradiated at 10
and 10" 1-MeV n.q/cm? span the intervals 6-12 and 60-120 MHz/mm?, respectively.
These results show that SiPM operation at room temperature is not feasible in the
ALICE 3 radiation environment. Cooling and annealing are therefore mandatory.

DCR mitigation with cooling

Fig. 5.3 shows the mean reverse current per channel as a function of both the bias
voltage and the overvoltage and the extrapolated DCR(1+CN) as a function of the
overvoltage for the non-irradiated array S441 with measurements taken between -20°C
and 20°C. The resulting DCR(1-+CN) curves at overvoltages between 2 V and 4 V are
also plotted as a function of temperature.

The corresponding plots for array S439, irradiated to 10! 1-MeV ng,/cm?, are shown
in Fig. 5.4. The data were taken in May 2025 after room-temperature annealing and
after 611 h at 70°C in the climatic chamber, with operation down to -60°C.

Independently of the fluence, a decrease in the breakdown voltage consistent with the
nominal 0.054 V/°C was observed. A significant reduction of the DCR, by up to two
orders of magnitude, was observed approaching temperatures below -20°C. To quantify
it, I fitted the DCR(14-CN) curves versus temperature with the function:

DCR(1 + CN) = o 2T=%/T/2 (5.3)

where f is fixed to the maximum operating temperature in the dataset and « is
the corresponding DCR(1 + CN) at T' = /3, while T3/, denotes the temperature drop
required to halve the DCR. I found T, values of about 8.8°C for the SiPMs of the two
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Figure 5.3: Mean reverse current per channel as a function of both the bias voltage (top left) and
the overvoltage (top right) and extrapolated DCR(1+CN) as a function of the overvoltage (bottom
left) for the non-irradiated array S441 between -20°C and 20°C. The bottom-right panel shows the
resulting DCR(1+CN) curves at Vi, between 2 and 4 V plotted versus temperature.

non-irradiated arrays and about 10.7°C for the arrays irradiated to 101 1-MeV n,,/cm?
and 10" 1-MeV ne,/cm?. These values are almost independent of the considered
operating overvoltage. The observed increase by about 2°C in T}, for the irradiated
arrays is consistent with the literature. These values indicate a reduction in DCR(1 +
CN) by about a factor of 167 for the non-irradiated arrays and 65 for the irradiated
arrays when operated at -40°C instead of 25°C. Further mitigation is achieved by
operating the SiPMs at even lower temperatures. For the irradiated arrays, operation
at -60°C yields a reduction by about a factor of 234 relative to 25°C.
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Figure 5.4: Mean reverse current per channel as a function of both the bias voltage (top left) and the
overvoltage (top right) and extrapolated DCR(1+CN) as a function of the overvoltage (bottom left)
for the array irradiated to 10'° 1-MeV n.q/cm? after room-temperature annealing and after 611 h at
70°C in the climatic chamber between -60°C and 25°C. The bottom-right panel shows the resulting
DCR(1+CN) curves at Vo, between 2 and 3 V plotted versus temperature.

DCR mitigation with annealing

Fig. 5.5 shows a comparison of the extrapolated DCR(1 4+ CN) for the tested SiPM
arrays at the different fluences at overvoltages of 2 V and 3 V for operation at 25°C and
-40°C for data collected throughout the annealing history outlined in Section 5.1.2.

I measured DCR(1 + CN) down to 300 kHz/mm?, 3 MHz/mm?, and 30 MHz/mm?
for arrays irradiated to 10', 10", and 10'* 1-MeV n.,/cm?, respectively, when cooled
to -40°C and operated at an overvoltage of 3 V. At an overvoltage of 2 V| the corre-
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Figure 5.5: Comparison of the extrapolated DCR(1+CN) for the tested SiPM arrays at the different
fluences at overvoltages of 2 V (bottom) and 3 V (top) for operation at 25°C (left) and -40°C (right)
for data collected throughout the annealing history outlined in Section 5.1.2.

sponding values are approximately 200 kHz/mm?, 2 MHz/mm?, and 20 MHz/mm?.

It is worth noting that the linear scaling of DCR(1 4+ CN) with fluence is recovered for
the array irradiated to 10" 1-MeV n.,/cm? at -40°C, in contrast to room temperature
where the pile-up of dark counts in the same microcell reduces the effective gain.

Fig. 5.6 shows, for each fluence, the ratios of the extrapolated DCR(1+ CN) at succes-
sive annealing steps, normalized to the value measured one week after irradiation, with

the SiPMs annealed at room temperature, and immediately before the 70°C annealing,
evaluated at 25°C, -5°C, and -40°C for overvoltages of 2 V and 3 V.
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Figure 5.6: Ratios of the extrapolated DCR(1 + CN) for each tested fluence at successive annealing
steps, normalized to the value measured one week after irradiation, with the SIPMs annealed at room
temperature, evaluated at 25°C (top left), and immediately before the 70°C annealing, evaluated at
25°C (top right), -5°C (bottom left), and -40°C (bottom right) for overvoltages of 2 V and 3 V.

I observed a reduction to about 60% of the value measured immediately before the
70°C anneal after 135 hours at 70°C, and to about 45% after 611 hours at 70°C, with
no significant dependence on overvoltage, operating temperature, or fluence. The only
exception is the array irradiated to 10 1-MeV ne,/cm? at 25°C, as discussed above.

The effectiveness of DCR mitigation decreases with the annealing time because anneal-

able defects are removed. Spontaneous annealing at room temperature, with a small
additional contribution from storage at -20°C, already reduced the DCR(1 + CN) to
between 60% and 50% of the value measured one week after irradiation.



SiPM ageing in ALICE 3 212

~
3 1 ¢=6.4,1011Mevneqlcm2 : VUV-H0201935um g 1.47 T T \\HH‘ T T \\HH‘ T T \\HH‘ T T \\\HL
= B T=20°C @ VUV-HD 2019 354 mM0O % L —e— CMS data - Annealing @ 40°C
' 0 NUV-HD-RH 154 m .© Lo i ) o
> 0.9 0 NUV-HD-RH 20um S 1-27 —e— CMS data - Annealing @ 70°C |
t/ O NUV-HD cryo 20p m E r —e— My data - Annealing @ 70°C
— O NUV-HD cryo 40u m o A & measurement @ 25°C, 3V _|
- RGB-HD 20p m —_ L 4
08 - RGB-HD 20 m Enhanced Border 8 = 4
-@  NIR-HD 20, =
oA S os
0.7 <
VUV/NUY 2
© 35/40 pm : 0.6
0.6 o
9w = 04
15/20 pm 8
0.5
E 02
©
0-4 — ll4‘ "|4' I:'" Il‘ —t 4 §007 Lol Lol Lol L
0 10 2x10 3x10 4x10 5x10 b 102 10° 10° 10°
Time [min] Time [min]

Figure 5.7: Left: Dark current decrease for several FBK SiPMs annealed at room temperature as a
function of time, normalised to the value immediately after irradiation. Adapted from [122]. Right:
Mean DCR(1 + CN) reduction extrapolated from my measurements during annealing at 70°C as a
function of time, relative to the state immediately after irradiation, compared with results reported
for Hamamatsu SiPMs based on the same technology [125].

Finally, it must be observed that the values measured one week after irradiation are
underestimated relative to those immediately after irradiation, due to passive anneal-
ing. This effect is well documented in the literature [122] and is illustrated in the left
panel of Fig. 5.7, where the dark current of several FBK SiPMs decreases to about
75% to 85% after one week at room temperature. Taking 80% as a reference, the DCR
reduction I measured after annealing at 70°C, when referred to the state immediately
after irradiation, is consistent with results reported in the literature for other Hama-
matsu SiPMs based on the same technology, as shown in the right panel of Fig. 5.7.
For this comparison, I assumed that the defects that annealed spontaneously during
the extended room-temperature storage would have annealed in a much shorter time
if the arrays had been placed at 70°C immediately after irradiation.

All these measurements show that DCR(1 4+ CN) decreases to about 30% of the value
measured immediately after irradiation after 135 hours at 70°C (about 6 days), and
to about 20% after 611 hours at 70°C (about 25 days).

From these data, a long-term DCR(14+CN) annealing limit around 10% can be foreseen.
For my ALICE 3 bRICH studies, this is useful to develop ageing models that account
for annealing during the months of LHC stops between data-taking periods.
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5.1.5 DCR scaling model with fluence

On the basis of the measurement results discussed in the previous section, I developed
a simple DCR scaling model with fluence, temperature and overvoltage. My baseline
model is based on data collected at -40°C. The model allows the prediction of the SiPM
DCR after collecting a fluence ® for operation at temperature 7" and overvoltage Vi,
using the following equation:

DCR (®,T,V,,) = [DCR (® = 0,T = -40°C, Vy,) + ag ®] - 20H40°CV/ T2 (5.4)

where DCR (® = 0,7 = —40°C,V,,) is the measured DCR for the non-irradiated
arrays operated at —40°C at the considered overvoltage Vi, and T}/, ~ 10.8°C is the
corresponding measured temperature drop required to halve the DCR for the arrays
after irradiation. The coefficient ag was extracted as the slope of a linear fit of the
measured DCR(1 + CN) versus fluence at fixed V,, after correcting the data for the
expected reduction due to annealing prior to measurement. To avoid underestimating
the DCR, I adopted a conservative approach and treated (14 CN) as fully contributing
to the dark counts. I obtained ag ~ 110 - 107 (kHz/mm?) (1-MeV ng,/cm?)~! at
Voy =3V and ag &~ 73 - 1077 (kHz/mm?) (1-MeV ne,/cm?)~! at V,, =2 V.

The DCR increase A DCR for an increase A® in the fluence is then given by:
A DCR (A®,T,V,,) = ag AD - 2T +H0°O)/ D1y (5.5)

Fig. 5.8 shows my model predictions for the DCR as a function of fluence from 10° to
10'? 1-MeV n.q/cm? for operation at -40°C and -60°C at overvoltages of 2 V and 3 V.
The figure also shows the extrapolated long-term annealing limits at 20°C and 70°C,
assumed to reach 40% and 10% of the values measured immediately after irradiation.

5.2 bRICH SiPM ageing model in ALICE 3

From the DCR scaling model discussed above, I developed a SiPM ageing model to
account for the progressive increase of the bRICH SiPM DCR during operation with
the increasing integrated luminosity and its mitigation using annealing.

The ALICE 3 baseline monthly operation schedule for LHC Run 5 is shown in Fig. 5.9.
It includes pp data taking lasting five to seven months per year. Each year a dedicated
one-month heavy-ion period follows. Long technical stops are scheduled between the
end of one year and the start of the next. Shorter technical stops of about one week
each are expected within the data-taking period.
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Figure 5.8: Model predictions for the DCR as a function of fluence from 10° to 10'? 1-MeV nq/cm?
for SiPM operation at -40°C (left) and -60°C (right) at overvoltages of 3 V (top) and 2 V (bottom).

The extrapolated long-term annealing limits at 20°C and 70°C are also shown.
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Figure 5.9: ALICE 3 baseline monthly operation schedule during LHC Run 5.

For my SiPM ageing studies, I considered the ALICE 3 layout without the ECal and
with a reduced magnet radius, as discussed in Section 1.8.6. Table 5.1 summarizes

the expected Total Ionizing Dose (TID) and the corresponding 1-MeV ng,/cm? fluence



215 SiPM ageing in ALICE 3

corresponding to expected Non-lonizing Energy Loss (NIEL) at the target Run 5
luminosities and maximum interaction rate for pp and Pb-Pb collisions, based on
simulations from the ALICE 3 radiation load group.

Max interaction TID NIEL
month Runb

System L £ rate (MHz) (rad)  (1-MeV neq/cm?)
pp 0.5t 18 fb~! 24 1.7x10% 7.5x10M
Pb-Pb 5.6 nb~! 33.6 nb~! 0.093 2.5%102 1.1x10%0

Table 5.1: Expected TID and NIEL at the target Run 5 luminosities and maximum interaction rate
for pp and Pb-Pb collisions resulting from simulation studies by the ALICE 3 radiation load group.

My ageing model is based on the following assumptions:

e Fluence accumulates uniformly during pp and Pb—Pb data taking. The total
fluence expected by the end of Run 5 is distributed across the corresponding
data-taking months, and the DCR increase for each step is given by Eq. 5.5.

e During LHC shutdowns between consecutive years and during technical stops
within data taking (three one-week stops), the bRICH SiPMs are annealed by
forward biasing them through the electronics of the bRICH module.

e For annealing at 70°C, short anneals during technical stops mitigate about 70%
of the incremental damage accumulated since the previous anneal, leaving a
30% residual DCR. Long-term anneals in the months corresponding to the LHC
shutdowns mitigate about 90% of the incremental damage, leaving a 10% DCR
residual relative to the state after the previous long-term anneal.

Fig. 5.10 shows the predictions for the integrated luminosity assuming a 24 MHz
interaction rate during the whole pp period, the corresponding 1-MeV ng,/cm? NIEL
at the bRICH SiPMs, and the expected DCR for operation at -40°C with V,, =3 V
and annealing at 70°C. For comparison, the expected DCR assuming operation only
during the Pb-Pb period is also shown.

Both Table 5.1 and Fig. 5.10 show that most of the SiPM damage comes from pp data
taking and that, without additional mitigation, the DCR would exceed the baseline
1 MHz/mm? bRICH safety level. The pp contribution is almost twenty times larger
than that from Pb-Pb alone, where cooling and annealing would keep the DCR always
below the baseline 1 MHz/mm? bRICH safety level.

Due to ALICE 3 commissioning, operating at a pp interaction rate that increases with
time rather than fixed at the target 24 MHz is also being considered, with 1 MHz in
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Figure 5.10: Predictions for the integrated luminosity assuming a 24 MHz interaction rate during
the whole pp period (top left), the corresponding 1-MeV neq/cm? NIEL at the bRICH SiPMs (top
right), and the expected DCR for operation at -40°C with V,, = 3 V and annealing at 70°C (bottom
left). The expected DCR for operation only during the Pb-Pb period is also shown (bottom right).

the first year, 6 MHz in the second, and 24 MHz in the remaining operational years.
Fig. 5.11 shows my SiPM ageing projection for operation at -40°C with V,, =2 V and
3 V under this scenario. The plots show a significantly lower DCR in the first years,
with values below the 1 MHz/mm? bRICH safety limit, ensuring safer operation during
the corresponding Pb-Pb periods. Operating at V,, = 2 V yields a DCR reduction of
about 30% relative to the 3 V baseline at the cost of a reduced PDE.

A significant DCR reduction can be achieved by operating the SiPMs at a lower tem-
perature relative to the baseline -40°C. The bottom panels of Fig. 5.11 also show my
ageing projection for operation at -60°C with V,, = 3 V and 2 V, and annealing at
70°C. Although this temperature is not compatible with the baseline microchannel bi-
phase CO; cooling, requiring a different implementation of cooling, a DCR reduction
by about a factor of 4 is expected relative to the baseline operation at -40°C.
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Figure 5.11: SiPM ageing projection for operation at -40°C (top) and -60°C (bottom) with Vg, =
3V (left) and 2 V (right), and annealing at 70°C assuming a pp interaction rate of 1 MHz in the first
year, 6 MHz in the second, and 24 MHz in the remaining operational years.

A further and faster mitigation of radiation-damage effects could be achieved by an-
nealing the SiPMs at temperatures higher than the reference 70°C by increasing the
forward-bias voltage applied to the SiIPMs. Annealing at temperatures up to 150°C, as
considered in ongoing studies for the future ePIC dual RICH (dRICH) detector, can
cure up to 97% of the radiation-damage effects [126]. However, despite the encourag-
ing results in terms of DCR mitigation, the risks, including potential damage to the
SiPM modules and documented alteration of the protective resin with a consequent
reduction of the overall PDE, are not negligible and must be addressed properly.

Replacing the baseline 2 x 2 mm? SiPMs with 1 x 1 mm? SiPMs coupled to light
concentrators, as discussed in Section 3.7, raises the reference limit from 1 MHz/mm?
(i.e., 4 MHz per 2x 2 mm? channel) to 4 MHz/mm?, extending the bRICH lifetime by a
further factor of four. Therefore, accounting also for operation at temperatures below
the baseline -40°C and for annealing at temperatures above 70°C, the combination of
these options provides additional margin to mitigate the expected DCR.



Chapter 6

Performance validation in beam tests

Various prototypes of the proposed bRICH configuration were successfully tested on
beam at the CERN-PS T10 facility between 2022 and 2025. In this context, I actively
contributed to the planning of all the beam tests, the design and the characterisation
of the prototypes, data taking, and performed the full data analysis and simulation.

The results of these measurements validated the baseline bRICH design specifications
in terms of expansion gap, aerogel thickness and pixel size, as well as the aerogel
refractive index to achieve the target photon yield, angular resolution and separation
power in the required momentum intervals. From characterization measurements of
the tested aerogel tiles, I found an unexpected systematic gradient of the refractive
index along the tile depth leading to a natural focusing effect improving the angular
resolution. Then, I extracted a single photon angular resolution of about 4.2 mrad
at the Cherenkov angle saturation value of 241.5 mrad with 2 cm thick aerogel tiles
featuring a refractive index of 1.03 and an expansion gap of about 23 cm with the
baseline 2 x 2 mm? pixel size, yielding the target 30 7t/K separation at 10 GeV/c
momentum with as few as ten detected photons per ring. The measurements also
demonstrated that excellent DCR background suppression is achieved using timing.
All the prototypes included SiPM arrays mounted along the beam line coupled with
various window materials, which allowed probing the possibility of achieving charged-
track time resolutions better than 70 ps with a detection efficiency better than 99%.
Measurements also validated the proposed gas-based option for e-ID up to 4 GeV/ec.

This chapter is structured as follows. In Section 6.1 I summarize the features of the
CERN-PS T10 beam line. In Section 6.2 I describe the different tested bRICH pro-
totypes. In Section 6.3 I present the general Cherenkov angle reconstruction strategy
used across all setups. Finally, the main results from the 2022-2023 and 2024-2025
campaigns are discussed in Sections 6.4 and 6.5, respectively.
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Figure 6.1: T10 beam composition at the end of the beam line for positive (left) and negative (right)
particles over the momentum range from 0.5 GeV/c to 11.5 GeV/c. Adapted from [129].

6.1 CERN-PS T10 beam line

The CERN-PS T10 beam line is a secondary beam line at the CERN East Area. It
is driven by 24 GeV /¢ protons slow-extracted from the Proton Synchrotron (PS) over
a period of 0.4 s, with such cycles flexibly scheduled as needed within the overall PS
supercycle. The beam impinges on a beryllium /tungsten target producing secondary
particles [127]. The target consists of a 10 mm diameter and 200 mm length beryllium
rod, housed in a hollow aluminium cylinder with an inner diameter of 11 mm and
an outer diameter of 20 mm. It is capped on the upstream side with a 3 mm-thick
aluminium cap and on the downstream side with a 3 mm-thick tungsten cap. The T10
line consists of a series of magnets transporting secondary charged particles produced
at a vertical production angle of 35 mrad to the experimental zone [128|. Collimators
along the beam line allow for flexible selection of the beam intensity and momentum
spread around the central momentum defined by the magnet settings.

The reference beam composition at the end of the line for positive and negative
particles in the full momentum range, from 0.5 GeV/c to 11.5 GeV/¢, is shown in
Fig. 6.1 [129]. Contributions from minority particle species, such as antiprotons, are
omitted. The positive beam is dominated by electrons at low momenta, by pions at
intermediate momenta, and by protons at the higher momenta. The negative beam is
dominated by electrons at low momenta and by pions at higher momenta.
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Figure 6.2: Schematic of the 2022-2023 prototype (top) and the 2024-2025 prototype (bottom).
6.2 The ALICE 3 RICH prototypes

Two prototypes of the proposed proximity-focusing bRICH configuration were success-
fully tested at the CERN-PS T10 beam line since 2022 [130, 131, 132, 133]. In the
following, they are referred to as the 2022-2023 prototype and the 2024-2025 prototype,
respectively. The corresponding schematic diagrams are shown in Fig. 6.2. All tested
prototypes were based on a cylindrical vessel housing hydrophobic aerogel tiles from
Aerogel Factory Co., Litd. separated by an expansion gap, with thickness varying from
23 to 24 cm in the different prototypes, from a copper plate equipped with SiPM arrays
from Hamamatsu mounted on custom printed circuit boards (PCBs). The vessel was
flushed with a dry gas. Additional arrays for charged-particle timing were installed
along the beam line and mounted on dedicated copper plates with custom PCBs in the
same vessel as the aerogel tile (2022-2023) or in an additional vessel placed upstream
relative to the aerogel one (2024-2025). The SiPM arrays were cooled down to -5°C to
reduce the DCR. The data were collected with a complete chain of front-end and read-
out electronics based on the Petiroc 2A ASIC [134] for the 2022-2023 prototype and
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the Radioroc 2 ASIC [135] coupled with a picoTDC [136] for the 2024-2025 prototype.
For charged-particle tracking, external tracker modules based on plastic scintillating
fibers coupled with SiPM arrays with Petiroc 2A front-end were used. The details on
the tested aerogel tiles and SiPM arrays, the cooling system, gas flushing, the tracking
system and the front-end and readout electronics are reported in the following.

6.2.1 Tested aerogel tiles

Various 11 x 11 cm? aerogel tiles were tested with different refractive indices and thick-
nesses. The main datasets were taken using tiles with n = 1.03 and ¢ = 2cm (LEC4-
1b, LEC4-2a, LEC6-1a, LEC6-2b). Additional runs included a 2 cm tile with n = 1.04
(LEC12-6), two 1cm tiles with n = 1.0299 and 1.0320 (AG23V002 and AG23V004),
and a monolithic dual-layer tile of 1 cm+1cm with n = 1.0300 and 1.0328 (A2407CE).

Prior to the beam tests, I characterised the optical properties of the tiles in terms of
transmittance, transmission length, Rayleigh scattering length, absorption length, and
the refractive index chromatic dispersion and homogeneity. These measurements were
crucial for the interpretation and validation of beam test results with simulations.

6.2.2 Transparency characterization measurements

I measured the linear transmittance in the wavelength interval between 200 nm and
900 nm using an Agilent 900 External Diffuse Reflectance Accessory (DRA) [137] in-
tegrating sphere installed in an Agilent Cary 4000 UV-Vis spectrophotometer [138|.
From the measured forward (or linear) transmittance I extracted the transmission
length A()) by inverting Eq. 2.18 using the thickness of each tile for the path length. I
then performed an Extended Hunt fit [89, 139| to extract the corresponding Rayleigh
scattering length Ag(\) and absorption length Aa()), assuming the A dependence
discussed in Section 2.4.2. Fig. 6.3 shows an example of the measured linear trans-
mittance and the extrapolated transmission, scattering and absorption lengths as a
function of A for tile LEC6-1a in a region directly hit by the beam, denoted as Point 3.
The results for the linear transmittance, transmission length, scattering length, and
absorption length in the same region as a function of A for all tested tiles are reported
in Fig. 6.4. As expected, the dominant limitation to the transparency in the A region
of interest, between about 300 and 700 nm, comes from Rayleigh scattering, with a
measured scattering length at 400 nm between 5 and 6 cm for all tested tiles.



Performance validation in beam tests 222

ml.o,\\\\\\\\\\\\\\\\\\\\\\\\, — rrrryprrrryprrrr [ rrr o rr T Tr T T
o I - £
S 0.9 — 1 L1 o
E S 1 o
€ 08F 1 S S
(2] E J (o)) P
co07F 18 i
s _F —— LEC6-1a-Point3 1 © A/
= 0.6F 4 L 10 -
S F / Extended Hunt fit ERN 2
c 0.5F 4 o 77
3 / 1B 7
0.4¢ X2/ ndf 111.1/597 g - 74
0.3F / A 0.9736 + 0.0003951 6 1= /'/'/ —— Transmission - Point 3 —
r ] " 4 . . .
0.2F B 8.984e-06 + 1.365e-07 | i// Scattering - Point 3 ]
0.1 / C  0.003967 + 1.476e-05 ] / Absorption - Point3 ]
0: \\\\\\\\\\‘\\\\‘\\\\‘\\\\: 10*1\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\
%0 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength [nm] Wavelength [nm]

Figure 6.3: Measured linear transmittance and extended Hunt fit (left), and extrapolated transmis-
sion, scattering, and absorption lengths (right) as functions of A for tile LEC6-1a near the tile centre.

6.2.3 Refractive index characterization measurements

The refractive index of the tested tile was measured with the minimum deviation
method [140, 141] using three Thorlabs laser modules at 405, 532, and 365 nm [142].
Measurements were taken at depths of 3, 10, and 17 mm from a reference face. Fig. 6.5
shows the setup and the mean refractive index obtained by averaging measurements
at the four corners for tiles LEC6-1a and LEC6-2b at fixed depths relative to the
reference face as a function of A and at fixed A\ as a function of depth.

The expected chromatic dispersion, with the refractive index decreasing with the in-
creasing wavelength is observed. At a depth of 3 mm, both tiles show a decrease in
n from about 1.0305 at 405 nm to about 1.0295 at 635 nm. At 17 mm, n decreases
from about 1.0320 to about 1.0305 over the same wavelength range. To extrapolate
a dispersion curve, useful for refined simulation inputs, I fitted the measurements at
each depth with the single-pole Sellmeier function in Eq. 2.17.

The measurements reveal, for both tiles and at all tested wavelengths, a surprising
systematic refractive index gradient across the depth with magnitude up to 0.0015. 1
attributed this effect to density inhomogeneities arising during the fabrication process.
The observed gradient is nonlinear. At 3 mm the index is lower than at 10 mm by
no more than 0.0005, whereas the change at 17 mm reaches values up to 0.0015. This
result is surprising, since with the face featuring the lower index placed upstream with
respect to the impinging charged particles, such a gradient is expected to produce
a "self-focusing" effect reducing the geometric uncertainty in the Cherenkov angle
reconstruction and improving the angular resolution compared with a uniform index.
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Figure 6.4: Transmittance (top left), and transmission (top right), scattering (bottom left) and
absorption lengths (bottom right) of the tested aerogel samples as a function of A near the tile centre.

For most of the beam test measurements, the tiles were mounted in such a config-
uration, confirming the expected focusing effect. To derive refractive index gradient
curves that could be used as simulation inputs to reproduce and validate the data,
with measurements available at only three depths, I parametrized the index at each
wavelength as a quadratic function of depth constrained to pass through the measured
points. Although the present data indicate reproducibility across the measured tiles,
measurements on additional samples are needed to confirm this conclusion.
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Figure 6.5: Top: Photograph (left) and schematic illustration (right) of the setup used for the mea-
surement of aerogel refractive index with the minimum deviation method. Bottom: Mean measured
refractive index of the aerogel tiles LEC6-1a and LECG6-2b at fixed depths relative to the reference
face as a function of A (left) and at fixed A as a function of depth (right).

6.2.4 Aerogel ring SiPM arrays

For the detection of Cherenkov photons produced in the aerogel radiator, SiPM arrays
from Hamamatsu were mounted on the main copper plate of the aerogel vessel.

In the 2022-2023 prototype, the aerogel photon detector consisted of eight Hamamatsu
S13552 linear arrays [143] with 128 SiPMs, each 0.23 x 1.625 mm? in size packaged
with a 0.25 mm linear pitch and a 57.5 x 62.5 pm? microcell pitch. The centres of each
S13552 array were located at a radius of 6.5 cm with respect to the geometric centre
of the system, as shown in Fig. 6.6. The 128 channels of each array were arranged
into 32 groups, each consisting of four adjacent SiPMs (OR-4), through custom PCBs;,
resulting in an effective readout pitch of 1 x 1.625 mm?. The eight arrays provided an
acceptance of about 3% for the aerogel Cherenkov rings at saturation.
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Figure 6.6: Schematic view of the aerogel ring and timing SiPM array positioning on the copper
plate of the aerogel vessel in the 2022-2023 prototype (left) and in the 2024-2025 prototype (right).

In the 2024-2025 prototype the aerogel photon detector was upgraded by replacing the
linear arrays with eight Hamamatsu S13361-2050AE-08 arrays [90] with 8 x 8 SiPMs,
each 2 x 2 mm? in size packaged with a 2.2 x 2.2 mm? pitch and a 50 pm microcell
pitch. From dedicated design studies, I found that the optimal placement of the arrays
was with their centres at a radius of 5.9 cm from the geometric centre of the system,
as shown in Fig. 6.6. The available front-end boards could read out at most five ring
arrays, resulting in an acceptance for saturated aerogel Cherenkov rings of about 25%.

6.2.5 Charged-particle timing SiPM arrays

For charged-particle timing studies, additional SiPM arrays were installed along the
beam line and mounted on dedicated copper plates. In the 2022-2023 prototype, they
were located in the aerogel vessel. In the 2024-2025 prototype, they were deployed in
both the aerogel vessel and an additional upstream vessel. These arrays also provided
additional tracking points, complementing the dedicated tracker modules.

The 2022-2023 prototype included two mounting slots for the central SiPM arrays. One
slot was at the centre of the main copper plate of the aerogel vessel (M1) and another
was on the side opposite the aerogel tile (M0), as shown in the right panel of Fig. 6.6.
A Hamamatsu S13361-3075AE-08 array [75], mounting 8 x 8 SiPMs, each 3 x 3 mm?
in size packaged with a 3.2 x 3.2 mm? pitch and a 75 pm microcell pitch, coupled to
a 1 mm thick fused-silica window via a 100 pm silicone resin layer was kept in the M1



Performance validation in beam tests 226

position. Three different arrays were tested in the MO position. First, a Hamamatsu
S13361-1350AE-08 array |75] with 8 x 8 SiPMs, each 1.3 x 1.3 mm? in size packaged
with a 1.5 x 1.5 mm? pitch and a 50 pm microcell pitch, coupled to a 2 mm thick
fused-silica window via a 100 pm epoxy resin layer. Second, a Hamamatsu S13361-
3075AE-08 array coupled to a 1 mm thick MgFy window via a 100 pm silicone resin
layer. Third, a Hamamatsu S13361-3075AE-08 array without an external window,
relying only on the built-in 100 pm epoxy layer.

In the 2024-2025 prototype, a S13361-3075AE-08 array coupled to a 1 mm thick fused-
silica window via a 100 pm silicone resin layer was kept at the centre of the main
copper plate of the aerogel vessel (N2) as in 2023. Two additional Hamamatsu S13361-
2050AE-08 arrays coupled to a 1 mm thick fused-silica window via a 100 pm epoxy
resin layer (NO and N1) were mounted in another vessel placed upstream relative to
the aerogel one, as shown in the bottom panel of Fig. 6.2. EJ-500 optical cement [144]
was used to glue the windows to the SiPM arrays.

6.2.6 SiPM cooling

The SiPMs in the vessel were cooled to -5°C to reduce the DCR. Cooling was provided
by Peltier cells coupled to a low-temperature water loop. The copper plates on which
the SiPM arrays were assembled served as cold plates. On the side opposite the arrays,
Peltier cells were installed in a sandwich configuration, with thermal paste between the
SiPM cooling plate and a copper cooling block through which water at 5°C, supplied
by a Huber Minichiller 600 [145], was circulated. The resulting cooling system made it
possible to keep the SiPM temperature below 0°C. On the main copper plate carrying
the SiPM arrays aimed at detecting Cherenkov photons produced in the aerogel tiles,
one Peltier module was mounted at each of the four corners. For each array installed
along the beam line, a single Peltier module was mounted on its dedicated copper
plate. Analog temperature sensors TT4-10KC3-T125-M5-500 [146] were assembled on
the edges of the copper plates to monitor their temperature by using a Raspberry Pi
3 with ADS1115 16-bit ADCs [147].

6.2.7 Gas flushing and humidity control

The vessels of the tested prototypes were flushed with Ar to prevent condensation by
keeping the relative humidity below 2.5%, corresponding to a dew point temperature
inside the cylinder of approximately -25°C, significantly lower than the considered
SiPM operation temperature. Humidity sensors SHT31-D [148] were used to monitor
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both the room and the vessel humidity. For the last measurement campaign with
the 2024-2025 prototype, mixtures of COy and C4Fg were used, with a C4F;9 molar
fraction up to 32%, to study the threshold-based option for e-ID enhancement.

6.2.8 Tracking system

For charged-particle tracking, all tested prototypes employed X-Y tracking modules
consisting of staggered arrays of round plastic scintillating fibers coupled to 128-
channel Hamamatsu S13552-series SiPM arrays [143], originally developed by INFN
Bari for space applications [149, 150]. Each module used fibers with diameters of
500 or 750 pm, with either single-ended or dual-ended readout in both the X and Y
views. For the tests of the 2022-2023 prototype, two tracking modules were mounted,
one upstream at 31 cm and one downstream at 94 cm from the median plane of the
2 cm thick aerogel tile. For the tests of the 2024-2025 prototype, the distances were
changed, respectively, to 167 cm and 123 cm. The larger distance of the upstream
tracking module from the aerogel relative to the 2022-2023 setups is due to the pres-
ence of the additional vessel with two SiPM arrays mounted along the beam line for
charged-particle timing. The resulting contribution of the tracking uncertainty on the
angular resolution was evaluated to be smaller than 1 mrad constraining the track
direction with the two tracking modules and the SiPM arrays along the beam line.

6.2.9 Cabling of the SiPMs to the front end

All SiPM arrays were bonded on one side of custom PCBs routing the channels to
Samtec LSHM-120 multi-channel connectors [151] bonded on the opposite side of the
PCBs. For the arrays reading the tracking modules, the Samtec LSHM-120 multi-
channel connectors were connected directly to the Front-End Boards (FEBs) by means
of high-speed 50 Ohm multi-channel Samtec HLCD-20 cables [152|. For the arrays
mounted inside the vessels the Samtec LSHM-120 multi-channel connectors were first
connected to a feed-through PCB connector using Samtec HLCD-20 cables, and then
an additional cable was plugged for each array to route the analogue signals from the
feed-through PCB connector to the FEBs placed outside. The SiPM bias voltages
were provided through four of the HLCD channels by bias modules connected to the
readout boards. The SiPM PCBs were equipped with 1-wire digital temperature sen-
sors DS18B20 [153] routed by means of one HLCD channel.
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Figure 6.7: Picture (left) and block diagram (right) of the Petiroc board. Adapted from [154].

6.2.10 SiPM readout electronics

The data were collected with a complete chain of front-end and readout electronics
based on the Petiroc 2A ASIC [134] for the 2022-2023 prototype and the Radioroc 2
ASIC [135] coupled with a picoTDC [136] for the 2024-2025 prototype. The details on
the boards used for data acquisition are summarised in the following sections.

6.2.11 The Petiroc board

In the 2022-2023 prototype, the readout electronics for the SiPM arrays in the aerogel
vessel and the tracker modules was based on custom front-end boards, hereafter re-
ferred to as Petiroc boards, developed by the Electronics Service of the INFN unit of
Bari [149, 154]|. A picture of the board and its block diagram are shown in Fig. 6.7.

The board is equipped with four Petiroc 2A ASICs developed by Omega-Weeroc [134].
The Petiroc 2A is a 32-channel front-end ASIC providing per-channel arrival time and
charge readout. Each channel integrates a 10-bit analog-to-digital converter (ADC)
for charge measurement and a 10-bit time-to-digital converter (TDC) with 40 ps LSB
for timing. A nominal time jitter smaller than 150 ps FWHM is expected for signals
larger than two p.e. for operation at 0.5 p.e. threshold (ASIC only). Four LSHM-
120 Samtec multi-channel connectors [152] are used to route 32 SiPM signals to each
ASIC. Besides the front-end ASICs, the Petiroc board hosts a CAEN A7585D SiPM
voltage supply module [155] to bias the SiPMs and a Kintex-7 FPGA mounted on a
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Figure 6.8: Example Petiroc 2A ADC counts (left) and fine time counts (right) distributions from
a S13552 array under laser illumination, recorded with the Petiroc board in periodic-trigger mode.

Mercury+ KX2 module [156]. The board and DAQ infrastructure are based on the
MOSAIC system [157]. The FPGA handles the ASICs and trigger configurations as
well as the data acquisition. There are six NIM input and output lines for external
trigger operation and synchronous multi-board operation. The FEB is connected to a
host with TCP /IP network interface through an Ethernet port.

Fig. 6.8 shows representative distributions of ADC counts and fine time counts mea-
sured with a Hamamatsu S13552 SiPM array under laser illumination, acquired with
the Petiroc 2A board in periodic trigger mode. These distributions are then used to
perform charge calibration by identifying the peaks corresponding to photoelectron
equivalent signals in the ADC spectrum, and time calibration by mapping the fine
time counts into sub-bins within the 25 ns window associated with each coarse TDC
count. More details about the calibration method are reported in [149, 150].

6.2.12 The RadioPico board

In the 2024-2025 prototype, the readout electronics for the SiPM arrays in the tracker
modules was still based on the Petiroc boards, while for the arrays in the two vessels
it was based on mezzanines developed by the Electronics Service of the INFN unit of
Bari in collaboration with Weeroc, connected to MOSAIC readout boards [157], here-
after referred to as RadioPico boards. Fig. 6.9 shows a photograph of the RadioPico
board and example input and output signals on the oscilloscope. The corresponding
block diagram is equivalent to that of the Petiroc board in the right panel of Fig. 6.7.
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Figure 6.9: Left: Photograph of the RadioPico board. Right: Waveforms of analog input and Ra-
dioroc 2 discriminator output for a Hamamatsu S13361-3075AE-08 array operated in dark conditions.
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Figure 6.10: Example picoTDC ToA (left) and ToT (right) distributions from a S13361-3075AE-08
SiPM array under laser illumination, recorded with the RadioPico board in periodic-trigger mode.

The board is equipped with one Radioroc 2 ASIC developed by Weeroc [135] coupled
with one picoTDC ASIC developed by CERN [136]. The ASICs have 64 channels,
allowing the readout of an 8 x 8 SiPM array with each board. Two LSHM-120 Samtec
multi-channel connectors are used to route 32 SiPMs each to the Radioroc 2 ASIC. In
the RadioPico board, the signals entering Radioroc 2 are fed to the time-preamplifier
and discriminated by setting a threshold. The ASIC is configured to provide a dif-
ferential output digital signal of each input channel, with an expected jitter as low
as 35 ps FWHM on a single p.e. (ASIC only). This signal is fed as input to the
picoTDC ASIC, working with a 40 MHz differential clock provided through dedicated
SMA connectors, enabling an LSB as low as 3.05 ps. At each external trigger occur-
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rence, a match between the trigger, with a programmable latency, and a hit is detected
within a programmable time window, where all digital signals, i.e. hits, registered by
the picoTDC are acquired by the FEB-MOSAIC system. Besides the mezzanine with
the front-end ASICs, the RadioPico board hosts a Xilinx Artix-7 FPGA handling the
ASICs and trigger configurations as well as the data acquisition. There are NIM input
lines for external trigger and spill signals, and an output line for a single-ended copy
of the clock with LEMO connectors. The FEB is connected to a host with TCP/IP
network interface through an Ethernet port. External bias to the SiPMs is provided by
a CAEN A7585D module through an additional LEMO connector on the mezzanine.

For all characterization and beam test measurements discussed in this chapter, the pi-
coTDC was configured to operate in time-over-threshold mode to measure time of ar-
rival (ToA) with an LSB of 3.05 ps and 16-bit resolution, and time over threshold (ToT)
with an LSB of 195.31 ps and 11-bit resolution. From the latter, it was possible to count
the number of photoelectrons, as shown in Fig. 6.10 for SiPM characterization studies
under laser illumination in periodic-trigger mode. The acquisition was performed by
operating picoTDC in triggered mode and setting an acquisition time window of 200 ns.

Fig. 6.10 shows examples of the picoTDC ToA and ToT distributions measured with
a Hamamatsu S13361-3075AE—-08 SiPM array under laser illumination, acquired with
the RadioPico board in periodic-trigger mode. The peaks in the ToT distribution
associated with the increasing number of photoelectrons are clearly resolved.

6.3 Cherenkov angle reconstruction strategy

For Cherenkov angle reconstruction with beam test measurements, I implemented a
Cherenkov angle reconstruction algorithm based on the one used for the simulation
studies discussed in Section 4.3.1. The reconstruction requires the photon hit point on
the SiPM arrays, the most probable emission point in the aerogel tile and the track
direction at that point. The details on the steps performed for the alignment, charged-
particle tracking to the most probable emission point in the aerogel tile and the final
single hit angle reconstruction are reported in Appendix C.

6.4 Beam test of the 2022-2023 prototype

The 2022-2023 prototype was tested on beam in a two-week period in October 2022
and in a two-week period between September and October 2023. The setup for the
beam test of the 2022-2023 prototype is shown in Fig. 6.11. The positions of the
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Exm

Figure 6.11: Photograph of the 2022-2023 beam test setup. The beam direction and the positions
of the two arrays in the RICH vessel, MO and M1, and the tracker modules, T0 and T1, are indicated.

central arrays, MO and M1, and the tracker modules, TO and T1, are indicated.

The left panel of Fig. 6.12 shows a photograph of the copper plate of the 2022-2023 pro-
totype instrumented with the eight Hamamatsu S13552 linear arrays covering the aero-
gel ring region and the central S13361-3075AE-08 array, M1, coupled with a 1 mm thick
SiO, window. The right panel of Fig. 6.12 shows a photograph of the upstream copper
plate with the S13361-1350AE-08 array, M0, coupled with a 2 mm thick SiOy window.

The left panel of Fig. 6.13 shows the inside of the RICH vessel with the aerogel and
the upstream copper plate mounted inside. The two corresponding Samtec HLCD-
20 cables as well as the cables of the Peltier cell and the temperature sensor extend
through the length of the vessel and are routed to the feed-through board mounted on
the side of the main copper plate. The aerogel tile is mounted in a holder fixed by a
retaining pin at a distance of 23.0 cm from the surface of the ring arrays.

The right panel of Fig. 6.13 shows the stack of the four Petiroc boards used for data
acquisition: one board for the four ASICs reading the two central arrays, MO and M1,
two for the eight ASICs reading the ring arrays, and one for the four ASICs reading
the S13552 arrays covering the X-Y views of the two tracker modules, TO and T1.
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).

Figure 6.12: Photographs of copper plates in the RICH vessel of the 2022-2023 setup. Left: Main
copper plate instrumented with eight Hamamatsu S13552 linear arrays covering the expected aerogel
ring region, and a central S13361-3075AE-08 array coupled with a 1 mm thick fused silica win-
dow (M1). Right: Upstream copper plate instrumented with a central S13361-1350AE-08 array
coupled with a 2 mm thick fused silica window.

6.4.1 Trigger and DAQ system

The signals from the CERN-PS T10 beam scintillator, validated in the beam spill
window, were used for external triggering. The trigger was distributed to the four
Petiroc boards. The full data acquisition (DAQ) chain for the 2022-2023 prototype is
shown in Fig. 6.14. The Petiroc boards were operated in a master-slave configuration.
In particular, the beam trigger was sent to the Petiroc board serving the two tracker
modules. This master board distributed the trigger, the event tag, and a 40 MHz
clock to the boards reading out the arrays within the aerogel vessel in a daisy-chain
configuration. For each trigger event, a 550 ns time window for data acquisition was
opened. Within this time window, the system recorded the fired channels, along with
their ADC and TDC readings. Communication with the boards used the TCP/IP
protocol. Data were transferred over Ethernet to the acquisition PC for offline analysis.

6.4.2 Collected data

Data taking with the 2022-2023 prototype was mainly carried out with the negatively
charged beam at 10 GeV /¢ momentum and the positively charged beam at 8 GeV/c
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Figure 6.13: Left: Photograph of the open RICH vessel of the 2022-2023 setup with the aerogel
and the upstream copper plate mounted inside. Right: Photograph of Petiroc boards used to read
out the vessel and the tracker-module arrays.

momentum. The aerogel tiles LEC6-2b and LEC4-1a, featuring a nominal refractive
index of 1.03 and a thickness of 2 cm, were tested for Cherenkov angle reconstruction
studies. These studies were complemented by charged-particle timing-performance
measurements, in which the relative time response of the central SiPM arrays M0 and
M1 was characterized, as discussed in Section 6.2.5.

In the following, I report the main results from my analysis of 2022-2023 data, focusing
on the measured Cherenkov angle reconstruction performance, the characterization of
the background sources and the DCR background suppression using timing. Finally, I
report the results on charged-particle timing using the central arrays, focusing on the
characterization of the clusters, the efficiency and the measured time resolution.

6.4.3 FEvent selection

For the 2022-2023 beam test analysis, I selected events in which the SiPM channel
with the maximum charge in MO and in M1, and in the X and Y views of the tracker
modules T0O and T'1, registered at least six photoelectrons. In addition, I required that
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Figure 6.14: Data acquisition chain for the 2022-2023 prototype beam test setup.

the positions of those channels were within a central 8 x 9 mm? fiducial area. I also
required the offset-corrected times of those channels to be within an 8 ns window to
suppress the background due to wrong or ghost hits in multi-particle events.

Fig. 6.15 shows the cumulative map of the hits in the eight ring arrays in the aerogel
vessel and the distribution of the extrapolated most probable X-Y photon emission
points in aerogel for the negatively charged beam at 10 GeV/c using tile LEC6-2b.
The ring segments due to Cherenkov photons from pions are clearly visible.

6.4.4 Hit-track time matching and background sources

The synchrony of the four Petiroc boards enabled background studies by analysing the
relative hit-track time matching. For each event, I used the SiPM cell with the largest
number of detected photoelectrons in the central array M1 of the main vessel as the
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Figure 6.15: Spatial distribution of the extrapolated X-Y emission point at the most probable
emission depth in the aerogel tile (central region) and of the hits in the eight ring arrays (ring region)
for the negatively charged beam at 10 GeV /¢ momentum using tile LEC6-2b (n = 1.03). The expected
Cherenkov ring from pions centred in the most probable X-Y emission point is also shown.

timing reference ti.,a for the considered charged track. Then I referred the times of
detected hits ty;; in the ring arrays to the reference track time.

Fig. 6.16 shows the 2D distributions of the reconstructed Cherenkov angle at the single
hit level using the aerogel tile LEC6-2b (n = 1.03) as a function of the relative hit-track
timing for the negatively charged beam at 10 GeV/c and the positively charged beam
at 8 GeV/c. The corresponding 1D projections on the relative time axis are shown in
Fig. 6.17. Four different signal and background regions are clearly visible.

e The clusters at the expected Cherenkov angles for the different particle species
correspond to direct Cherenkov photons. The corresponding signal hits are clus-
tered in the Gaussian core of the distribution, having a sigma of about 450 ps.

e The horizontal bands at the nominal Cherenkov angles in Fig. 6.16 and the
right tail in Fig. 6.17 originate from SiPM delayed crosstalk and afterpulsing. In
channels where the single photoelectron amplitude is below threshold, delayed
pulses in the same SiPM can pile-up and cross the threshold.
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Figure 6.17: Distribution of the time differences between the array cell firing time ty;, and the firing
time tiack Of the central-array charged-particle cluster cell with maximum number of photoelectrons
in the events with the negatively charged beam at 10 GeV /¢ momentum (left) and with the positively
charged beam at 8 GeV /¢ momentum (right) using tile LEC6-2b.

e The vertical band superimposed on the clusters corresponds to the correlated
background mainly due to Rayleigh-scattered photons in the aerogel and photons
produced by secondaries, such as delta electrons. As a first approximation, this
results in almost uniformly distributed background hits in each of the ring arrays.

e The sparse uniformly distributed background corresponds to uncorrelated back-
ground due to the SiPM DCR and the electronic noise.

Despite the limited time resolution of the Petiroc 2A ASIC at the single photoelectron
level, Figs. 6.16 and 6.17 show that a significant suppression of uncorrelated back-
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ground can be achieved by selecting hits such that [tpi — tiack] < a few ns. The
impact of the considered hit-track time matching window is detailed in Section 6.4.7.

6.4.5 Background modelling

In order to model the uncorrelated background hits to fit the measured radial and an-
gular distributions, I built a data-driven template background model considering the
relative hit-track timing ty;; — tiack. 1 evaluated the spatial distribution of uncorrelated
background hits by selecting only hits such that |tpi — tyack] > 50 ns. In this region
no signal hits are expected, as shown in Figs. 6.16 and 6.17 and mainly DCR hits
are detected. This procedure enabled precise modelling of noisy channels and channel-
by-channel fluctuations. Due to the similarities in the topology of the uncorrelated
background and the expected almost uniformly distributed correlated background due
to Rayleigh scattering, I assumed the same spatial distributions extrapolated for un-
correlated background to model the correlated background contribution as well, up to
a multiplicative factor. The overall background model I considered for the radius and
angle distributions presented in the following is then built as the relation:

dkag — dkag (6 1)
dv dv template 7 .

where V is the Cherenkov radius or angle, k is a free fit parameter and (d Nykg/dV )template

is the corresponding template distribution resulting from the spatial distribution of
background hits evaluated from the recorded delayed hits.

6.4.6 Single-hit Cherenkov angle and radius

Fig. 6.18 shows the distributions of the reconstructed Cherenkov ring radius and emis-
sion angle at single hit level obtained considering all available ring array hits as can-
didate Cherenkov photons for the negatively charged beam at 10 GeV/c.

The peak due to photons from 7t is clearly visible. I fitted the distributions with the sum
of a Gaussian and a template background distribution, as discussed in Section 6.4.5.

It is important to note that, assuming a uniform refractive index along the tile depth,
the distribution is in general not Gaussian, mainly because of the dominant nearly
flat component from the geometric uncertainty on the emission depth. However, the
gradient observed in Section 6.2.1 produces a natural focusing that strongly reduces
this uncertainty. As a result, the distribution is well described by a simple Gaussian.
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Figure 6.18: Distributions of the reconstructed aerogel single photon Cherenkov radius (left) and
angle (right) for the negatively charged beam at 10 GeV /¢ momentum considering all available hits
using tile LEC6-2b. The vertical bars represent the statistical uncertainties. The fit with the sum of
a Gaussian for the 7t peak and the corresponding template background distribution is also shown.

The resulting mean ring radius and angle are about 6.1 cm and 241.5 mrad. The
corresponding single hit radial and angular resolutions are about 1 mm and 3.8 mrad.
They are consistent with simulations considering the measured n gradient. The details
on the comparisons between data and simulations are discussed in Section 6.5.12.

6.4.7 Uncorrelated background suppression using timing

Considering all the available hits in the ring arrays, approximately 45% of those con-
tributing to the distributions in Fig. 6.18 comes from the cumulative uncorrelated
background sampled in the full 550 ns Petiroc 2A acquisition window.

Fig. 6.19 shows the same distributions as Fig. 6.18 filtered by selecting only hits such
that |tpis—tirack| < 5 1s for the negatively charged beam at 10 GeV /¢, and the positively
charged beam at 8 GeV /c. The fit with Gaussians for the 7t, K and p signal peaks and
the corresponding background distribution is also shown. Similar radial and angular
resolutions are observed for all the observed particle species and momenta.

Excellent background suppression is achieved with timing. With the considered cut,
the candidate fraction of background hits decreases from 45% down to approximately
8% at the cost of a less than 5% reduction in the overall signal photon yield, proving
the effectiveness of timing to suppress the uncorrelated DCR background.

The majority of the surviving background hits is due to correlated background, such as
Cherenkov photons undergoing Rayleigh scattering before leaving aerogel. Correlated
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Figure 6.19: Distributions of the reconstructed aerogel single photon Cherenkov radius (left) and
angle (right) for the negatively charged beam at 10 GeV/c momentum and the positively charged
beam at 8 GeV /¢ momentum requiring hit-track matching in a +5 ns time window using tile LEC6-
2b. The vertical bars represent the statistical uncertainties. The fit with Gaussians for the signal
peaks and the corresponding template background distribution is also shown.

background hits in the ring arrays are synchronous with the hits due to unscattered
signal photons and cannot be discarded based on timing, as shown in Fig. 6.16.

6.4.8 Ring angular resolution studies

The 2022-2023 prototype allowed preliminary validation studies of the expected im-
provement of the angular resolution as o 1/ \/N_ph with the increasing number Ny, of
detected photons. Despite the limited ring acceptance, corresponding to about 3% of
the full ring, the large accumulated statistics was sufficient to extend the analysis up
to Npn = 3, 4 or 5 ring photons depending on the dataset and the considered particle
species. For this study, I calculated the ring Cherenkov angle associated with a given
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Figure 6.20: Cherenkov angular resolution as a function of the number NV}, of detected photons
in the pion ring for the negatively charged beam at 10 GeV /¢ momentum (top panel) and for the
positively charged beam at 8 GeV/c momentum (bottom panel) using tile LEC6-2b. The vertical
bars represent the statistical uncertainties. The fit with the expected 1/4/ Ny, scaling relative to the
single photon angular resolution is also shown.

track by averaging all the reconstructed angles within the interval [ 6. — 307, 6. + 307 |
such that |tpis — teack| < 5 ns. Here, 6. and o) refer to the most probable Cherenkov
emission angle and single photon angular resolution corresponding to the considered
particle species and momentum. The resulting ring angular resolution as a function of
Nph for the negatively charged beam at 10 GeV//c and the positively charged beam at
8 GeV /¢ momentum is shown in Fig. 6.20. I extracted the value of the ring angular
resolution for a given Npj as the sigma of the Gaussian fit to the corresponding ring
Cherenkov angle distributions. I fitted the available points with the expected 1/ \/N_ph
scaling relative to the single photon angular resolution. I extrapolated a ring angular
resolution better than the target 1.5 mrad for Ny, > 6 with the considered prototype.

6.4.9 Charged-particle timing: efficiency and time resolution

As discussed in Section 6.2.5, several combinations of arrays, window materials and
window thicknesses were installed along the beam line to demonstrate the charged-
particle timing performance of the SiPM-based option introduced in Section 3.6. In
this section I report results for the best measured configuration, using a Hamamatsu
S13361-3075AE-08 array coupled to a 1 mm MgFs window at position M0 and a
Hamamatsu S13361-3075AE-08 array coupled to a 1 mm SiO, window at position M1.

Fig. 6.21 shows the distributions of the number of fired SiPMs in the track cluster for
the two arrays, the total number of photoelectrons in the two arrays, the efficiency
as a function of the minimum number of photoelectrons required in the cluster for
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Figure 6.21: Distributions of the number of fired SiPMs in the track cluster (top left), the total
number of photoelectrons (top right), the efficiency versus the minimum number of required pho-
toelectrons (bottom left), and the time difference between the SiPMs with maximum charge for a
S13361-3075AE-08 array coupled to a 1 mm MgF,; window at position MO and a S13361-3075AE-08
array coupled to a 1 mm SiOy window at position M1 for the negatively charged beam at 10 GeV/c.

the two arrays, and the distribution of the time difference between the SiPMs with
the maximum charge in the two arrays for the negatively charged beam at 10 GeV /c
momentum. With the considered 3 x 3 mm? SiPMs, about 2-3 SiPMs fire and share
about 35-40 photoelectrons with the 1 mm window.

For each array, I evaluated the efficiency as a 4-fold/3-fold coincidence ratio, defined
as the fraction of events with signals in the tracker planes TO and T1 and in the
other array, in which a cluster met or exceeded the required minimum number of
photoelectrons in that array. For both arrays, efficiencies are close to 100% up to a
threshold of 15 photoelectrons, proving the efficiency of the proposed timing approach.

For the timing measurements, the raw time differences were first corrected for channel-
by-channel time offsets, due to the different routing of the channels, and the time-walk
effect, accounting for signals with the same shape but different amplitudes crossing
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the discriminator threshold at different times. A lookup-table procedure was applied.
Using a subset of data, for each pair of fired SiPMs (one in each array) and for each
pair of photoelectron equivalent counts in the two arrays, the distribution of the time
difference was built and the resulting mean set as the reference correction of the lookup-
table. The remaining data were then used for the actual analysis and corrected by
subtracting the corresponding lookup-table value for the considered SiPM pair and
pair of number of photoelectrons, yielding the distribution in the bottom-right panel
of Fig. 6.21. The Gaussian fit to the distribution gives a time-difference resolution of
about 76 ps. Assuming equal contributions from the two arrays, this corresponds to
about 54 ps per array at full system level. The performance is mainly limited by the
Petiroc 2A timing capabilities and by the long HLCD-20 cables between the SiPMs and
the front end, which degrade signal integrity compared with an ideal direct coupling.

Nevertheless, these results constitute a proof of concept for the high efficiency and
time resolution achievable with the proposed bRICH charged-particle timing option.

6.5 Beam test of the 2024-2025 prototype

The 2024-2025 prototype was tested on beam in a two-week period between September
and October 2024 and in a one-week period in July 2025. The setup for the beam test
of the 2024-2025 prototype at the PS-T10 beam line is shown in Fig. 6.22. The main
vessel with the aerogel tile and the smaller upstream vessel with the arrays mounted
along the beam line can be observed. The positions of the three central arrays, NO,
N1 and N2, as well as the tracker modules, TO and T1, are indicated.

The top panels of Fig. 6.23 show photographs of the copper plate of the 2024-2025
prototype instrumented with the eight Hamamatsu S13360-2050AE-08 arrays covering
the expected aerogel ring region and the central S13361-3075AE-08 array, N2, directly
coupled with a 1 mm thick fused silica window. The coupling of the plate to the
Peltier cells at the four corners through copper cooling blocks is also shown. The
bottom panels of Fig. 6.23 show the inside of the main vessel as seen from the aerogel
tile, and the upstream vessel. The aerogel tile is mounted in a holder fixed by a
retaining pin at a distance of 23.4 cm from the surface of the ring arrays.

Eight RadioPico boards were used for data acquisition: six boards for the central array,
N2, and five ring arrays in the main vessel, and two boards for the two central arrays
in the upstream vessel, NO and N1. In addition, two Petiroc boards were still used to
read out the arrays covering the X-Y views of the two tracker modules, TO and T1.
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Figure 6.22: Photographs of the 2024-2025 beam test setup. The beam direction and the positions
of the central arrays in the vessels, NO, N1 and N2, and the tracker modules, T0O and T1, are indicated.

6.5.1 Trigger and DAQ system

The signals from the CERN-PS T10 beam scintillator in coincidence with the signals
from the Petiroc board reading the upstream tracker module T0, validated in the beam
spill window, were used for triggering. The full data acquisition (DAQ) chain for the
2024-2025 prototype is shown in Fig. 6.24. The trigger signal from the Petiroc board
reading the upstream tracker was sent to a CAEN DT5495 programmable logic unit
(PLU) [158]. The signals from the CERN-PS T10 beam scintillator were also forwarded
to the PLU, validating the coincidence in the beam spill window and producing the
output trigger signal. A Skyworks SI5341-D-EVB differential clock board [159] fanned
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Figure 6.23: Photographs of the copper plates in the two vessels of the 2024-2025 setup, and of the
interior of the main vessel with the aerogel tile installed. All arrays are Hamamatsu S13361-2050AFE-
08 (2 x 2 mm? SiPMs), except the central array, which is a S13361-3075AE-08 (3 x 3 mm? SiPMs).
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Figure 6.24: Data acquisition chain for the 2024-2025 prototype beam test setup.

out a 40 MHz clock to the RadioPico boards. One of the RadioPico boards forwarded
a single-ended copy of this clock to the PLU, which forwarded it to the master Petiroc
board to have a synchronous data acquisition. The PLU distributed the output trigger
and the spill signal, providing a tag for offline event matching. The master Petiroc
board forwarded the trigger, spill signal, and clock to the other Petiroc boards in a
daisy-chain configuration. Communication with boards was performed using TCP /IP
protocol. Data were transferred via Ethernet to the acquisition PC for later analysis.

6.5.2 Collected data

Data taking with the 2024-2025 prototype was carried out with the negatively charged
beam at 10 GeV /c and the positively charged beam at 8,9 and 10 GeV /¢ momentum.
The aerogel tiles LEC6-2b and LEC4-1a, featuring a nominal refractive index of 1.03
and a thickness of 2 cm, were tested for Cherenkov angle reconstruction studies. With
an acceptance of about 25% over the saturated Cherenkov rings from the aerogel and
the excellent PDE of the SiPMs, this prototype proved to be ideal to validate the
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pattern recognition performance in terms of photon yield and ring angular resolution
and separation power, as well as its worsening with the increasing background. Ring
reconstruction studies were complemented by timing studies, in which the relative time
response of the central SiPM arrays at the NO, N1 and N2 positions read out by the
RadioPico boards was characterized, as discussed in Section 6.2.5. Preliminary proof-
of-concept studies were also performed for the gas-based e-ID option using a modified
copper plate carrying four central Hamamatsu S13361-2050AE-08 SiPM arrays, with
the negatively charged particle beam at momenta of 2, 3, and 4 GeV /c.

In the following, I report the main results from my analysis of the 2024-2025 data.
First, I discuss the results on the Cherenkov angle reconstruction performance with
the ALICE 3 bRICH baseline 2 x 2 mm? SiPMs of the S13361-2050AE-08 ring arrays
and the impact of timing in suppressing the uncorrelated DCR background and the
effect on the number of detected photons. Then I focus on the analysis of the pattern
recognition performance and the impact of the increasing background on the Cherenkov
angle reconstruction. I also show how the measured refractive index gradient allows
the correct reproduction of the data with simulations. Then, I report the results on
charged-particle timing using the central arrays. Finally, I show preliminary results
on the validation studies for the gas-based e-ID option.

6.5.3 Event selection

For the 2024-2025 beam test analysis, I selected events in which the SiPM channel with
the maximum charge in NO, N1 and N2, and in the X and Y views of the upstream
and downstream tracker modules, TO and T1, registered at least six photoelectrons.

Fig. 6.25 shows an example cumulative map of the hits in the five readout ring arrays in
the aerogel vessel and the distribution of the extrapolated most probable X-Y photon
emission points in aerogel for the negatively charged beam at 10 GeV/c¢ using tile
LEC6-1a for the selected events. The expected ring centred on the most probable
emission X-Y is also shown. The ring segments due to photons from pions are clearly
visible. The ring arrays provide an overall acceptance for the ring photons of ~25%.

6.5.4 Hit-track time matching

Following an approach similar to the one outlined for the 2022-2023 prototype analysis
in Section 6.4.4, for each event, I used the SiPM cell with the largest number of detected
photoelectrons in the central array N2 of the main vessel as the timing reference tiacx
for the corresponding charged track. Then I referred the times of detected hits ty;; in



Performance validation in beam tests 248

— S x107° x107°
‘;‘ 61— Pion — _5
u ] © 2
41— ] +~ 25 <
= Y—
- 7 o o)
L _ cC c
21 ] i) 20 O
L ] "6 43
o — g o
B n - 15
B 7 > >
-2 . P T
- ] c 10 ®©
41— ] Re) o
- . @ j=
B i — oc
61— — 2 - 5
B ] L
I R AR RN RS SRR R R 0 0

© g 6 4 2 0 2 4 6 8
X [cm]

Figure 6.25: Spatial distribution of the extrapolated X-Y emission points at the most probable
emission depth in the aerogel tile (central region) and of the hits in the five readout ring arrays (ring
region) for the negatively charged beam at 10 GeV /¢ momentum using tile LEC6-1a (n = 1.03). The
expected Cherenkov ring from pions centred in the most probable X-Y emission point is also shown.

the ring arrays to the reference track time. Fig. 6.26 shows the 2D distributions of the
reconstructed Cherenkov angle at the single hit level using the aerogel tile LEC6-2b as
a function of the relative hit-track timing for the negatively charged beam at 10 GeV /c.
The signal and background regions are highlighted.

The same considerations made for the corresponding plots obtained from beam test
measurements with the 2022-2023 prototype on the signal, correlated and uncorrelated
background contributions, discussed in Section 6.4.4, apply also in this case. In partic-
ular, the time distribution of the signal hits clustered at the expected pion Cherenkov
angle has a Gaussian core with a sigma of approximately 340 ps. An improvement is
achieved compared with the 450 ps obtained with Petiroc 2A due to the expected bet-
ter single photoelectron capabilities of the Radioroc 2 coupled with the picoTDC. The
main limitation of the setup, preventing the achievement of an even better resolution
at single photoelectron level, mainly comes from the poor signal integrity due to the
multiple connectors and cables routing the SiPM signals to the front-end ASICs.
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Figure 6.26: Distribution of the reconstructed aerogel single photon Cherenkov angle as a function
of the relative time between the ring arrays tn;; and the central array tyy,cx for the negatively charged
beam at 10 GeV /¢ momentum using tile LEC6-1a. The signal and background regions are highlighted.

I used the relative hit-track timing for the suppression of uncorrelated DCR hits and
background modelling, following the procedures discussed in Sections 6.4.4 and 6.4.5.

6.5.5 Single photon angular resolution at saturation

The distribution of the reconstructed Cherenkov emission angle at single hit level
obtained considering all available ring-array hits in the full 200 ns acquisition window of
the picoTDC for the negatively charged beam at 10 GeV /¢ using tile LEC6-1a is shown
in Fig. 6.27. The corresponding distribution filtered by selecting only hits such that
|tnit —terack| < D nsis also shown. I fitted the distributions with the sum of Gaussians for
the signal peaks and a template background distribution, as discussed in Section 6.4.5.
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Figure 6.27: Single hit Cherenkov angle distribution for the negatively charged beam at 10 GeV /¢
momentum using tile LEC6-1a considering all available ring array hits in the full 200 ns acquisition
window of the picoTDC (left) and selecting only hits with relative hit-track matching in a £5 ns time
window (right). The vertical bars represent the statistical uncertainties. The fit with the sum of a
Gaussian for the 7 peak and the corresponding template background distribution is also shown.

The Gaussian core of the distribution provides a single photon angular resolution o7
of about 4.2 mrad. Despite the slightly larger expansion gap of 23.4 cm compared with
the 23.0 cm of the 2022-2023 setup, a slight worsening is observed with respect to the
3.8 mrad measured with the 2022-2023 setup. This is expected due to the larger pixel
size of the 2 x 2 mm? SiPMs of the S13361-2050-AE-08 arrays relative to the readout
pitch of the 1 x 1.625 mm? of the S13552 arrays of the 2022-2023 setup.

Fig. 6.28 shows the corresponding angular distribution at the single hit level for runs
with the positively charged beam at 9 GeV/c and 8 GeV /¢ momentum. The distribu-
tions are fitted accounting for the contribution of 7t, K and p. Discrepancies not larger
than 0.15 mrad are observed for the single photon angular resolution of the 7t peak,
which is always in the saturation regime, at the different momenta.

6.5.6 Efficiency and S/B ratio vs time matching window

Fig. 6.29 shows the signal efficiency and the signal-to-background ratio considering
both all detected hits in the event and only hits in regions with measured angle 6y
such that |0y — 0] < No?, with N = 1, 2 and 3, as a function of the width of the
hit-track timing window centred on ty,c for the negatively charged beam at 10 GeV/c.

c?

Here, 0, and o) are the expected Cherenkov emission angle for 7t at 10 GeV /¢ and the
corresponding measured single photon angular resolution.
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Figure 6.28: Single hit Cherenkov angle distribution using tile LEC6-1a selecting only hits with
relative hit-track matching in a +5 ns time window for the positively charged beam at 9 GeV/c (left)
and 8 GeV/c (right). The vertical bars represent the statistical uncertainties. The fit with the sum
of Gaussians for the 7, p and K peaks and a template background distribution is also shown.

I evaluated the signal efficiency as the ratio of the area under the fit Gaussian peak
for the considered time window to the area under the fit Gaussian peak considering
all hits. Values above 95% were achieved considering a time window larger than 2 ns,
corresponding to a |thit — track| < 1 ns hit-track matching cut.

I calculated the signal-to-background ratio as the ratio of the area under the fit Gaus-
sian peak to the area under the fit background model. Values above 40, 57 and 82
were achieved at 3, 2 and 1 o7, respectively, with a time window shorter than 2 ns.

6.5.7 Signal and background yield vs time matching window

Fig. 6.29 also shows the extrapolated mean number of detected signal hits, correlated
background hits, uncorrelated background hits and total background hits per track
with reconstructed angle 6y,;; such that |6y — 0| < 307 as a function of the full width
of the relative hit-track timing window for the negatively charged beam at 10 GeV /c.

The number of signal hits and correlated background hits increases as the time window
enlarges, approaching saturation in a few ns. On the contrary, the number of uncor-
related background hits increases linearly with the time window. However, it remains
lower than the amount of correlated background hits for time windows shorter than
20 ns, showing how efficiently the DCR hits are discarded using timing.

In the region covered by the five ring arrays in Fig. 6.25, corresponding to about
25% of the full ring, I found on average more than 5.5 signal hits on top of an overall
background of less than 0.12 hits for a time window of 2 ns in the region |0p;;—0,| < 307.
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Figure 6.29: Signal efficiency (top left), signal-to-background ratio (top right) and extrapolated
mean number of detected signal hits, correlated background hits, uncorrelated background hits and
total background hits per track (bottom left and bottom right) as a function of the full width of the
hit-track timing window centred on tiyack for the negatively charged beam at 10 GeV/c using tile
LEC6-1a. The signal-to-background ratio is evaluated considering both all detected hits in the event
and only hits in regions with measured angle 0y,;; such that |0 —0-| < No?, with N =1, 2 and 3. The
mean number of signal and background hits per event is evaluated in the interval |y — 0| < 307.

6.5.8 Extrapolation to the full ring acceptance

To infer the signal and background yields over the full ring acceptance within a given
+No] band, I constructed signal and background acceptance maps. Specifically, I
scanned the XY plane at the most probable emission depth in Z and over the space of
track direction cosines. At each scan point, I simulated negative—pion tracks traversing
the selected position with the chosen direction.

For the signal template, for each track I generated Cherenkov photons in aerogel
with the expected Cherenkov emission angle relative to track direction resulting in the
measured single photon angular resolution ¢ on the photodetector plane and a uniform
azimuth around the track. I accepted only photons satisfying |0 — 0] < No?. I then



253 Performance validation in beam tests

€ ‘ 024 8 © “°F 3
(&) c 3 26 &
o 10 022 @ E E
S B o % E
© 0.20 8 L - -
>os 018 § = 20— PRELIMINARY  Neg beam, 10GeVic  —
0.16 '© S 18- Signal =
e 5 8 18 Extrapolationto =~ —+— Sig+totalbkg |
00 012 P E 14 fullacceptance = —* Sig+corbkg -
’ 2 12 —— Sig +uncorrbkg |
— 010 c 106 —=— Total bkg E
-0.5(~ 0.08 8 8 —=u— Correlated bkg 3
0.06 = 6 |Bpi—04< 30—2:/ —=— Uncorrelated bkg |
0.04 LIS =
N 2 -
0.02 E S s EEznsanns i =

0 (= = m m m s s s EESEEER S S S S0 5 L i e e ol ol il il ol ol bl alle sl
0 2 4 6 8 10 12 14 16 18 20

-1.0 -0.5 0.0 0.5 1.0

x track [cm] Time window [ns]

Figure 6.30: Simulated map of the ring acceptance of the five ring arrays as a function of the
most probable X-Y photon emission point in aerogel mapped over the central array N2 (left) and
extrapolation of the measured signal hits and background hits reported in the bottom-right panel of
Fig. 6.29 to the full acceptance for the negatively charged beam at 10 GeV /¢ using tile LEC6-1a.

computed, for each configuration, the fraction of accepted photons falling within the
five available ring arrays, relative to all accepted photons. The left panel of Fig. 6.30
shows the resulting signal acceptance map for N = 3 at normal incidence.

For the background template, I generated uniformly distributed background hits over
the full photodetector area, accepted those with |0, — ;| < No7, and evaluated their
fraction in the five available ring arrays relative to all the accepted ones.

For the analysis, I assigned to each track a signal and a background acceptance weight,
Wsig and Wy, given by the corresponding maps at the most probable emission point
and track direction. Finally, I rescaled the mean numbers of signal and background hits
in Fig. 6.29 to full acceptance by multiplying by the number of tracks and the inverse
of the sum of the weights, i.e. by Niacks/ Y Wsig and Nipacks/ Y, Whkg, respectively.

The right panel of Fig. 6.30 reports the extrapolated signal and background yields for
N = 3 as a function of the time-matching window. The result corresponds to about
23.5 signal photon hits per event on top of fewer than 0.5 background hits per event.
This is consistent with the simulation predictions, taking into account the considered
operating overvoltage and the corresponding SiPM PDE profile.

Overall, these results validate the simulation in terms of the expected photon yield with
the reference 2 cm thick aerogel tiles and the baseline photodetector specifications.
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Figure 6.31: Event display of the most probable X-Y coordinates of the photon emission point
(red) and ring array hits for the negatively charged beam at 10 GeV/c using tile LEC6-1a. Pattern
recognition using the Hough Transform method clusters the most probable signal hits (blue). Only
hits with relative hit-track matching in a £5 ns time window are accepted. Hits discarded due to the
time matching condition or at the Hough Transform level are also shown (orange).

6.5.9 Pattern recognition performance

With the available ring acceptance, the 20242025 prototype enabled systematic stud-
ies of pattern recognition and ring reconstruction, reaching ring—angle resolutions with
more than 15 detected photons per event. For all studies reported below, I used the
Hough transform for pattern recognition following the procedure in Section 4.3.4.

Fig. 6.31 shows an event display for the negatively charged 10 GeV /c beam using tile
LEC6-1a, selecting hits within a +5 ns hit-track time window. Hough-selected hits,
with the corresponding ring fit, and rejected hits are highlighted.

To visualize the effectiveness of hit filtering with the Hough transform, Fig. 6.32 shows
cumulative maps of Hough-selected hits relative to the most probable X-Y emission
coordinates, selecting only hits within a +5 ns hit—track time window, for tile LEC6-1a.



255 Performance validation in beam tests

— B - T
(E_, .~ Neg. beam, 10 GeV/c _ . R, =6.19 + 0.00 cm g [ Pos. beam, 10 GeV/c et R, =6.18 + 0.00 cm
. 6 4 T 6 : 10
> 1 N
|'~ 4 |“ 4?
s [ . = [ .
> of 10 ns window - of 10 ns window
r N =5 HTM hits L N =5 HTM hits 10
o 10 of- :
_2i Only HTM _2i Only HTM
r selected hits [ selected hits
_4; _4;
L L 1
ok a 1 r ;
- PRELIMINARY I PRELIMINARY R, =5.70 = 0.00 cm
Covv b by I | P IR ) | Cov v v b b b by b v by vy
_§8 -6 -4 -2 0 2 4 6 8 _8—8 -6 -4 -2 0 2 4 6 8
Xt = Xy [CM] Xpit = Xy [CM]
.E.si‘”_”_”_”‘H,H“H,‘H Esiu‘_,‘_u‘.‘..‘,_,,_HI‘
o I Pos. beam, 9 GeV/c R, =6.19 + 0.00 cm o I Pos. beam, 8 GeV/c e R, =6.19 + 0.00 cm
= 6 o = 6l e
= [ 10 s [
> C > L 10
|= 4j |= 4j
< | . < L .
> of 10 ns window > of 10 ns window
L N =5 HTM hits r N =5 HTM hits
o 1 of- .
_2i Only HTM _2i Only HTM
r selected hits [ selected hits
_4:— ‘4}
i 10" Gi Vo 107
 PRELIMINARY ) R, =557 +0.00 cm . PRELIMINARY R, =5.40 = 0.00 cm
Covv b b b b b by iy v v b b by b b v b g by
_§8 -6 -4 -2 0 2 4 6 8 _8—8 -6 -4 -2 0 2 4 6 8
Xpit = X [CM] Xpit = Xy [CM]

Figure 6.32: Cumulative hit maps of clustered hits using the Hough Transform method for pattern
recognition relative to the most probable X-Y emission coordinates considering only hits with relative
hit-track matching in a +5 ns time window using the LEC6-1a aerogel tile for the negatively charged
beam at 10 GeV/c momentum (top left) and the positively charged beam at 10 GeV/c (top right),
9 GeV/c (bottom left) and 8 GeV/c (bottom right) momentum. The fit rings are also shown.

The panels correspond to the negatively charged beam at 10 GeV /c and the positively
charged beam at 10, 9, and 8 GeV /c. The fitted rings are also shown. For the positive
beam, the separation between the pion and proton contributions is clearly visible.

The top panels of Fig. 6.33 show, for the negatively charged beam at 10 GeV /¢ mo-
mentum, the distribution of the mean number of Hough—selected hits and the resulting
ring—angle resolution as a function of the number of Hough—selected hits. Only hits
within a 45 ns hit-track time window are considered.

With a 2 x (20)) Hough window, about 5.8 hits (sig+bkg) were clustered per event.
Events with up to 16-17 clustered hits were recorded. With the excellent single hit
angular resolution of 4.2 mrad, ring resolutions at saturation better than 1.5 mrad were
measured with 10 or more clustered hits for the considered time matching window.
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Figure 6.33: Distribution of the mean number of Hough-selected hits (top left), ring angular res-
olution as a function of the number of Hough-selected hits (top right) and distribution of the ring
Cherenkov angle with at least 10 Hough-clustered hits fitted with Gaussians for 7, K and p (mid-
dle left) measured selecting only hits with relative hit-track matching in a +5 ns time window for
the negatively charged beam at 10 GeV/c momentum using tile LEC6-1a. The corresponding ring
Cherenkov angle distributions for the positively charged beam at 10 GeV/c (middle right), 9 GeV/c
(bottom left) and 8 GeV /¢ (bottom right) are also shown.
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Figure 6.34: Reconstructed ring Cherenkov angle distribution as a function of the beam momentum
considering only hits with relative hit-track matching in a +5 ns time window and using the Hough
Transform method requiring 10 or more selected hits for the runs with the positively charged beam
at 8 GeV/c, 9 GeV/c and 10 GeV/c momentum. The theoretical curves for e, 71, K and p are shown.

The middle and bottom panels of Fig. 6.33 show the ring Cherenkov—angle distributions
obtained with at least 10 Hough—clustered hits and Gaussian fits for 7t, K, and p for the
negatively charged 10 GeV /¢, and the positively charged beam at 10, 9, and 8 GeV /c.
The distributions obtained with the positively charged beam are also shown in Fig. 6.34
as a function of momentum. The theoretical curves for e, 1, 7t, K and p are also shown.

For all the considered datasets, momenta and particle species, the measured ring an-
gular resolution in these conditions was always better than the target 1.5 mrad. The
results indicate a separation power exceeding 30 for all considered particle species and
momenta, with the most remarkable outcome being the limiting 30 71/ K separation
at 10 GeV /¢, one of the original bRICH design targets.

6.5.10 Performance stability with increasing background

The results presented in the previous section refer to the background levels achieved
selecting only hits within a £5 ns hit-track time matching window with a measured
DCR of 23.3 kHz/mm? at the considered temperature and overvoltage.
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To study the impact of the increasing background on the pattern recognition per-
formance, I repeated the studies in Fig. 6.33 performing the Hough transform with
various matching windows between 1 ns and 200 ns, corresponding to the full acquisi-
tion window of the picoTDC. With the increasing time window, the amount of signal
and correlated background hits remains approximately the same, while the uncorre-
lated DCR background increases linearly with the window.

The top panels of Fig. 6.35 show, for the negatively charged 10 GeV /¢ beam, the
distribution of the mean number of Hough—selected hits and the resulting ring—angle
resolution as a function of the number of Hough—selected hits for various time windows.

For a window of 1 ns, the mean number of Hough-clustered hits decreases significantly
since, due to the poor SPTR of about 340 ps of the considered system, the time
matching requirement is cutting the signal. For windows much larger than 10 ns the
mean number of Hough-clustered hits increases since uncorrelated DCR hits are more
likely to be clustered together. These background hits affect the ring resolution. For
example, for 10 clustered hits the ring resolution worsens from about 1.5 mrad for a
matching window of 10 ns to about 2.4 mrad for a matching window of 200 ns.

The effect can also be observed in the middle and bottom panels of Fig. 6.35, showing
the ring Cherenkov—-angle distributions obtained with at least 10 Hough—clustered
hits and Gaussian fits for 7t, K, and p for the negatively charged 10 GeV/c, and the
positively charged beam at 10, 9, and 8 GeV /¢ considering all hits in the considered
200 ns acquisition window for pattern recognition. The larger spread of the 7, K, and
p peaks relative to Fig. 6.33 is clearly visible.

6.5.11 Extrapolation to the bRICH DCR levels

To relate these results to the expected bRICH operating conditions, accounting for
DCRs at the MHz/mm? level with the reference 2 x 2 mm? SiPMs after irradiation,
the improved SPTR anticipated from direct SiIPM—front-end coupling, and a targeted
acquisition window shorter than 4 ns, I performed the following study.

Considering the nominal measured DCR of 23.3 kHz/mm? in the beam test conditions,
for each considered time matching window within the 200 ns picoTDC limit I evaluated
the equivalent DCR under the hypothesis that all DCR hits are detected in a bRICH
target acquisition window of 1 ns, 2 ns and 3 ns. As figures of merit I evaluated the
mean number of Hough-selected hits as a function of the considered hit-track time
matching window, i.e. the equivalent DCR, and ring angular resolution as a function
of both the time window and the number of Hough-selected hits.
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Figure 6.35: Distribution of the mean number of Hough-selected hits (top left) and ring angular
resolution as a function of the number of Hough-selected hits (top right) measured for various hit-
track time matching windows between 1 ns and 200 ns for the negatively charged beam at 10 GeV/c
momentum using tile LEC6-1a. The distributions of the ring Cherenkov angle with at least 10 Hough-
clustered hits fitted with Gaussians for 7, K and p measured considering all hits in the full 200 ns
acquisition window using tile LEC6-1a with the negatively charged beam at 10 GeV /c (middle left),
and the positively charged beam at 10 GeV/c (middle right), 9 GeV/c (bottom left) and 8 GeV/c
(bottom right) are also shown.
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Figure 6.36: Mean number of Hough-selected hits as a function of the considered hit-track time
matching window for the hit selection (left) and ring angular resolution as a function of both the time
window and the number of Hough-selected hits (right) measured for the negatively charged beam at
10 GeV /¢ momentum using tile LEC6-1a. The conversion of this window into an equivalent SiPM
DCR if all DCR hits were detected in a 1 ns, 2 ns and 3 ns acquisition window is reported.

The results for the negatively charged beam at 10 GeV /¢ momentum using tile LEC6-
la are shown in Fig. 6.36. For this study, the full 200 ns picoTDC acquisition window
corresponds to an equivalent DCR of ~ 4.6 MHz/mm? for a 1 ns bRICH window,
~ 2.5 MHz/mm? for 2 ns, and ~ 1.5 MHz/mm? for 3 ns.

Conversely, the reference 1 MHz/mm? level corresponds to a picoTDC window of
~ 43 ns for the 1 ns bRICH window, ~ 86 ns for 2 ns and ~ 129 ns for the 3 ns window.

Over the full acquisition window, the mean number of selected hits in the five con-
sidered ring arrays increases from 5.8 for a picoTDC window of 10 ns to about 7.8,
corresponding to about 34% extra background hits per track. The resulting ring resolu-
tion for a given number of clustered hits worsens by up to 0.9 mrad with the increasing
window, since a given number of clustered hits is the result of the contribution of fewer
signal hits and more background hits, as discussed in the previous section. Neverthe-
less, thanks to the excellent single photon angular resolution, for more than 16 hits the
target 1.5 mrad ring resolution is recovered even in the worst case of a 200 ns window.



261 Performance validation in beam tests

In addition, depending on the bRICH acquisition time gate, up to 4 ns, the reference
1 MHz/mm? DCR level corresponds to the hits in a time window much shorter than the
maximum 200 ns picoTDC acquisition window, significantly mitigating this worsening.

Finally, with the bRICH target SPTR better than 100 ps, the time-matching procedure
discussed in Section 4.3.3 further suppresses uncorrelated hits, improving the overall
reconstruction performance, approaching the target performance even at high DCR.

Therefore, modulo considerations on SiPM recovery times, front-end conversion times,
and the data throughput required at high DCR, which must be carefully addressed,
these studies demonstrate that ring reconstruction remains stable even at these levels.
The target physics performance is largely preserved, with only modest degradation,
provided that the data acquisition system can sustain the corresponding rates.

6.5.12 Performance validation with simulations

For all the measurements presented in this chapter, I performed dedicated simulation
studies for the interpretation and validation of the analysis results. One of the most
striking outcomes is the observation of the expected "selffocusing" effect in the aerogel
tiles, originating from the measured refractive-index gradient along the tile depth
discussed in Section 6.2.1, resulting in a measured single photon angular resolution
of about 4 mrad, as observed in Figs. 6.19 and 6.27. This measured resolution is
notably better than the expectation for a uniform refractive index, as assumed in all
the simulation studies discussed in Chapter 4, given the 2 cm aerogel thickness and
the thickness of the expansion gap adopted in all beam test configurations.

As an example, Fig. 6.37 shows the simulated single-hit Cherenkov-angle distributions
and the distributions of the number of Hough-clustered hits for the negatively charged
10 GeV/c beam using tile LEC6-1a with the 2024-2025 setup. The results obtained
assuming a uniform refractive index of n = 1.03 along the tile depth are compared
with those including the measured quadratic n gradient.

As expected, the distribution obtained with uniform n is non-Gaussian. It is dominated
by the nearly flat contribution from the geometric uncertainty on the emission point,
modulated by Rayleigh scattering, and it yields a resolution worse than 5.8 mrad.

In contrast, including the measured refractive—index gradient in the simulation miti-
gates this geometric contribution and produces an almost ideal Gaussian that repro-
duces the measured resolution. Moreover, this modelling better reproduces the number
of Hough—clustered hits under the operating conditions without any additional tuning.
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Figure 6.37: Simulated single hit Cherenkov angle distributions (left) and number of clustered
hits using the Hough Transform for pattern recognition (right) for the negatively charged beam at
10 GeV/c using tile LEC6-1a. The distributions obtained for uniform n = 1.03 along the tile depth
(top) are compared with those accounting for the observed n gradient along the tile depth (bottom).

All pattern-recognition results, which depend strongly on the single photon angular
resolution, then follow consistently and match the data under this assumption.

This observation is crucial for the future of the bRICH project. If the same refractive-
index gradient can be reliably reproduced in new tile productions, the detector would
achieve substantially better pattern recognition and physics performance than those
reported in Chapter 4, effectively at no extra cost.

6.5.13 Charged-particle timing with picoTDC

To highlight the impact of the improved front-end relative to the 2022-2023 prototype,
Fig. 6.38 shows the offset- and time-walk—corrected distributions of the time difference
between the SiPMs with the maximum picoTDC ToT for two pairs of arrays along
the beam line (N2-NO and N1-N2) for the negatively charged beam at 10 GeV/c. A
S13361-3075AE-08 array with a 1 mm thick SiO, window is at position N2 and two
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Figure 6.38: Distributions of the time difference between the SiPMs with the maximum picoTDC
ToT for the arrays N2-NO (left) and N1-N2 (right) for the negatively charged beam at 10 GeV/c.

S13361-2050AE-08 arrays with a 1 mm thick SiOy window are at positions NO and N1.

For the channel-by-channel offset and time-walk corrections I used a lookup-table
procedure similar to the one in Section 6.2.5, but based on pairs of ToT intervals
rather than photoelectron equivalents. This approach is approximate, since the relation
between ToT and the number of photoelectrons becomes non-linear at high signal
charge, and substantially larger statistics is required to build a reliable lookup table.

The resulting distributions in Fig. 6.38 exhibit a double-Gaussian profile. The core
has a sigma of about 4648 ps, while the tail has a sigma of about 93 ps. Although
the tail is still under investigation, assuming equal contributions from the two arrays,
the measured core resolutions of the time difference between the hits in two arrays of
46-48 ps correspond to about 33-34 ps per array at the full-system level.

These results demonstrate the expected performance improvement when using Ra-
dioroc 2 and picoTDC compared with Petiroc 2A, indicating that the limiting con-
tribution to the achievable resolution primarily arises from the front-end electronics.
The performance is also constrained by the long cables between the SiPMs and the
front-end. Further improvements are expected with direct coupling of the electronics
to the SiPMs, potentially approaching time resolutions of order 20 ps or better.

6.5.14 Validation of e-ID option using high-n gas

For the last measurement campaign with the 2024-2025 prototype, a modified copper
plate equipped with four central Hamamatsu S13361-2050AE-08 SiPM arrays was
employed to perform preliminary proof-of-concept studies of the gas-based e-ID option.
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Figure 6.39: Very preliminary results for the gas-based e-ID study. Cumulative hit-map (top left),
scan over clustering radii optimizing the e/7 separation criterion (top right), and distributions of the
number of clustered hits for electron and pion samples identified with the T10 Cherenkov counters
(bottom left) for the negatively charged beam at 4 GeV /¢ with the 68% CO2 + 32% C4F10 mixture.
The bottom-right panel shows the mean number of clustered hits in narrow fiducial regions for a
selection of radial and time-matching cuts for all the considered gas mixtures and momenta.

Although it was not possible to test the C5F;O+CO4y green gas mixture discussed
in Section 3.5, measurements were carried out with CO4 and its mixtures with C,Fq
to investigate performance for refractive index values around the reference 1.0006.
Specifically, data were collected for refractive indices of about 1.00046 (pure CO,),
1.00060 (85% CO5 + 15% C4F1), and 1.00076 (68% COs + 32% C,Fi). Measure-
ments were performed using the negatively charged particle beam at momenta of 2, 3,
and 4 GeV /¢, dominated by electrons and pions as described in Section 6.1. For each
trigger, signals from the two Cherenkov counters along the T10 beam line [129] were
recorded by the CAEN DT5495 logic unit to tag electron and other tracks.

I studied the clustering of hits around the track impact points for electrons and other
species as a function of the gas refractive index, the beam momentum, the hit-track
time matching cut, and the minimum and maximum radii used for clustering.
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Fig. 6.39 shows some of the main results, including the cumulative hit-map, the scan
over clustering radii to optimize the e/ separation criterion, and the distributions of
the number of clustered hits for electron and pion samples identified using the T10
Cherenkov counters for the negatively charged 4 GeV /c beam. The bottom-right panel
reports a summary of the results for the mean number of clustered hits for a selection
of the radial and time matching cuts for the considered mixtures and momenta.

While the aerogel rings do not separate electrons from pions, the threshold-induced
gas clusters do, with clear gas signal clusters for electrons and a limited amount of
fake clusters for pions mainly due to DCR signals and direct charged-particle hits.

The gas-based signal exhibits the expected separation between electrons and other
species up to the target 4 GeV/c momentum for the considered 23.4 cm radiator gap.
The best performance was obtained with the gas mixtures 85% CO, + 15% C,F;¢ and
68% COy + 32% C4F1¢. Further optimizations based on machine learning to maximize
the electron discrimination are ongoing. Despite pending optimizations, the results
validate the gas-based option for enhanced e-ID around the reference n = 1.0006.



Conclusions

This thesis presented the design, optimization, and experimental validation of the
barrel Ring Imaging Cherenkov detector (bRICH) proposed for the future ALICE 3
experiment planned for LHC Run 5. The work was aimed at defining an efficient and
cost-effective solution for charged-particle identification (PID) to achieve the target
PID requirements in the most challenging environment of central Pb—Pb collisions.

The first part of the thesis focused on the conceptual design and optimization of the
detector layout. I proposed and investigated a modular projective proximity-focusing
geometry, using aerogel tiles as Cherenkov radiators and SiPM-based photon detectors
oriented toward the nominal interaction vertex. I optimized this configuration to
enhance PID performance while minimizing the total active area and overall cost.

I also investigated the appealing option of flushing the bRICH expansion gap with an
eco-friendly heavy-gas mixture to extend the electron identification reach, and assessed
the feasibility of efficient charged-particle timing using the same SiPM modules coupled
to a thin radiator window, achieving time resolutions of a few tens of picoseconds.

The simulation work included detailed performance studies in the high-multiplicity
Pb-Pb environment, taking into account realistic worst-case SiPM dark count rate
(DCR) conditions. To improve PID under these conditions, I developed fast machine-
learning algorithms based on Boosted Decision Trees, trained to recognize Cherenkov-
ring topologies and electron-cluster patterns. These algorithms outperformed clas-
sical approaches such as Hough-transform-based pattern recognition combined with
Bayesian PID, showing that the proposed bRICH detector ensures the ALICE 3 tar-
get PID and physics requirements even in the most challenging operating conditions.

Through dedicated characterization measurements of irradiated Hamamatsu SiPM
arrays, I defined a realistic operation and ageing model based on cooling down to or
below -40°C and annealing cycles above 70°C to ensure operation within the reference
1 MHz/mm? DCR safety limit at the expected integrated fluences in ALICE 3 of order
10" 1-MeV ney/cm?. In addition, I explored the use of smaller SiPMs coupled with
light concentrators to mitigate DCR while maintaining the same effective area.
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A key result of this work came from the characterization of aerogel tiles. Measurements
of hydrophobic aerogel tiles from Aerogel Factory Co., Ltd. revealed a refractive-index
gradient along the tile thickness, leading to a natural focusing effect that improves
the angular resolution in the proposed bRICH geometry. This effect was confirmed by
beam-test data and may have potential influence on future RICH detector designs.

My design and simulation-based optimization studies were complemented by beam test
activities with various prototypes at the CERN-PS T10 facility between 2022 and 2025
aimed at validating the proposed detector concept. I actively contributed to the de-
sign, preparation, and execution of these tests, as well as to the full data analysis. The
results confirmed the expected photon yield, the single-photon and ring angular reso-
lutions, and the stability of the reconstruction performance under the worst expected
DCR conditions, thus validating the proposed detector layout and operation strategy.

Measurements also validated the excellent charged-particle timing performance achieved
with SiPMs and the integration of the gas-based option for e-ID enhancement, proving
that they are viable options for enhancing the bRICH performance and physics reach.

Overall, my work demonstrated the feasibility of the proposed projective proximity-
focusing bRICH design and delivered a validated, cost-effective solution that, according
to simulations and beam-test measurements, met the target ALICE 3 PID goals and
physics requirements enabling unique contributions, in particular to dielectron physics.

Thanks to the studies presented in this thesis, the proposed projective bRICH concept
was accepted as the baseline detector layout in the ALICE 3 Scoping Document.



Appendix A

Contributions to the single
photon angular resolution

In this Appendix, I discuss the main contributions to the single photon angular reso-
lution in a proximity-focusing RICH geometry, as considered for the ALICE 3 bRICH.

The measurements necessary to define the Cherenkov angle 6. are the photon detection
point (z, y, z), the particle direction (6, ¢,), the depth of the photon emission point in
the radiator z, and the photon energy F, as illustrated in Fig. A.1. The assumption is
made that these variables are uncorrelated. From the resulting functional dependence
0. = 0.(E, z,x,y, 2,05, ¢p), the uncertainty on the reconstructed Cherenkov angle at
the single hit level can then be expressed according to the following equation:

9.\’
ol = Z ((%i avi> (A.1)

1

where the variables v; are F, 2., x, y, 2, 0p, ¢, and the variables o,, are their respective
root-mean-square (rms) uncertainties, depending on the thickness and refractive index
of the radiator, the chromatic dispersion of the radiator, the refractive index of the
gas in the expansion gap, and the granularity of the sensors.

A.1 Cherenkov angle reconstruction

For the calculation of the derivatives in Eq. A.1, the Z axis is chosen normal to the
RICH surfaces and the X axis such that the incident particle direction vector lies in
the ZX plane, as shown in Fig. A.1. The origin of the ZXY coordinate system is taken
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Figure A.1: Schematic of a proximity focusing RICH geometry. The Cherenkov radiator (1) is
separated from the photodetector volume (3) by an expansion gap filled with dry gas (2).

at the point where the charged particle enters the radiator making an angle 6, relative
to the Z axis. With this choice of axes, the azimuthal angle ¢, between the X axis and
the projection of the particle direction onto the XY plane is ¢, = 0. The distance z,
along the particle path defines the photon emission point (z. cosf,, z.sinf,, 0).

The photon direction is defined by its polar angle 6., relative to the particle direction,
and its azimuthal angle ¢. in the plane perpendicular to the particle direction, such
that ¢. = 0 corresponds to a photon emitted in the plane defined by the charged track
and the X axis at an angle 0, + 0. with respect to the Z axis.

The vector direction of the emitted photons (a,, a,, a,) is given by

a, = cos 8, cos . — sin 0, sin 0, cos ¢,
a,; = sin 6, cos 0. + cos b, sin f, cos ¢, (A.2)

a, = sin @, sin ¢,

where a + aj + aZ = 1. The photon vector ray trace including refraction at the
radiator-gap surface gives the following equations for the photon coordinates

T = z.sinb, + Ra,
! (A.3)
y = Ra,
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with
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where T,., T,, (n) and (n,) are the radiator thickness, the gap thickness, the radiator
average refractive index and the average refractive index in the gap region. By com-
bining Eqs. A.2 and A.3, the reconstructed angles (6., ¢.) are obtained as a function
of the measured quantities. In the approximation 7, < Ty, the following relations are

obtained:

(n,)? a4y
w2 e

cos@czsinﬁﬂ-f—i-cosﬂ 1-—
P< > p
ny r

. B (ng) = . (ng)? a?+y? (A.5)
sin 6. cos ¢. = cos Hp(_n) = sinf,4/1 n)? S

sin 0. sin ¢, =

(ng) Y

(n)
where r = /22 + y? + 22.

A.2 Localization and track incidence uncertainties

The uncertainties associated with the measured variables (z, z, y, 6,) can be directly
calculated from Eq. A.5:

gic — T% (e cos ¢, — sin b, sin b, sin” ¢,
00,  mnsin ¢, 1—m
= cos 0. — cos 0,
8y Tg a,
- o (A.6)
aZc _ Fg (cos 8, sin 0. + sin 6, cos 0, cos P..)
00,
2, = — COS @,

where a = e, /a,, n = e.(n)?/(n,)?* and m = ((n,)/(n))*.
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A.3 Geometric uncertainty

The emission distance dependence 06,./0z. cannot be obtained directly from Eq. A.5
since its derivation assumed 7). ~ 0, hence no explicit dependence is included. The
dependence is obtained by considering the variation, at emission, of x and y, i.e.
0x/0z. = —cosby(ay/a,) and 0y/0z. = — cosb,(a,/a,), which leads to the result

00, nsin 6,

9 = T T kb ()2 (V%) [@*(1 — sin® 6, sin® ¢.) + A(sin 6, sin ¢, )?] (A.7)

where k =T, /2T, and A = (1 + ka?)/(1 + ka).

A.4 Chromatic uncertainty

The chromatic derivative 06./0n cannot be obtained directly from Eq. A.5 since
it has no explicit n dependence (the n in the equation is the average value). This
dependence is caused by the variation, at emission, of the direction cosines da,/dn =
—siné, cos ¢./nsinb,., da,/on = cosb,/ntanf, and da,/0n = sin ¢./nsin b, giving

7 = () oty A9

on tan @, — tan 6, tan 0. cos ¢,

A.5 Evaluation of the rms uncertainties

The final step for the analytical treatment is the evaluation of the rms uncertainties
o, to be used in Eq. A.1. While the partial derivatives listed above represent a gen-
eral feature of the proximity focusing configuration, the rms uncertainties are strictly
related to the detector response.

The chromatic rms is calculated as o, = (dn/d\) o). The first factor is the derivative
of the radiator refractive index n with respect to the photon wavelength, while the
second factor is the standard deviation of the detected Cherenkov photon wavelength
spectrum, resulting from the convolution of the spectrum of the emitted photons with
the media transmittance and with the photodetector PDE.

The geometric rms can be estimated from the radiator thickness 7). and the charged
track incidence angle 0, as o,, = T,/(v/12cos6,), where a uniform distribution is
assumed for the photon emission point along the particle path in the radiator.
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The localization rms includes the uncertainties of the hit coordinates x, y, and z on
the sensor plane. If the photodetector is segmented into pixels with size Ax x Ay x Az,

the corresponding rms are o, = Az/v/12, 0, = Ay/v/12 and 0, = Az//12.

The rms on the track angles oy, and o4, depend on the precision of the tracking system.

A.6 Magnetic field and multiple scattering errors

Multiple scattering and magnetic deflection in the radiator medium represent addi-
tional error sources o,, which differ from the measurements and chromatic errors
because they are momentum dependent. They have the form o, = p,/p with the
contributions from multiple scattering (ms) or magnetic field (ma) given by:

Pms = kms V L/X07

A9
Pma = kma BL sin 0, (4.9)

with a resultant momentum
Pa = \/Pms2 + P2a- (A.10)

The constants in Eq. A.9 are ks = (2/3)(13.6) MeV = 9.1 MeV, k. = (2/7)(0.3)/1/12
GeV/T-m = 55.1 MeV /T-m with X the radiation length, B the magnetic field strength
and 6, the particle angle relative to the magnetic field direction. The values of kg
and kp, are rms averages over the path length L (the factor 2/3) and the image
circumference (the factor 2/7), respectively. This error o, must be added in quadrature
to the momentum-independent error o] in Eq. A.1.



Appendix B

(Generation of the projective geometry

In this Appendix, I present the algorithm I developed to generate the projective
proximity-focusing geometry of the baseline bRICH system introduced in Section 3.4.

The following assumptions are made. The system is segmented into an even number
of independent sectors housed in two different symmetric cylindrical vessels, leaving a
gap at Z = 0 for services. Each sector is further divided into modules, each including
an aerogel tile and the corresponding photodetector module, aligned parallel to one
another within frames shaped as isosceles trapezoidal prisms whose upstream faces
subtend the same solid angle, which varies with the sector, at the nominal interaction
point. Each module is then positioned such that the line connecting the intersection
points of the diagonals of the upstream face of the photodetector and aerogel frames
passes through the nominal interaction point and is normal to both frames. All bRICH
modules within a given sector share the same expansion gap thickness and identical
geometries for both the aerogel tiles and photodetector modules. The thickness of
the expansion gap in each sector is maximized to optimize the single-photon angular
resolution, within the constraints imposed by the radial space available to the bRICH
system. The geometries of the aerogel tiles and photodetector modules are optimized
to ensure maximum acceptance for the charged particles originating from the nominal
interaction point. A schematic view of the proposed projective geometry concept in
the RZ and XY planes is shown in Figs. B.1 and B.2, respectively. A 3D view of a
single module in this geometry is shown in Fig. B.3. In the following sections I report
the input parameters, the output geometry specifications, the implementation details
of the algorithm, and the parameters used to generate the baseline geometry.

273
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Figure B.1: Schematic view of projective geometry concept in the RZ plane assuming Nz = 6.
B.1 Input parameters

The input parameters of the algorithm for the projective bRICH geometry are

e N: the number of sectors. It must be an even number and each sector is labelled
with an index i = £1,...,£N;/2, where [i| increases with increasing |Z|. The
signs + and — indicate sectors in the regions Z > 0 and Z < 0, respectively.

e N, is the number of modules per sector. Each module in a sector is labelled with
an index j = 1, ..., Ny, with j increasing in the counter-clockwise direction in the
transverse XY plane.

e RP : the minimum radius of the upstream face of the frame for the aerogel tiles

in the plane defined by the intersection point of the diagonals of the upstream
face of the aerogel tiles and the Z axis.

o R : the maximum radius of the upstream face of the frame for the photode-

tector modules in the plane defined by the intersection point of the diagonals of
the upstream face of the aerogel tiles and the Z axis.

o L,;, i==l,..,£Ny/2: the height of the trapezoidal section of the frames for
the photodetector modules in each sector. The edges having size L,,; are in the
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Figure B.2: Schematic view of projective geometry concept in the XY plane assuming Ny = 8.

plane defined by the intersection point of the diagonals of the upstream face of
the aerogel tiles and the Z axis.

o T,; i==l,...,+£Nz/2: the thickness of the aerogel tiles in each sector.

e L,,: the distance along the Z axis between the closest points of the upstream
faces of the frames for the photodetector modules with the same j =1,..., N, in
the sectors i = —1 and i = +1.

B.2 Output geometry specifications

The output specifications of the algorithm of the projective bRICH geometry are

® L,;, B, b;,i==l..,£N;/2: the height, the long base and the short base of
the trapezoidal section of frames for the aerogel tiles in each sector. The edges
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Figure B.3: Schematic 3D view of single module in projective geometry.

having size L, ; are in the plane defined by the intersection point of the diagonals
of the upstream face of the aerogel tiles and the Z axis, while the edges having
size B,; and b,; are in its transverse plane passing through the Z axis located
at the maximum and minimum radial distance from the Z axis, respectively.

e B, b,;,i==l,..,£N/2: the long base and the short base of the trapezoidal
section of frames for the photodetector module in each sector. The edges having
size B,; and b,; are in the plane transverse to the plane defined by the intersec-
tion point of the diagonals of the upstream face of the aerogel tiles and the Z
axis, passing through the Z axis and are located at the maximum and minimum
radial distance from the Z axis, respectively.

o X, Ypi;and Z,;, i = +1,...,£N;/2, j =1,..., Ny the X, Y and Z coor-
dinates of the centre of the upstream face of the frame for the photodetector
modules in each sector. All the modules in a given sector have the same Z, ;.

o X,;;,Y.,;and Z.;, 1 =+1,..,£Nz/2, j =1,..., Ny the X, Y and Z coordi-
nates of the centre of the upstream face of the frame for the aerogel tiles in each
sector. All the modules in a given sector have the same Z, ;.

® Nx.ij, Nyij, Nzi, 1 ==x1..,£Nz/2 j=1,., Ny the X, Y and Z direction
cosines of the vector normal to the intersection points of the diagonals of the
upstream face of the frames for both the aerogel tiles and the photodetector
modules in each sector. All the modules in a given sector have the same ny ;.
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o T

vis & = £1,...,£Nz/2: the thickness of the expansion gap, i.e. the distance

between the downstream face of the frame for the aerogel tiles and the upstream
face of the frame for the corresponding photodetector modules in each sector.

B.3 Intermediate variables

Intermediate variables are introduced to simplify the notation. They are

o R.;and Ry;, i = £1,..., +Ny/2: the radial coordinates of the centres of the

upstream face of the frame for both the aerogel tiles and the photodetector
modules in each sector in the plane defined by the intersection point of the
diagonals of the upstream face of the aerogel tiles and the Z axis.

tan~!(m;), ¢ = +1,...,£Nz/2: the angle formed by the normal to the pho-
todetector and aerogel frames, and the line Z = 0 in the plane defined by the
intersection point of the diagonals of the upstream face of the aerogel tiles and
the Z axis in each sector. It takes values in [0, 7/2] for sectors in the region
Z >0, and in [—7/2,0] for those in the region Z < 0.

tan~1(t;), i = &1, ..., &N /2: the angle formed by the line joining the points at
largest Z of the photodetector and aerogel frames, also passing from the nominal
interaction point as a design requirement, and the line Z = 0 in the plane defined
by the intersection point of the diagonals of the upstream face of the aerogel tiles
and the Z axis in each sector. It takes values in [0, 7 /2] for sectors with the points
at largest Z in the region Z > 0, and in [—7/2,0] for those with the points at
largest Z in the region Z < 0.

tan~1(s;), i = £1,...,&£Nz/2: the angle formed by the line joining the points
at smallest Z of the photodetector and aerogel frames, also passing from the
nominal interaction point as a design requirement, and the line Z = 0 in the
plane defined by the intersection point of the diagonals of the upstream face of
the aerogel tiles and the Z axis in each sector. It takes values in [0,7/2] for
sectors with the points at smallest Z in the region Z > 0, and in [—7/2,0] for
those with the points at smallest Z in the region Z < 0.

A¢: the angle subtended by the edges corresponding to the long and short
bases of the trapezoidal section of the photodetector and aerogel frames at the
interaction point in the transverse XY plane for all modules of all sectors.
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® R, imin, Rrimax, ¢ = £1,...,£Nz/2: the minimum and maximum radial coordi-
nates of the upstream faces of the frames for the aerogel tiles in the plane defined
by the intersection point of the diagonals of the upstream face of the aerogel tiles
and the Z axis in each sector.

® R, imins Rpimax, ¢ = £1,...,£Nz/2: the minimum and maximum radial coordi-
nates of the upstream faces of the frames for the photodetector modules in the
plane defined by the intersection point of the diagonals of the upstream face of
the aerogel tiles and the Z axis in each sector.

e L,,: the distance along the Z axis between the closest points of the upstream
faces of the frames for the aerogel tiles of the modules with the same j =1, ..., Ny
in the sectors ¢+ = —1 and ¢+ = +1. It coincides with the distance along the 7
axis between the inner walls of the two cylindrical vessels housing the first half
(i = —Ngz/2,...,—1) and the second half (i =1, ..., Nz/2) of the sectors.

B.4 Fundamental equations

The requirement that each module is positioned such that the line connecting the
intersection points of the diagonals of the upstream face of the photodetector and
aerogel frames passes through the nominal interaction point and is normal to both
frames can be translated, for each sector i = +1,..., £Nz/2, into the relations:

Zp,i = miRp,i. (Bl)

Zri = miRr,i, (B2)

)

The geometric constraints set by R'E and R  with the requirement of maximizing

min max

the thickness of the expansion gap in each sector ¢ lead to the system of equations:

Ly; . _
Ryt = Ry + =2 sin (| tan™" (my)]) (B3)
up Lri . -1
Ry, = Ryi = =5 sin (| tan ™ (m)))) (B.4)

Combining B.3 and B.4, observing that, by construction,

Zeal A Zpil _ mi (B.5)

(mi)]) = = )
\/Rzﬂ. + 72, \/Rg,i + 72, Vi+mg

1

sin (| tan™
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and solving for RR,; and R,; one obtains:

Ly, i
R,;=Rp, — == _mil (B.6)
2 \/1+m?
Lri 7
Ryy= R, o Loi (5.7
2 \/1+m?

The design requirement that the upstream faces of the photodetector and aerogel
frames of each module in each sector subtend the same solid angle at the nominal
interaction point sets constraints on L, ;, B, ;, b, ;, B,; and b, ;. The following equation
is obtained in the plane defined by the intersection point of the diagonals of the
upstream face of the aerogel tiles and the Z axis in each sector.

L % Lr 7
e e L Sl (s

Using Egs. B.2 and B.1 to express Z,; and Z,; as a function of R,; and R, ;, and

(B.8)

tan

using Eqgs. B.6 and B.7 for R,; and R, ;, and solving for L, ; one obtains:

V1 R Ly
Lr,i — +mz min—P, (Bg)
\/ 1 —f- ng;lnan — |mz~|Lp7i

In addition, the lengths of the long and the short bases of the trapezoidal section of
the frames for the photodetector and the aerogel tiles of each module are constrained
requiring that the corresponding edges subtend in the transverse XY plane the maxi-
mum possible angle A¢ at the interaction point given by:

2
Ap=—. B.10
o= (8.10)
The values of B, ;, b, ;, B, ;, by; are then obtained as the side lengths of regular polygons
with N, sides circumscribed around circumferences with radii Ry ; min, Rpimax, Frimins

R, i max given by:

R’r,i,min = Rrunlfi’m (Bll)
T (B.12)
Rp,i,min — R;lnr;x - Lp,i |m1| 3 (B13)
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Ry max = R (B.14)
resulting in:

brﬂ' = 2Rr,i,min tan (7¢) (B15)

A
BTZ = 2Rr,i,max tan (T(b) (B16)

A
bpﬂ' = 2Rp,i,min tan (TQS) (Bl?)

A
Bp,i = 2Rp,i,max tan <7¢> (B18)

The values of Z, ; and Z,; are provided by Eqs. B.2 and B.1, while the values of X, ; ;,
Y, i, Xpijand Y, ;, with j =1,..., Ny, are determined by:

Xyij = Ry cos(jAQ) (B.19)
Yiij = Ryisin(jA9) (B.20)
Xpij = Rpicos(jAQ) (B.21)
Ypij = Ryisin (jAQ) (B.22)
By construction, the vectors (X, ;;, Y;.i i, Z,.), or equivalently (X,;;, Y., Z,:) are

normal to the intersection points of the diagonals of the upstream face of the frames for
the aerogel tiles and the photodetector modules. By normalizing to unity, the values
of nx,;;, ny,; and nz,; are given by:

cos (jA9)

nxij = W, (B.23)
Nyij = %, (B.24)
Nz = # (B.25)
The value of T} ; in each sector is obtained by definition as:
Tyi =\ (Ros = Rei)? + (Zpi — 2002 = Trg (B.26)

Using Egs. B.2 and B.1 to express Z,; and Z,; as a function of R,; and R, ;, and
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expressing R,; and R, ; with Egs. B.6 and B.7, one obtains:

T, = /1 m (R — RS -

min

(Lp;+ Lyi) — T, (B.27)

The values of tan~!(#;) and tan~'(s;) in each sector 7 are related to the corresponding
value of tan=!(m;) by the relations:

L,;/2
tan~! (t;) = tan™" (m;) + tan~! _ Lpif2 (B.28)
/2 2
Rp,i + Zp,i
L,;/2
tan~' (s;) = tan"" (m;) — tan"" pi/ (B.29)

/ p2 2
Rp,i + Zp,i

Using Eq. B.1 to express Z,; as a function of R, ; and using Eq. B.6 for R, ;, Eqs. B.28
and B.29 can be written in the form:

tan~' (t;) = tan"' (m;) + tan~! (

Ly ) : (B.30)

ORMn/T +m2 — Ly |my|

Ly ) . (B.31)

tan! (s;) = tan~' (m;) — tan"* (
2Rniax/1+m?2 — L, ;|m;]

All previous equations are univocally solved assuming m; to be known. An iterative
procedure can be defined to iteratively constrain m; starting from the central sectors
with the smallest |Z,;| to the ones with the largest |Z,;|. A seed is required as a
starting point for the positioning of all sectors. It is obtained by treating the gap
between the sectors with ¢ = —1 and ¢ = 41 as an extra fictitious sector with ¢ = 0,
Lyo = Ly, tan"*(mg) = 0, and tan~' (o) and tan~'(sp) calculated using Egs. B.30
and B.31, respectively.

In the plane defined by the intersection point of the diagonals of the upstream face of
the aerogel tiles and the Z axis in each sector, the requirement that the geometries
of the photodetector and aerogel frames provide maximum acceptance for the charged
particles originating from the nominal interaction point is fulfilled requiring;:

tan ' (s;) = tan" ' (¢;_;) for i=+1,...,+Ny/2 (B.32)

tanfl (tz) = tanfl (81_;,.1) for 1= —1, ey —Nz/2 (B?)B)

Supposing tan™! (¢;_1) and tan™"! (s;11) to be known, expressing tan~! (s;) and tan™! (¢;)
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max

using Egs. B.31 and B.30, setting b; = 2R /L, ; and solving for m; taking into ac-

count the correct development of |m;| one obtains:

ERVA G VI e A A

m; - for i =+1,...,+Nz/2 (B.34)
iy = S b \és?ﬁ“ L N Y (B.35)
Due to the symmetry of the sy;tem, by construction, it can be noted that:
m; =—m_; for i==1,...,+N/2 (B.36)
ti=—s_; for i==1,..,+N,/2 (B.37)
si=—t_; for i==21,...,£Ny/2 B.38)

B.5 Algorithm implementation

The specifications of the target projective geometry are obtained through an iterative

procedure consisting of the following steps.

. Treating the gap between the sectors with ¢ = —1 and ¢ = +1 as an extra ficti-
tious sector with ¢ = 0, tan~'(mg) = 0 and L, = L,,, compute the correspond-
ing tan~'(¢o) and tan!(sg) calculated using Eqgs. B.30 and B.31, respectively.

. For each sector i = £1, ..., +N,/2, compute the corresponding m; via Eqs. B.34
and B.35 starting from tan~'(¢y) or tan~!(sg) and using the input lengths L, ;.

. Use the m; values to calculate the radial coordinates R,; and R, ;, as well as the
radiator lengths L, ;, via Egs. B.6, B.7 and B.9, respectively.

. Calculate A¢ via Eq. B.10 and use the values of L, ; to extract the corresponding
by i, By, by; and B, ; via Egs. B.15, B.16, B.17 and B.18, respectively.

. Calculate the photodetector coordinates X, ; ;, ¥,;; and Z,; via Egs. B.21, B.22
and B.1, the radiator coordinates X, ;;, Y, ;; and Z,; via Eqgs. B.19, B.20 and
B.2, and the direction cosines of the sector normals nx ;;, ny;; and nyz; via
Egs. B.23, B.24 and B.25.

. Finally, calculate the thickness of the expansion gaps T ; via Eq. B.27.
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Special case: odd Ny

The algorithm illustrated here refers to the case of even N, as planned according to
the latest bRICH specifications, which include two independent vessels symmetric with
respect to the plane Z = 0. Initial studies were performed considering the possibility of
a single vessel and an odd Nz, with a central sector featuring modules centered on the
plane Z = 0 and aligned with the Z-axis. The proposed algorithm naturally extends to
the odd N case by using this central sector with ¢ = 0, tan™!(mg) = 0, and the desired
L, and T, o, as a seed for positioning the other sectors in step 1. The corresponding
module shape and position parameters are then calculated by following steps 2-6, as
for the other sectors. The sectors are then labelled with i =0, £1,..., £(Nz —1)/2.

B.6 The baseline bRICH geometry

Through dedicated design optimization studies, I found the parameters in Table B.1.

Input N; N, R} RwP L,; T, L,,

min max

Value 24 36 900cm 1170cm 184 cm 20cm 1.0 cm

Table B.1: Values of the input parameters defining the baseline projective bRICH geometry.

These choices are guided by physics- and integration-driven criteria. In particular,
Nz = 24, Ny = 36, and L,; = 18.4 cm result in sector and module dimensions
comparable to the expected Cherenkov ring size for charged particles at saturation.
The aerogel thickness, T, ; = 2.0 cm for all sectors, is set by the required number of
detected photons per ring, balancing yield against Rayleigh scattering. The values of
R® and R come from the radial constraints imposed by the space allocated to
the bRICH vessel, ensuring compatibility with the other ALICE 3 subsystems. This
corresponds to a minimum radius of 90 cm and a maximum radius of 120 cm, the
latter also accounting for the thickness of the SiPM electronics. Furthermore, due
to the segmentation of the layout, the set of points on the upstream faces of all the
frames for the aerogel tiles and the photodetector modules in a given sector at fixed
Z can be visualized as polygons circumscribing circles with radii exceeding R." and

R respectively, by about 5 mm. Therefore, the value of R.: is naturally set to

max? min

90 cm. Conversely, R" is set to 117 cm to account for the target 2 cm thickness

max
of the photodetector module, as well as the maximum radial extension introduced by
the segmentation into modules. Extra space inside R.: and beyond R must be

reserved for the thermal shielding, whose design is still under development. Finally, a
gap of L,, = 1.0 cm at Z = 0 is considered between the two vessels.



Appendix C

Alignment, tracking and angle
reconstruction in beam tests

For Cherenkov angle reconstruction with beam test measurements, I implemented a
Cherenkov angle reconstruction algorithm based on the one used for the simulation
studies discussed in Section 4.3.1. The reconstruction requires the photon hit point
on the SiPM arrays, the most probable emission point in the aerogel tile and the
track direction at that point. This appendix summarizes the steps performed for the
alignment, charged-particle tracking to the most probable emission point in the aerogel
tile and the final single hit angle reconstruction. In the following, I assume a reference
system with the positive Z-axis along the beam direction and the X and Y axes in the
plane transverse to the beam.

C.1 Track clusters in central and tracker arrays

To track the impinging charged particles, I searched for clusters in the central SiPM
arrays and in the tracker modules. In the approximation of negligible mean tilt of the
beam with respect to the central arrays and the tracker modules, the charged-particle
Z coordinates at the central and the tracker module arrays were taken as the nominal
position of the detectors along the beam line. The corresponding local X-Y coordinates
were assumed according to the positions of the fired SiPM clusters.

I implemented a simple cluster finding algorithm based on the following three steps

1. Seeding. The cluster seed in each array was taken as the pixel with the maxi-
mum number of photoelectrons, i.e. largest ADC count and ToT for the arrays
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read out with the Petiroc boards and with the RadioPico boards, respectively.

2. Clustering. All fired SiPM cells that were nearest neighbours to the cluster
seed and to other cluster cells were iteratively associated to the cluster.

3. Positioning. The cluster X-Y coordinates, (X, You), were finally calculated
by averaging the nominal X-Y coordinates of the centroids of the N, channels
in the cluster, each weighted with the number of photoelectrons Np.:

Z clu Npe i X Yl Z clu Npe i )/7,

XClu o cl - cl ’
Z 3 Npel Z 3 Npe 7

(C.1)

C.2 Alignment of arrays and tracker modules

To map the local X-Y coordinates of each array into a common global frame, I imple-
mented a dedicated alignment procedure. Specifically, I registered the X-Y systems of
all arrays mounted along the beam line, including those reading the tracker modules,
to the coordinate system of the SiPM array mounted at the centre of the main vessel’s
copper plate. Because this reference array was rigidly coupled to the SiPM arrays used
to detect Cherenkov photons from the aerogel tile, the local-to-global conversion for
those arrays reduced to applying the fixed, known geometric offsets with respect to
the central array. As a first approximation, I assumed a negligible average relative tilt
of the beam with respect to the central arrays and the tracker modules.

My alignment procedure consisted of the following three steps:

1. Offset initialization. For each central array and tracker module, the relative
offsets (AX, AY) with respect to the reference array were initialized to (0, 0).

2. Coarse alignment. For each selected event, I populated the distributions
AX@ - Xz - Xref - A)(i,curr 5 AY; - Y; - }/ref - AY;,curr (CQ)

where i labels the considered array or tracker module, (X;, Y;) labels its local
coordinates, and curr denotes the current offset estimate. Gaussian fits to these
distributions provided means (px ; , fty ;), which I used to update the offsets:

A)(i,nevv = A)(ipurr + Hxi AY;Z,new = AY;',curr + Hy ;- (03)

I iterated this step five times per array. At each new iteration, the current
AX; new and AY] ey become the new AX; oy and AY] oy
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3. Fine alignment. Using the updated offsets, I performed straight-line fits event-
by-event to X(Z) and Y(Z) in the X-Z and Y-Z planes, as discussed in Sec-
tion C.5, using the cluster positions in the central arrays and the tracker mod-
ules. I then built the residual distributions with respect to the best-fit lines:

AXz = Xz - X(Zz) - A)(i,curr ) AY; = }/z - Y(Zz) - AYvi,curr (04)

and updated the offsets of all arrays (except the reference one, which was kept
fixed during this step) by adding the Gaussian—fit means (px ; , y ;) obtained by
fitting the X and Y residual distributions to the offsets using Eq. C.3. I iterated
this step five times per array. At each new iteration, the current AXj e, and
AY pew become the new AX, . and AY .

The global coordinates (X giob , Yiglob) used for the final analysis were finally taken as
the local cluster coordinates (X;oc, Yiloc ) corrected by the final offsets (AX;, AY;):

Xz‘,glob = Xi,loc - AXZ Y;,glob = }/i,loc - AY; <C5)

C.3 Candidate Cherenkov photon hits

All detected hits in the arrays covering the ring were assumed to come from candidate
Cherenkov photons produced by the considered charged track. The Z coordinates of
the detected hits, Zy;;, were taken as the nominal Z coordinates of the surface of the
arrays covering the ring region. The corresponding X-Y coordinates (Xy;, Yhit) were
taken at the nominal positions of the fired channel centroids.

C.4 Most probable emission depth in the aerogel tile

For the determination of the Cherenkov angle, the extrapolation of the most probable
emission point and the track direction at that point is required. They both rely on
the evaluation of the most probable emission depth in the aerogel tile.

I calculated this most probable emission depth for the tested tiles by implementing
a dedicated Monte Carlo simulation accounting for the uniform emission point along
the particle path length in the radiator, the wavelength dependent Cherenkov emission
spectrum, given by Frank-Tamm equation (Eq. 2.7), the measured transmission length
at the centre of the tested samples, and the nominal PDE curve of the SiPM arrays
covering the aerogel ring. Fig. C.1 shows my simulated emission depth spectrum of
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Figure C.1: Simulated emission depth spectrum of unscattered detected photons for various tested
aerogel tiles assuming the PDE of Hamamatsu S13361-2050AE-08 SiPM arrays.

unscattered detected photons for various tested aerogel tiles assuming the PDE of
S13361-2050AE-08 SiPM arrays. I extracted the most probable emission depths as the
mean of the corresponding distributions. As expected, the extrapolated depths exceed
the 1 cm depth of the median plane of the tile by about 600-700 pm.

C.5 Emission point and the track direction

For Cherenkov angle reconstruction, I assumed as the Z coordinate of the photon emis-
sion point, Z.,, the nominal Z coordinate of the position corresponding to the most
probable emission depth of unscattered detected photons in the considered aerogel
tiles. I extrapolated the corresponding X-Y coordinates (Xem, Yem) and track direc-
tion cosines (cx, ¢y, ¢,) from the track cluster positions in the central arrays and the
tracker modules as follows.

For each selected track, from the available points, I performed a least-squares straight
line fit to extract the track parameters. In particular, I fitted the positions of the
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clusters in the X-Z and Y-Z views with the following two equations:
X=axZ+b Y=ua,Z+b, (C.6)

where ay and a, are the slopes of the track in the X-Z and Y-Z projection planes,
respectively, and b, and b, are the corresponding intercepts.

The general equation for a straight track is given by the three parametric equations:
X:XO+CXt Y:Yo—l-cyt Z:Z0+Czt <C7)

where t is a parameter describing the position along the track with respect to the
reference point (Xo, Yo, Zo) and ¢, ¢y, ¢, are the direction cosines, satisfying:

ci+c§+c§=1. (C.8)

Choosing the reference point on the plane Z = 0, corresponding to the copper plate
with the SiPM arrays aimed at detecting Cherenkov photons from the aerogel in the
vessel, it follows that:

Zy=0, Xo=b,  Yo=b, (C.9)

Assuming the beam particles to be directed along the positive z-axis in the considered
reference frame, the direction cosines can then be evaluated from the slopes of the
projected track in the X-Z and Y-Z planes as:

1 Ay a
CZ == R — C, = y

) X — a5 Cy = —F/———————
JitaZta Jiradre T fitara

Then, for each track, I extrapolated the X-Y position of the photon emission point,

(C.10)

(Xem and Yey), at the most probable emission depth in the aerogel tile Z,,, using
Eq. C.6 with the ay, ay, by and by from the fits, and assumed the track direction given
by the resulting direction cosines (cx, ¢y, ¢,) for the Cherenkov angle reconstruction.

Constraining the track direction with two tracking modules and the SiPM arrays along
the beam line, the contribution of the tracking uncertainty on the Cherenkov angle
resolution was expected to be smaller than 1 mrad for all tested prototypes.
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C.6 Cherenkov angle extrapolation

For each selected track and corresponding candidate photon hit, I used the hit coor-
dinates (Xpit, Yhit, Znit), the extrapolated most probable photon emission point (Xep,
Yem, Zem) and the extrapolated track direction (cy, ¢y, ¢,) through the geometric back-
propagation procedure discussed in Section 6.3. In addition, I supplied as inputs to
the algorithm the measured thickness T, and refractive index n, of the tested aerogel
tile, the nominal refractive index n, of the vessel gas, Ar [160] or the tested COy +
C4F1¢ mixtures, and the measured thickness T, of the expansion gap.
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