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Introduction

The Muon Collider represents a promising future collider project, designed to collide beams of
muons (p~) and antimuons (u1) in a circular geometry at multi-TeV center-of-mass energies.
The idea of a u~ p* collider dates back to the 1960s and 1970s [1], but due to the significant
technical challenges posed by the short lifetime of muons, the proposal was concretely considered
only in the 2000s.

Between 2011 and 2014, the Muon Accelerator Program (MAP) [2] in the U.S. made it possible to
obtain the development of a first concept of a Muon Collider. These studies were a fundamental
basis on which the current International Muon Collider Collaboration (IMCC) [3] was born.
Actually the IMCC is focused on the full development of the project, encompassing the facility,
the detector, and the relevant physics studies.

The purpose of this thesis is to provide an initial characterization of a novel electromag-
netic calorimeter proposal, the CRILIN (CRystal calorlmeter with Longitudinal INformation)
calorimeter, as part of the ongoing development activities for the Muon Collider detector. The
research and development of new technical solutions for the Muon Collider detector are of pri-
mary importance, as this novel collider presents unique challenges. One of the most significant
challenges is the presence of an intense background of particles within the detector, generated
by the in-flight decay of muons. This background, known as Beam-Induced Background (BIB),
creates a considerable challenge for the detector’s performance and requires innovative solutions
both at software and hardware level for its mitigation.

For the characterization of CRILIN, I focused primarily on simulation studies, integrating the
new CRILIN calorimeter into the detector with different design configurations and analyzing
its performance using photon samples. In parallel with these activities, I had the opportunity
to participate in experimental tests on the CRILIN prototype, where I contributed both to the
data acquisition process and actively participated in the subsequent data analysis.

The work have been structured in this thesis as follows:
e Chapter 1: Why a Muon Collider

In the first chapter provides a general description of the Muon Collider project.
The initial section outlines the advantages that justify the use of muon beams for
a collider experiment, highlighting the most relevant physical cases of interest.
The next section describes the scheme of the entire accelerator complex for the
Muon Collider, developed by the MAP collaboration. The production of muon
beams is one of the most critical aspects of the project and this section describes
the various steps from the production of the beams, to their acceleration, up to
the moment of the collision. In the last two sections, a presentation of the Beam
Induced Background (BIB) is given, detailing the design of the machine-detector
interface that plays a key role in mitigating the BIB particle flux entering the
detector region. In this context, the most important component is represented
by the pair of tungsten conical absorbers positioned around the interaction point.

e Chapter 2: Detector description
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In this chapter, the design concept of the Muon Collider detector for the 10
TeV center-of-mass energy phase on which my simulation work has focused is
presented.

Chapter 3: Detector simulation and physics objects reconstruction

This chapter provides an overview of the simulation process and the reconstruc-
tion of physical objects, illustrating the main software tools used in the physics
and detector development studies conducted within the IMCC.

Chapter 4: An electromagnetic calorimeter for a Muon Collider Detector

This chapter is devoted to the presentation of the main requirements of the
electromagnetic calorimeter for a Muon Collider experiment. Starting from these
specifications, the new proposal of the CRILIN calorimeter is introduced, which
was the focus of the work carried out in my thesis.

Chapter 5: Characterization of CRILIN performance in Muon Collider detec-
tor

The simulation studies I conducted regarding the characterization of CRILIN
performance are presented in this chapter. These studies were carried out using
dedicated photon samples in a wide energy range and different detector config-
urations were also considered.

Chapter 6: Preliminary CRILIN prototypes tests

This chapter details the current development status of the Proto-0 and Proto-1
prototypes for the CRILIN calorimeter and presents the main results obtained
from preliminary tests aimed at verifying their radiation resistance.

Chapter 7: CRILIN prototypes tests with electron beams

This chapter is devoted to the test beam conducted at CERN on the Proto-
1 prototype in which I participated. The first part of the chapter presents in
detail the experimental setup used and the second part presents the method with
which I analyzed the data and the results obtained on the temporal resolution

of CRILIN.



Chapter 1

Why a Muon Collider

High-energy muon collisions could open a new path to study physics beyond Standard Model by
exploiting both the high-energy center of mass and the precision measurements achievable with
that machine. The study of the facility and of the detector at /s = 10 TeV is in progress since
this is uncharted territory. This chapter provides an overview of the Muon Collider project.
It begins by discussing the main physics motivations that make a Muon Collider an attractive
option for future high-energy experiments. Then, Section is dedicated to the presentation
of the proposed facility for muon beam production, cooling, and acceleration. Finally, Sections
and describe the Machine-Detector Interface (MDI) and the Beam-Induced Background
(BIB), which poses a significant challenge for the detector design and event reconstruction.

1.1 Physics cases

The Standard Model [4] represents the most advanced theory of our understanding of funda-
mental interactions of elementary particles. However, there are still many critical questions
currently unanswered. These include, for example, the nature of the electroweak symmetry
breaking and the origin of its energy scale. In 2012 the Higgs boson was discovered, however,
it is not known whether the nature of this particle corresponds to the one predicted by the
Standard Model. Additionally, the relationship between the physics described by the Stan-
dard Model and phenomena such as dark matter, the observed matter-antimatter asymmetry
in the universe, and the hierarchy of the elementary particles remain open areas of investigation.

High-energy muon collisions offer the possibility to reach high center-of-mass energy with high
luminosity as it will be explained in and to perform high precision measurements since
muons are elementary particles. This is an advantage compared to the proton interactions
where collisions occur between their constituents, quarks and gluons, reducing the effective
center-of-mass energy and giving more complex events to reconstruct.

Comparison of the production cross-section at proton and muon colliders for 2 — 2 and 2 — 1 can
be found in [5] [6] to have an idea of the most appropriate machine to reach high energy. A fair
comparison is very difficult because in addition to the fundamental physics, the characteristics
of both machines should be taken into consideration.

Particle production can proceed via s—channel ;= annihilation. Here, heavy particles of mass
M, with maximum M = /s/2, can be produced. The limit on the mass of new heavy particles
can be extended beyond the kinematical limit by studying events properties as shown in [7].
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1.1.1 Higgs studies at Muon Collider

Through the Higgs mechanism |8|, the Higgs field interacts with elementary particles, giving mass
to them while leaving massless particles, like photons and gluons, unaffected. The experimental
results obtained so far by CMS and ATLAS experiments confirm the Standard Model
expectations, therefore it is of paramount importance the precise determination of the Higgs
boson properties. Multi-TeV muon collisions represent the ideal tool to study in detail the
Higgs boson properties. In fact, the cross sections of the most important production channels
reaches increase significantly for /s above a few TeV, as shown in ﬁgure
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Figure 1.1: Cross sections of the most relevant Higgs boson production channels as a function of the
muon collider center-of-mass energy .

At a /s = 10 TeV with a dataset of 10 ab™!, about 9.3 million of single Higgs bosons and a
sample of about 38000 double-Higgs events are expected.

The estimation of the precision on the Higgs boson cross sections in several final states has
been performed at /s = 3 TeV by using a detailed detector simulation and including all the
background contributions. In and a complete description of the analysis and the results
can be found, here only a summary is provided. The statistical sensitivity on the production cross
sections multiplied by the decay branching ratios: oy x BR(H — f) with f = bb, WW*, ZZ* ~~,
and p"p~ has been evaluated. Here, the summary for each decay channel for an integrated
luminosity of 1 ab™".

e H — bb: the final state with 2b-jets is reconstructed by requiring two central(|n| < 2.5),
high momentum (p%ft > 40 GeV) jets. The requirement that both jets are identified
as generated by b quark eliminates the major part of the physics background, the only
contribution comes from Z° — bb. Higgs and Z° signal are statistically separated. The
precision on oy x BR(H — bb) is 0.75% .

e H — WW*: the final state is reconstructed in gqq pvy, to have a good signal-to-background
ratio. Two central jets with pj’ "> 20 GeV and a muon with Pl > 10 GeV still central are
required. The precision on the cross section times the branching ratio for the final state

is 2.9%.

o H — ZZ* qqu"p is used to reconstruct this process. “At least two oppositely charged
central muons with pf. > 10 GeV and two jets with pl7 ! > 15 GeV are selected. The
precision on the cross section times the branching ratio is 17%.

e H — ~v: This process has a low branching ratio but it is very clean, this is the reason

4



CHAPTER 1. WHY A MUON COLLIDER

why it is so important at LHC. At Muon Collider, it is less relevant but still important
to measure the coupling. With the 3 TeV center-of-mass energy detector and the analysis
described in the precision on o X BR(H — ) is 7.6%

e H — p'u~: two oppositely charged muon in the central region with pf > 5 GeV are
required. The relatively low branching ratio of this decay limits the number of events
produced. The precision on o x BR(H — p*p~) is 38%

The precise determination of oy x BR(H — f) is needed to extract the precision to which
it is possible to measure the Higgs boson couplings to fermions and bosons. This is done
following a procedure referred to as global fit in the so-called k-framework , and it needs the
determination of the cross section times the branching ratio for almost all the decay channel.
Since that is not available, the parametric studies are used with the detailed evaluations
previously described taken as benchmarks.

Figure[1.2|shows the estimated precision on the couplings in the k—framework for muon collisions
at /s = 3 TeV (in blue) and /s = 10 TeV (in red) with an integrated luminosity of 1 ab™!
and 10 ab™! respectively. The dark-colored histograms are obtained by combining muon collider
expectations with the HL-LHC estimates, in the assumption that there are no Beyond Standard
Model decays of the Higgs boson.

= CT T T T T T T T T T T T T T T T T T T T T T T T T T T TTT3
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Figure 1.2: Precision on the Higgs boson couplings at a 3 TeV and 10 TeV muon collider. The light-
colored histograms indicate the expected precision of Muon Collider alone, while the dark-colored ones
show the precision when combining them with the HL-LHC.

1.2 Muon accelerator complex

Being approximately 200 times more massive than electrons, muons can be accelerated in a
circular collider with negligible synchrotron radiation losses up to tens of TeV. This allows the
reach of much higher energies than electron-positron colliders.

Reduced radiation losses also enable tighter beam focusing, leading to the possibility of reaching
a higher luminosity. This quantity defines the number of interactions that occur between the
particles of the colliding beams per unit of time and surface area and together with the center
of mass energy, represents a fundamental parameter to describe the potential of a collier. At
the same time, it is one of the crucial ingredients for measuring the production cross sections of
processes of interest.

In Figure the luminosity, normalized to beam power, for a Muon Collider (blue line) is

5



CHAPTER 1. WHY A MUON COLLIDER

compared with that of the Compact Linear Collider (CLIC) , a proposed linear e*e™ collider
(red line). Normalizing luminosity to beam power allows a direct comparison of how effectively
different colliders employ their energy to achieve high interaction rates. The Muon Collider
exhibits a nearly linear increase in luminosity, as a function of the center-of-mass energy. This
feature allows the possibility to observe more frequently, and therefore study, rare production
processes, which are often crucial for investigating key aspects of the standard model and are
characterized by very small cross sections.

1.2 . :

1 L MuColl - o |
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Figure 1.3: Luminosity normalized to the beam power values as a function of the energy of the center of
mass: the blu line refers to the Muon Collider, the red line to the CLIC experiment. \\

The construction of a Muon Collider accelerator presents numerous technological challenges.
Achieving high luminosity requires the production of beams with high intensity, high collimation,
and a short longitudinal size. Producing beams with these characteristics is particularly difficult
for a Muon Collider due to the intrinsic properties of muons.

Muon collider
>10 TeV centre-of-mass energy
M injector ez i "‘"‘ ~10 km circumference

| Accelerator ring

4 GeV Target, @ decay  coaling Low-energy

proton and u bunching channel u acceleration
source channel |
p __4

Figure 1.4: Complete scheme of the Muon Collider facility. On the right is illustrated the muon injector
system, responsible for producing the muon and antimuon beams, that firstly enter inside the acceleration
ring (larger in size) and finally in the collider ring (the smaller one). The locations of the interaction
points are indicated with crosses..

In Figure the conceptual layout of the Muon Collider accelerator complex is illustrated.
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CHAPTER 1. WHY A MUON COLLIDER

The complex consists of three main components: the muon injector which generates the muon
beams; an accelerator ring, where the 1~ and p™ beams are accelerated to higher energies; and
a more compact collider ring, where the beams are brought into collision. This design involves
the possibility of two interaction points (IP1 and IP2), where the position is indicated by the
two crosses along the collider ring.

Following the scheme in Figure the key steps involved in the muon collider facility are
described below.

e Muon production: The technique for producing muon beams is based on protons
bunche impinging on a fixed high-Z target. The protons are delivered by a proton
driver with energies ranging from 5 to 30 GeV. The bunches are produced with a compact
length (RMS length of 1-3 ns) and a repetition rate of 15 Hz. The target material must
be resistant to damage due to interactions with the bunches. Candidate materials under
investigation include graphite and heavy liquid metal solutions. From the interaction of
the protons on the target, charged pions with high transverse momentum are obtained.
To efficiently capture these charged pions, the target is placed within a strong magnetic
field (15-20 T) produced by a solenoid. Subsequently, the pions decay into muons.

e Muon front-end: The muons and antimuons obtained following the decay form a beam
that is collected and in this section, a series of RF cavities operating at frequencies around
300-350 MHz divides the beam into packets (called bunches) of muons of both signs. The
bunches then pass through a phase rotator section [19], which reduces the energy spread by
decelerating higher-energy bunches and accelerating lower-energy ones. Finally, through
the use of a magnet, the beam is separated into two lines relating to the contribution of
pu~ and pT respectively.

e Muon cooling. Muons emerging from the muon front-end system transport a large
momentum spread, occupying a large phase space volume. It is crucial to reduce this
phase space volume to achieve adequate luminosity for the collisions. This process is
known as beam cooling. The current cooling techniques are not compatible with muon
beams due to their short lifetime. A promising new technique is the Ionizing Cooling [20].
This technique involves passing the muon beam through a material, where the muons lose
energy through ionization. They are then re-accelerated longitudinally to maintain the
desired energy, effectively reducing the beam’s transverse momentum and thus the phase
space volume. This technique has been demonstrated to be a viable option by the Muon
Ionization Cooling Experiment (MICE) [21].

e Acceleration stage. Following the cooling phase, the muon bunches undergo rapid
acceleration. In the first stage, the beam is accelerated to an energy of 100 GeV using
a combination of linear accelerators (linacs) and recirculating linacs accelerators (RLAs)
[22]. The second stage takes place in the acceleration ring, where the beam passes many
times through Rapid-Cycling Synchrotrons (RCS)[23] or Fixed Field Alternating Gradient
accelerators (FFA) [24], reaching the required energy (TeV range) for collision.

e Collider After the acceleration phase, the final step for the muon and antimuon bunches
is to be injected into the collider ring. As shown in the figure, this ring is designed to
be compact to maintain the highest possible luminosity. For the /s = 10 TeV phase,
the proposed collider ring will have a circumference of approximately 10 km. It will be
equipped with high-field bending magnets, providing a strong magnetic field of around 16
T to efficiently bend and contain the high-energy muon beams.

Due to the short lifetime of muons, the entire sequence of processes, starting with the muon
production to the final bunch collision, must be completed in a very short time. This is crucial to

LA bunch refers to a group of particles that are very close together forming a package that travels as a single
unit along the accelerator.
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minimize the loss of muons due to decay and, in turn, to maintain high luminosity levels for the
collider. Currently, studies within the IMCC have explored three center-of-mass energy scenarios
for the Muon Collider: 1.5 TeV, 3 TeV, and, most recently, 10 TeV. Table summarizes the
key parameters of the facility for 10 TeV center of mass energy.

Luminosity 20 - 1034 em =251

N, 1.8-1012
Fill rate 5 Hz

5* 1.5 mm

o* 0.9 um

o 1.5 mm
Lorentz factor 47322
€n 25 uym

Table 1.1: Main parameters relating to the v/s = 10 T'eV muon collider facility. 18]

The research and analysis conducted in my thesis are centered on the 10 TeV center-of-mass
energy stage of the Muon Collider.

1.3 The Machine-Detector Interface

The decay of muons in flight along the accelerator ring produces high-momentum secondary
particles, which interact with the machine’s materials (such as the beam pipe and magnets),
and generate an intense flux of tertiary particles. This flux is referred to as Beam-Induced
Background (BIB) [25]. Specifically:

e Energetic electrons, produced along the collider ring as a result of muon decay, can emit
synchrotron photons due to the presence of bending solenoid magnetic fields.

e The interaction of these electrons and synchrotron photons with the machine materials,
such as the beam pipe, generates a large number of tertiary particles through electro-
magnetic showers. Furthermore, y-nuclear interactions lead to the production of hadrons,
while the Bethe-Heitler process [26] produces muons.

e This cascade of particles can further interact with the machine materials, ultimately re-
sulting in an intense flux of various particle types.

The presence of BIB particles has profound implications both on the machine and the detector.
Two aspects are particularly important:

e Damage to Machine components: The flux of BIB along the accelerator ring can
damage sensitive elements of the machine. For example, in the case of superconduct-
ing magnets, exposure to radiation from BIB particles can lead to quenching effects by
degrading the properties of the superconducting materials or can overload the cryogenic
system required to maintain the magnets at low temperatures. The implementation of
dedicated protection systems is therefore necessary to safeguard the correct functioning of
the machine.

e Interference with detector operations: Particles from the BIB, if not adequately
mitigated, can enter the detector region, making very challenging the reconstruction of the
events resulting from muon beam collisions. Indeed the high rate of background particles
can overwhelm the detector, compromising the precision and accuracy of the experimental
data. Furthermore, as will be explained in the detector components are subject to
doses of radiation that can damage some components.

In addition to the background induced by muon decay, the process of incoherent e™ e~ produc-
tion [27] and the effect of the beam halo [28] are other significant sources of background at the

8
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Muon Collider.

In particular, studies conducted by MAP at 1.5 TeV center-of-mass energy indicate that
the effects of the incoherent pair production process are almost negligible and the background
is dominated by the muon decays. This is primarily due to the suppression of the cross-section
at lower energies for this process, as well as the influence of the detector’s magnetic field, which
confines the e~ e~ pair around the beam pipe. While in the /s = 10 TeV scenario, the pair
production process becomes more relevant and the resulting particles can affect mainly the first
layers of the tracking system of the detector.

Figure 1.5: View along the beam axis of the interaction region of the Muon Collider. From left and
right, the muon and antimuon beams enter the interaction region and collide at the interaction point,
surrounded by the detector. The figure shows the pair of nozzles positioned around the beam pipe.

The Machine-Detector Interface (MDI) plays a crucial role in ensuring the optimal performance
of the detector. Figure illustrates a 3-dimensional view along the beam direction of the
interaction region (IR), based on studies conducted by the MAP for a Muon Collider with a 1.5
TeV center-of-mass energy.

Referring to the figure, the description of the MDI can be carried out on the basis of two distinct
areas from right to left along the beam axis:

1. Starting from the region furthest from the interaction point (IP), it is possible to see the
beam pipe entering the IR. In the figure, the black arrow indicates the direction of the
incoming p~ beam towards the interaction point (IP). The beam pipe is encased in a first
layer of iron (colored green) and concrete (colored gray). The black boxes along the beam
pipe represent 11 T quadrupoles, installed to perform the final focusing of the beam.

2. In the region closest to the IP, where z is less than 6 m, the beam enters the detector
area, in the figure represented in red and yellow. Here, the beam pipe is housed within
a pair of tungsten cones called nozzles . These structures, play a crucial role in ab-
sorbing particle backgrounds generated by the decay of muons in the beam. Figure
illustrates the geometric structure of the nozzles and specifies the materials used in their
construction. The outermost region of the nozzles, extending from 100 cm to 6 m from the
interaction point, has a reduced opening angle of 5° to optimize the detector’s acceptance
in the forward region. This section of the nozzles is covered by an outer layer of borated
polyethylene. The section closest to the interaction point includes the tip, which features
an opening angle of 10°. The right panel details the geometric configuration of the tip and
its integration with the beam pipe. The distance between the tips of the two nozzles is 6
cm.

The design presented above is the result of an optimization process for muon interactions at a
center-of-mass energy of 1.5 TeV. Specifically, the choice to use a high-Z material like tungsten
allows for the efficient absorption of the electromagnetic component of the BIB. This effect

9
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Figure 1.6: Geometric structure of the entire nozzle (left) and detail of the tip (right).[25]

is further enhanced by the presence of the magnetic field inside the detector region which, by
deflecting the trajectory of the charged BIB particles, increases the possibility of their absorption
and preventing the propagation into the detector.

Additionally, a layer of borated polyethylene was placed to absorb the neutron component of the
BIB, which is generated from the interaction of BIB particles with the material of the nozzles.
However, this solution has a side effect: it generates photons that can propagate into the detector
region and affect the operation of the electromagnetic calorimeter.

1.4 Background characterization in the detector region

Given the profound impact on the operation of the detector, the BIB has been investigated in
depth with dedicated simulation studies. The initial studies were conducted using the Monte
Carlo generator software MARS15 [30], with a center-of-mass energy of 1.5 TeV [31]. Subse-
quently, studies conducted by the IMCC utilized the multiparticle transport code FLUKA [32],
investigating the energy cases at /s = 1.5, 3, and 10 TeV.

The procedure to generate background samples with the FLUKA program follows the procedure
here described.

e The geometric structure of the IR, including the nozzles and the magnetic field generated
by the detector along with the collider optics, is modeled by using the LineBuilder package
33].

e The components of the collider are defined in the FLUKA Elements Database |34].

e The simulation of the primary beam begins at a certain distance, from the IP. This distance
is selected based on the center-of-mass energy and corresponds to the location along the
beam pipe where the cumulative number of particles exiting the machine fully saturates
those arriving in the detector region.

e The contributions of the BIB particles exiting the MDI and entering the detector region
are carefully recorded. In this way it is possible to obtain the information regarding
the position, time, energy and typology of each individual BIB particle entering in the
detector region. This allows the subsequent simulation of the effects of BIB particles with
the detector elements. This process is explained in detail in Chapter

Table compares the multiplicities of different types of particles that constitute the BIB as
they exit the MDI and enter the detector region, obtained from studies at different center-of-
mass energies.

Firstly, it is observed that the results obtained for the center of mass energy of 1.5 TeV with
FLUKA and MARSI15 are in good agreement. This result provide confidence in the robustness
and reliability of the simulation procedure.

Furthermore, the results in the table shows a substantial independence of the multiplicities with
respect to the beam energy. This aspect indicates that the number of the BIB particles entering
the detector region is primarily influenced by the nozzles. Optimization studies on the design
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Monte Carlo generator MARS15 FLUKA FLUKA FLUKA
Beam energy [GeV] 750 750 1500 5000

p decay length [m] 46.7 - 10° 46.7 - 10° 93.5-10° | 311.7-10°
u decay/m/bunch 4.3-10° 4.3-10° 2.1-10° 0.64 - 109
Photons (E, > 0.1 MeV) 86 - 10° 51 -10° 70 - 10° 107 - 10°
Neutrons (E, > 1 MeV) 76 - 10° 110 - 106 91 - 106 101 - 108
Electron/positrons (E,+ > 0.1 MeV) | 0.75-10° 0.86 - 106 1.1-10° 0.92 - 10°
Charged hadrons (Ej+ > 0.1 MeV) | 0.032-10% | 0.017-10° | 0.020-10° | 0.044-10°
Muons (E,+ > 0.1 MeV) 0.0015 - 105 | 0.0031 - 10° | 0.0033 - 10% | 0.0048 - 10°

Table 1.2: Comparison of the multiplicities values of the BIB contribution generated with MARS15 Monte
Carlo generator at /s = 1.5 TeV and with FLUKA at /s = 1.5, 3, and 10 TeV. [18§]

and materials of the nozzles and the interaction region are currently ongoing in order to further
mitigate the BIB flux.

As can be seen from the results in the Table the most relevant BIB contributions entering
the detector region come mainly from neutrons, photons, and electrons/positrons, while charged
hadrons and muons show lower multiplicity values.

The comparison between the results obtained with the simulation of the IR at the center of mass
energy of 3 TeV and 10 TeV are shown in Figure and Figure

Figure shows the energy distribution of BIB particles entering the detector, it is possible to
notice that they are characterized by a low energy spectrum. Figure 1.8 displays the arrival time
of BIB particles in the detector region presenting a broad distribution with respect to the bunch
crossing time set at ta~ 0. These two characteristics are due to the nozzles in the MDI, and the
fact that they are very similar is an additional demonstration that the absorbers dominate the
characteristics of the particles arriving into the detector.

For the study of my thesis project, I used a BIB sample generated with FLUKA at a center-of-
mass energy of 10 TeV.
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Figure 1.7: Energy distribution of the various BIB contributions entering the detector region, comparing
the /s = 3 TeV case (dashed line) with the /s = 10 TeV case (solid line). The colours of the lines refer
to the different contributions of the BIB and are specified in the legend.[12]
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Figure 1.8: Arrival time distribution of the various BIB contributions entering the detector region,
comparing the /s = 3 TeV case (dashed line) with the /s = 10 TeV case (solid line). The colours of the
lines refer to the different contributions of the BIB and are specified in the legend..
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Chapter 2

Detector description

This Chapter focuses on the design concept of the detector to be used to study /s = 10 TeV
muon collisions, referred to as MUSIC (MUon detector System for Interesting Collisions). As
discussed in the presence of BIB has profound implications in the reconstruction of muon
collision events. Therefore, to achieve optimal detector performance in terms of resolution,
efficiency, and precision, it is crucial to mitigate as much as possible the effects of BIB. In this
Chapter, the components that constitute the detector layout are described.

2.1 Overview of the detector

The detector proposed for the Muon Collider experiment follows a classical cylindrical shape
and hermetic geometry typical for multipurpose detectors of symmetric collisions. The detector
design proposed for /s = 3 TeV collisions [35] was derived from the CLIC detector concept
[36], with the key modification represented by the inclusion of nozzle cones in the forward and
backward regions. This change required significant adjustments to the geometry of several sub-
detectors to ensure compatibility with the updated forward and backward regions.

Detection of /s = 10 TeV muon collisions are foreseen with a different detector, optimized
for the new environment. Figure presents a general view of the detector layout, showing
a transversal section along the beam axis. The origin of the spatial coordinates is set at the
beam interaction point. Following the axis diagram in the figure, the z-axis is aligned parallel
to the beam pipe oriented with the direction of the u™ beam; the y-axis is oriented parallel to
the direction of gravitational acceleration; the x-axis is defined as perpendicular to both the y
and z axes, and is oriented in such a way that the coordinate system forms a right-handed set
of axes. In the following discussion, spherical coordinates (R, 8, ¢) will be used. In this system,
R indicates the radial distance from the interaction point, 6 is the polar angle relative to the
beam axis (z-axis), and ¢ is the azimuthal angle in the x-y plane.

The global dimensions of the detector are 5.9 meters long and 6.8 meters in diameter. As shown
in Figure from the inside out, the detector is formed by the following subsystems:

e vertex (VTX) and tracker (TD) detector;

electromagnetic calorimeter (ECAL);
e superconducting solenoid which provides a magnetic field of 5 T;
e hadronic calorimeter (HCAL);
e iron joke instrumented with a resistive plate chamber for the muons.
The configuration used in this thesis does not represent the final design for the /s = 10 TeV

detector, as it is under optimization. In particular, the tracking system’s design is undergoing
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CHAPTER 2. DETECTOR DESCRIPTION

significant development. However, this does not have major implications on the presented ECAL
studies.

system

Figure 2.1: View of the longitudinal section along the beam axis of the MUSIC detector proposal. The
sub-detectors are visible, identified by the different colors in the Figure. In the forward region with the
blue colour, the nozzles are visible.

2.2 The Tracking system

The tracking system is composed og the following elements: a vertex detector (VXD), positioned
closest to the interaction point, followed by an inner tracker (IT) and an outer tracker detector
(OT).

The structure of the vertex and tracker detector follows the overall symmetry of the detector
and it is divided into two components: barrel and endcap. As visible in Figure the barrels
cover the central part of the detector and consist of cylindrical layers with their symmetry axis
aligned with the beam pipe at different radii. The endcaps cover the two forward regions of
the detector and are formed by disks placed along the x-y plane and centered on the z-axis,
positioned at variable distances from the interaction point and with different radii. In Figure
the layout of the layers for the tracking system is shown: the vertex detector is indicated in
red, the inner tracker in blue, and the outer tracker detector in green.

2.2.1 Vertex detector

The vertex detector is crucial for reconstructing the impact parameter of tracks with high pre-
cision, which is essential for identifying secondary vertices. Additionally, it plays a significant
role in accurately identifying primary vertices. For this reason, it must be positioned very close
to the interaction point and it is the first sub-detector that particles encounter.
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Figure 2.2: A schematic view of the layer arrangement for the tracking system along the Z-R plane. The

horizontal lines represent the barrel layers, while the vertical lines indicate the endcap layers. The red
color represents the vertex detector, blue denotes the inner tracker, and green the outer tracker.

Figure (left) illustrates a schematic layout of the barrel layers in the transverse (x-y) plane
aligned with the beam axis. The VTX detector is composed of a double-layer structure made
up of silicon sensors, with a 2 mm gap between each layer. As shown in Figure (right),

the barrel region consists of four sequentially arranged double layers at increasing radii, while
the endcaps are formed by eight disks—four on each side of the detector. Tables and

summarize the relative dimensions of the various layers in both the barrel and endcap regions

respectively.
VTX layers are based on silicon pixel sensors with dimensions of 25um x 25um and a thickness
of 50um. This choice provides high granularity with a spatial resolution of 5um x 5um and

a high temporal resolution of 30 ps.

These characteristics allow the achievement of adequate

performance in a region where the presence of BIB is particularly high

140 1

\\

A view along the transverse plane to the beam direction (x-y plane) shows the

Figure 2.3: Right: i
composition of the barrel layers of the vertex detector , clearly highlighting the double-layer structure
Left: A three-dimensional view of the vertex detector structure along the longitudinal plane relative to

the beam axis.
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Barrel | Radius [cm] ‘ N of staves

Ry 3 16
Ry 5.1 15
Rs 7.4 21
Ry 10.2 29

Table 2.1: Radius values for each layer of the vertex detector at the barrel. The third column also specifies
the number of staves that form each layer.

Endcap | [Az| [cm] | Ruin [cm] | Rmax [cm]

Az 8 2.2 11.2
| Az 12 2.8 11.2
| Az 20 3.5 11.2
|Azy] 28 5 11.2

Table 2.2: Geometric values specifying the dimensions of each endcap disk of the vertex detector in terms
of the inner and outer radius, and their position along the z-coordinate (Az) respect the interaction point.

2.2.2 Inner and Outer Tracker detector

Figure shows a 3D rendering of the tracking detector (TD), IT, and OT where the arrange-
ment of the barrel layers and the endcap disks can be appreciated. Like the vertex detector, the
TD structure is based on layers of silicon sensors.

Figure 2.4: Three-dimensional view of the longitudinal section of the complete tracker system along the
y-z plane. The inner tracker occupies the central region, encircled by the outer tracker layers.

Inner Tracker
The inner tracker is structured as follows:

e The barrel consists of three cylindrical-shape layers with the relative geometric specifica-
tions summarized in Table Layers are instrumented with silicon macro-pixel sensors,
oriented along the beam axis, with dimensions of 50 um x 1mm and a thickness of 100

pm.

e The endcaps consist of 14 disks, symmetrically arranged with 7 on each side of the detector.
Each disk has a different position along the z-axis and varying values for the inner radius
R,.in and outer radius R,,... The geometric specifications are summarized in Table
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The innermost disk is equipped with silicon pixels measuring 25um x 25um and a thickness
of 100pum , while the remaining disks are instrumented with silicon strips measuring 50um x
1mm, oriented radially with respect to the center of the disk.

Barrel | Radius [cm] | Half length [cm] | N° staves

Ry 12.7 48.2 28
Ry 34.0 48.2 76
Rs 95.4 69.2 124

Table 2.3: Geometric specifications of the Inner Tracker barrel layers.

Endcap ‘ |Az| [cm] ‘ Rpin [cm] ‘ Rpax [cm]

Az 52.4 9.5 427
| Az 80.8 14.7 55.8
| Az 109.3 19.0 55.6
|Azy 137.7 21.2 56.1
|Azs)| 166.1 23.7 55.7
| Azg] 194.6 26.4 55.4
|Azr| 219.0 28.4 55.8

Table 2.4: Geometric specifications of the disks that form the endcaps of the Inner Tracker

Outer Tracker

The outer tracker has the structure described below:

e The barrel, as shown in Figure[2.2] is formed by three cylindrical layers, with the geometric
characteristics presented in Table The layers are equipped with silicon strip sensors
of larger dimensions: 50 pm x 10mm and a thickness of 100 pm. The strips are oriented
along the beam axis.

e The endcap consists of 8 disks, with 4 of them on each side. Table lists the positions
along the z-axis and the inner and outer radii of each disk. Each disk is divided into 48
modules, and the sensors used are silicon strips with dimensions of 50 um x 10mm and a
thickness of 100 ym. Similar to the inner tracker endcaps, the strips in the outer tracker
endcaps are oriented radially.

Barrel | Radius [cm] | Half length [cm] | Num. staves

Ry 81.9 126.4 184
Ry 115.3 126.4 256
Rs 148.6 126.4 328

Table 2.5: Geometric specifications of the Outer Tracker barrel layers

Endcap | [Az| [cm] | Ruin [cm] | Rmax [cm]

Az 131.0 61.7 143.0
|Azs| 161.7 61.7 143.0
|Azs] 188.3 61.7 143.0
|Azy] 219.0 61.7 143.0

Table 2.6: Geometric specifications of the disks that form the endcaps of the Outer Tracker.
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‘ Vertex Detector ‘ Inner Tracker ‘ Outer Tracker

Cell Type pixels macro-pixels micro-strips

Cell Size 25 pm X 25pum | 50pum x Imm | 50um x 10mm
Sensor Thickness 50 um 100 um 100 pm
Time Resolution 30 ps 60 ps 60 ps

Spatial Resolution Sum X bum Tum x 0um | Tum x 90um

Table 2.7: Size of the silicon sensors and characteristics in terms of time and spatial resolution for the
three components of the tracking system.

2.3 Calorimetric system

The calorimetric system is divided into two parts: the Electromagnetic Calorimeter (ECAL)
and the Hadronic Calorimeter (HCAL). In Figure the ECAL is shown in yellow, the HCAL
in blue, while the grey color represents the superconducting solenoid. Both subparts consist of a
barrel component, which covers the central region of the detector, and endcap components with
lateral disks symmetrically placed on both sides.

HCAL HCAL barrel
endcap

ECAL barrel .
ECAL endcap

Superconductive
Solenoid

Figure 2.5: Three-dimensional view of the calorimeter system, including both the barrel and endcap
regions. The ECAL is shown in yellow, while the HCAL is shown in blue. The superconducting solenoid,
shown in gray, is located between the ECAL and the HCAL.

Electromagnetic calorimeter

The electromagnetic calorimeter is essential for measuring the energy of electromagnetic par-
ticles, such as electrons, positrons, and photons, by absorbing their energy and generating a
corresponding signal. Furthermore, it provides essential information for identifying the vari-
ous particles generated in the interaction events. As seen in Figure the electromagnetic
calorimeter is positioned immediately after the tracking system and within the superconducting
solenoid. The ECAL has a dodecahedral shape in the barrel region, the forward regions of the
detector are covered by two endcap disks. To adequately contain the energy deposited with
the electromagnetic showers of very energetic objects produced in muon interaction events, the
number of radiation lengths considered is equal to 25 Xy. Table presents the geometric spec-
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ifications of the volume occupied by the ECAL. A detailed description of the electromagnetic
calorimeter is given in Chapter

Barrel H Endcap
Ry [cm] 160 || Rpin [cm] | 31
Rynaz [cm] 196 || Rmax [cm] | 196

Half-length [cm] | 221 || Az [cm)] 27

Table 2.8: ECAL barrel and endcap geometric specifications.

Hadronic calorimeter

The hadronic calorimeter plays a crucial role in measuring the energy of hadronic particles, such
as protons and neutrons, for the study of jets produced by quarks. Located outside the magnetic
field provided by the solenoid, it consists of a barrel with a dodecahedral shape and is enclosed
on the sides by a pair of endcap disks as illustrated in Figure The geometric characteristics
of HCAL are summarized in Table

The proposed technology for the hadronic calorimeter is based on a sampling calorimeter formed
by 60 layers of interlaced layers of steel absorber with a thickness of 19 mm and plastic scintil-
lating tiles, with 30 x 30 mm? size. The total thickness, both in the barrel and endcap regions,
corresponds to 7.5 interaction lengths (A7). Including ECAL, this increases to 8.5 (Ar).

Barrel H Endcap
Rppin [cm] 290.2 || Ryin [cm] | 32
Ry [cm] 475.2 || Rpas [cm] | 475.6

Half-length [cm] | 250.9 || Az [cm] 185.5

Table 2.9: HCAL barrel and endcap geometric specifications

2.4 Superconductive solenoid

The superconducting solenoid is positioned between the electromagnetic calorimeter and the
hadronic calorimeter as illustrated in Figure 2.5 It provides a very intense magnetic field,
with a nominal value of 5 T inside, with a residual field evaluated to be around 1.88 T on
the outer side of the solenoid. From a construction perspective, the solenoid is encased in a
specialized vacuum tank made of 40 mm thick steel. The usage of Al-stabilized coils reinforced
with superconducting wire is one possibility to build up a system able to generate such an intense
magnetic field over a such large volume. An option for the superconducting wire is NbTi/Cu
(niobium-titanium/copper), a technology well-known and used in the CMS experiment. The
thickness of the coils is 423 mm and in Table the geometric specifications are summarized.

Solenoid inner radius [cm)] 205.5
Solenoid outer radius [cm] 286.2
Vacuum tank thickness [cm] | 4.0

Solenoid half length [cm] 250.9
Coil thickness [cm)] 42.3
Coil radius [cm] 239.3
Coil half length [cm] 228.0

Table 2.10: Geometric specifications of the superconductive solenoid as in the current version of the
simulation.
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2.5 Muon system

The muon system is the outermost component of the detector, as shown in Figure where
the barrel is represented in green and the endcap in blue. This subdetector is responsible for
identifying muons and to characterize their properties. The design proposed for the muon system
is represented by an iron yoke that allows closing the remaining flux lines of the magnetic field
generated by the solenoid which are instrumented by different layers of muon detectors.

The current design contains Resistive Plate Chambers (RPCs) sensors. However, in the forward
regions, this sensors are near the limit of their rate capability. Therefore, the next developments
of the system will investigate the use of other sensors from different technologies to optimize
global performance. In Table the geometric dimensions occupied by the muon system are
summarized.

Barrel H Endcap
Rpin [cm] 480.6 || Rppin [cm] | 62.2
Rinaz [cm] 680.0 || Riax [cm] | 680.0

Half length [cm] | 444.4 || Az [cm)] 145.9

Table 2.11: Muon system barrel and endcap geometric specifications.

2.6 Radiation levels

The presence of BIB particles in the detector region can gradually damage the subsystems, af-
fecting their performance and longevity. For this reason, during the development of the detector
design, it is crucial to quantify the expected radiation dose levels. Figures and illustrate
respectively the expected 1 MeV neutron equivalent fluence (1-MeV-neq) and the total ionising
dose (TID) in the detector region as a function of the z coordinate and the radial distance r
from the beam axis. These maps were obtained by considering the BIB generated by FLUKA at
1.5 TeV center-of-mass energy and a simplified model of the detector. The calorimetric system,
solenoid, and iron yoke are simplified into a single cylindrical body whose density is the average
of the materials of the individual components, while the tracking system remains unchanged.
The radiation dose is normalized by considering the maximum collision rate expected for the
muon collider, which is 100 Hz (1 collision every 10 ps). Considering an annual data-taking
period of 200 days, the 1-MeV-neq fluence is expected to be approximately 10 — 10 cm=2y~!
in the region of the tracking detector and around 10" cm=2y~! in the electromagnetic calorime-
ter. The total ionising dose is expected to be approximately 1072 Grad/y in the tracking system
and 10~* Grad/y in the electromagnetic calorimeter. In both maps, a strong decrease in the
expected dose after the calorimetric system is observed as most of the radiation has been ab-
sorbed.

The radiation dose levels expected for the Muon Collider at 1.5 TeV center-of-mass energy,
if compared to the levels expected for the CMS and ATLAS detectors in LHC phase 2 at
high luminosity, are lower. For example, considering the case of the CMS experiment, in the
tracking system a total TID of or 1.2 Grad and a 1 MeV neutron equivalent fluence of up to
2.3210'%neq/cm? is expected [38]. This is an important fact that ensures that the radiation
levels in the Muon Collider will be manageable already with the current technologies of the
various detector components and, even more so, with future ones.
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Figure 2.6: Map of the Total Ionizing Dose (TID) at the detector region corresponding to one year of
data taking at a collision rate of 100kHz. \

500,
QU0 H 10

400

0.001

[S)
=)
)
o
=

1-MeV-neq (1e16/cm”2/y)

=y
™
1
o
o

1e-08

=300 =700 -&00 -500 -400 -300 -200 -100 0 100 200 300 400 500 &00 700 300 900

Figure 2.7: Map of the 1-MeV-neq fluence at the detector region corresponding to one year of data taking
at a collision rate of 100kHz.[18]
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Chapter 3

Detector simulation and physics
objects reconstruction

Modern particle physics experiments demand increasingly high-performance detectors, which
often leads to greater complexity in their design. In this context, simulation studies have be-
come an indispensable tool to evaluate the most appropriate design choices, considering both
geometry and technologies employed.

For a novel experiment like the Muon Collider, where the presence of a peculiar background like
the BIB poses challenges never met before, simulation studies are even more critical. Through
detailed simulations, it is possible to analyze the characteristics of the BIB and conduct funda-
mental studies for its mitigation.

This Chapter provides an overview of the simulation process, physics object reconstruction, and
the software tools used in the studies conducted within the IMCC for the development of the
Muon Collider detector. The different stages of the simulation process, from the generation of
input particles to the reconstruction of their interactions within the detector will be illustrated.

3.1 Simulation procedure workflow

The complete simulation workflow comprises several steps. Starting with the generation of the
initial input particles, a precise simulation of their interactions with the detector materials is
performed, also reproducing the digitized response of the electronics of the various subsystems
of the detector. After that, the physics objects are reconstructed by using dedicated software
tools. The individual steps are described in detail below.

3.1.1 Events Generation

The first step of the simulation process is the generation of input particles at the Monte Carlo
level. In this phase, different types of particle samples can be created:

e Samples of p"y~ interactions where the specific processes and final states can be
selected, and the center-of-mass energy for the interaction is specified. In this thesis, the
MadGraph software [39] was used as the Monte Carlo event generators. This tool allows
the generation of hard collision events up to the Next-to-Leading Order (NLO) level in
perturbation theory.

e Samples of single particle events can be generated at the interaction point. Using
Python code, it is possible to generate particle samples of a given type with fixed energy
and polar angle values or defined within a specified range, depending on the needs of the
study. This scenario is often referred to as a “particle gun” approach, where the generated

23



CHAPTER 3. DETECTOR SIMULATION AND PHYSICS OBJECTS
RECONSTRUCTION

samples are particularly useful for the characterization of some detector subsystems, as
discussed in Chapter

e BIB particles are a further category of particle samples that are considered in the sim-
ulation studies of the Muon Collider. As anticipated in section the Monte Carlo
generators used to obtain the samples of BIB events are MARS15 and FLUKA.

3.1.2 Simulation

This simulation process is carried out within the ILCSoft framework [40], taking as input the
generated particles along with the detailed geometry of the detector, which includes the specific
components and the materials used. The description of the detector geometry is provided by
DD4HEP software [41], a specific tool within the ILCSoft framework.

The interactions of the particles at the generator level with the detector’s sensitive and passive
materials are simulated using the GEANT4 toolkit [42]. The process generates hits, labeled
SimHits in this thesis, which represent the energy deposits released by particles at specific
spatial locations and times as they pass through the detector and interact with materials.

3.1.3 Digitization

The SimHits generated during the simulation step represent the pure interactions of the parti-
cles at generation level with the materials composing the detector. In the following step, the
digitization procedure, the SimHits are taken as input and the simulation of the response of each
detector component is processed considering the effect of the readout electronics. This proce-
dure takes into account the characteristics of the individual subdetectors such as the spatial and
temporal resolutions, the geometry, and also operational parameters such as signal integration
time windows. At the end of this procedure, the collections of digitized hits for each subsystem
of the detector are obtained, which in this thesis are called DigiHit.

Reflecting the different characteristics and functions of the various components of the detector,
the digitization procedure presents different methods. In particular, in the context of the tracker
system and the calorimeter system, the following procedures are applied:

e Tracker digitization: the digitization of SimHits in the tracking system actually does
not represent true digitization and is currently at a preliminary stage. It primarily in-
volves a Gaussian smearing procedure with respect to the spatial and time coordinates for
each single SimHit from GEANT4 within the corresponding tracker layer. The Gaussian
smearing is defined considering the temporal and spatial resolutions of the given layer and
for each SimHit a corresponding DigiHit is generated without any clustering process.

A more refined digitization procedure is currently under development, aiming to more
accurately simulate the effects of the silicon sensors and include a clustering phase. At
the same time, this improvement will reduce the number of DigiHits outputted, thereby
lowering the computational time required for the reconstruction process.

DigiHits are selected within a specific time window for each subsystem (VTX, IT, OT
detectors), carefully configured to filter out the out-of-time component from the BIB and
reproduce the finite readout time window of the electronics in a real detector.

e Calorimeter digitization: the digitazation procedure in the calorimetric system involves
the sum of all the SimHits within a single calorimeter cell during a given acquisition time
window. This summation results in the formation of a calorimetric DigiHit, to which
spatial position, energy, and time are properly assigned.

Specifically, the associated energy is determined by summing the energy deposits from the
SimHits with energy greater than 2 MeV and the obtained result is then corrected by a
factor that accounts for the fraction of charge collected within the signal integration time.
The selected integration time window range is [-1, 25] ns.

The time associated with the DigiHit is defined as the arrival time of the first SimHit
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contributing to the corresponding DigiHit.

The acquisition time window is carefully selected to exclude the out-of-time component of
the BIB, maximizing the signal-to-noise ratio. For further details on the selection of the
acquisition time window, refer to Chapter

The same procedure is apply also for the muon detector system.

Overlay of the BIB contribution

As shown in Figure the generation and simulation phases of event samples (interactions
or single particles) and BIB samples are performed separately. The Overlay procedure allows
the combination of these two contributions before the start of the digitization phase. In this
way, during the digitization phase, both contributions are processed together, thereby enabling
the accurate reproduction of the experimental environment characteristic of the Muon Collider,
including the presence of the BIB. Moreover, the advantage of this procedure is that it simplifies
the computational process, allowing the simulation of the BIB sample only once and the usage
of it for studies with different samples during the subsequent reconstruction phase.

geometry GEANT4 m

SIGNAL X 1event

SIM bib 1slcio m
CIM Lilh M Alaia

SIM_bib_8.slcio % N events
Overlay
RecHits digitisation <« :
 Rectit: R Signal + BIB
X 1event
Jet clustering
Particle Flow

Track reco.

PFlow obij. .

Figure 3.1: Scheme summarizing the main steps of the simulation workflow. At the top, in green, the steps
from the particle sample at the generation level to the production of SimHits, following the simulation,
are illustrated. Similarly, the processes for the BIB samples are represented in blue. At the bottom,
in yellow, the process leading to the digitization and, finally, to the reconstruction of the particles is

summarized. [43]

3.2 Event Reconstruction procedure

3.2.1 Charged particle reconstruction

In a particle detector, a track is the reconstructed trajectory of a charged particle as it passes
through the active volume of the tracking detector. Track reconstruction is a key aspect of
data analysis, as it provides crucial information about the properties of particles produced in
collision events, including momentum, primary vertices, and particle identification (PID). Due
to the presence of a uniform magnetic field in the detector, charged particles describe a helical
trajectory, the curvature of which is inversely proportional to the transverse momentum of the
particle. The main parameters describing a track, referred to the interaction point zy as the
reference point, include:
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e Dp: minimum distance between the track and the interaction point in the transverse plane
respect the beam axis (z).

e Azimuthal angle ¢: between the reference point with respect to the center of the helix.

e 7. represents the perpendicular distance between the helix path of the particle and the
reference point, typically the origin, along the z-axis (the beam direction).

e (): the curvature of the track, which is inversely proportional to the transverse momentum
of the particle.

e tan(A): is the tangent of the dip angle, which describes the angle between the particle’s
helix trajectory and the x-y plane (the plane perpendicular to the beam direction).

The DigiHits hits of the tracker system that pass the temporal selection cuts in the digitization
phase, serve as input to the reconstruction algorithm, which allows the determination of the
trajectories of the charged particles. Currently, within the IMCC framework, two reconstruc-
tion approaches have been considered: the Combinatorial Kalman Filter (CKF) and Conformal
Tracking (CF) [44]. The CKF method was originally developed for the high-occupancy environ-
ment of hadronic colliders, where it is essential to manage a large number of hits. In contrast,
the CF algorithm was designed for the eTe™ colliders, where the experimental environment is
much cleaner. In the current studies conducted by the IMCC, the CKF has been adopted. This
choice is motivated by the fact that CFK can efficiently process a large number of hits in the
tracking system due to the BIB. As shown in Figure the average occupancy level for bunch
crossings in the tracking system, due to BIB particles at /s = 10 TeV, is very high, especially in
the first layers of the vertex detector, and then progressively decreases with the increase of the
radial distance from the beam pipe. The figure also compares the occupancy levels without the
application of an acquisition time window (in blue) and with the application of a time window
between [—30¢, 30¢] (in red), where oy = 30 ps for the vertex detector and o, = 60 ps for the
tracking detector.

Background overlay in [-360, 480] ps range s =10 TeV
L\.'E :
-& 10 ’ - no time window
3 | O |
c 1 = N .
3 =r - time window [-3c,., +50)
E Q|
g 10° =3
'6 1 1
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© ]

OT disks

OT barrel
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VXD barrel
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35 40
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Figure 3.2: Average hit density for bunch crossing of BIB particles at /s = 10 TeV in the vertex and
tracking detector. Results with the application of an acquisition time window are shown in red.

A detailed description of the CKF algorithm can be found in . The main steps are
summarized as follows:

e Seed generation: The starting point in the CFK algorithm involves generating track
seeds, which are the initial track candidates. This process begins with the DigiHit in the
tracking system: seeds are formed by selecting triplets of DigiHits within the four layers
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of the Vertex Detector, specifically considering only those hits located in the outer half of
the doublet layers.

The seed generation process relies on the ACTS framework [49], a high-performance soft-
ware toolkit developed for track reconstruction.

e Track fitting Once the seeds are identified, the CKF algorithm proceeds to the track
fitting stage. In this step, the algorithm iteratively propagates each seed track through the
subsequent layers of the tracker detector. As the track advances, the algorithm searches for
additional hits in the layers that align with the predicted trajectory of the track. At each
layer, the Kalman filter is employed to update the track parameters, refining the track’s
position, momentum, and direction by incorporating the new hits. This iterative fitting
process continues until the track is fully reconstructed, with all relevant hits included. The
result is a precisely fitted track that accurately represents the particle’s trajectory through
the entire detector system.

The performance of the CKF algorithm was evaluated using two samples of single muons gener-
ated from the interaction point with momentum fixed at p = 10 GeV. The first sample consists
of muons with uniform polar angle 6 distribution between [10°, 170°], while the second sample
includes muons with transverse momentum (pr) respect the beam axis between [0, 10] GeV.
Figures(3.3|illustrate the reconstruction efficiency as a function of the transverse moment, on the
left side, and of the polar angle, on the right side. In this study, both scenarios were analyzed,
with the contribution of the BIB, represented by the red line, and without it, indicated by the
blue line. For muon with pr > 2GeV and in the central angular region, the reconstruction
efficiency is about 100%, even in the presence of BIB. The visible drop in efficiency in the very
forward /backward regions of the detector is mainly due to the increased presence of BIB particles
in the proximity to the nozzles at very low and very high 6. This behavior is further confirmed
by Figure in which the distributions of the correctly reconstructed tracks associated with
a generated muon are compared with those of the fake tracks (spurious tracks) as a function
of the transverse momentum. From the figure, a strong increase in fake tracks in the low pr
regions can be observed.
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Figure 3.3: Track reconstruction efficiency as a function of the transversal momentum (figure left) and
polar angle (figure right). The blu colour refers to the case considering the contribution of BIB, while in
red the case without.[18]

3.2.2 Particle Flow Calorimetry and the PandoraPFA Algorithm

The Particle Flow calorimetry (PF) [50] was developed to address the need for high-granularity
calorimeters, with the main goal of obtaining precise jets reconstruction. Jets are sets of parti-
cles generated by the hadronization process of quarks or gluons and represent one of the most
complex objects to reconstruct accurately in a detector. The energy of a jet is carried mainly
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Figure 3.4: Distribution of the fraction of reconstructed tracks matched to a true simulated muon (in
blue) and without matching (in red) as a function of transverse momentum.

by charged particles, while a smaller part is given by photons, long-lived neutral hadrons and
neutrinos.

To achieve high energy resolution in jets, the approach underlying the Particle Flow consists of
precisely reconstructing the momentum and energy of each particle by combining the informa-
tion provided by the various subdetectors.

In the standard calorimetric approach, the measurement of the energy of a jet is provided ex-
clusively by the calorimetric system, which sums the energy deposits in both the ECAL and the
HCAL. The main limitation of this methodology is due to the low energy resolution of hadronic

. : . oE ~ 50%
calorimeters, with values typically around £ =~ \/EO

Methods based on PF algorithms allow the enhancement of the jet energy resolution involving not
only the calorimeters but also the information coming from the tracking system. Specifically from
the tracker detector, it is possible to measure precisely the momentum of charged particles while
the energy of the photons can be measured from the energy deposits in the ECAL. Consequently,
the HCAL is mainly employed to measure only a small fraction of the jet energy associated with
long-lived neutral hadrons and neutrons, thus reducing the effect of the poor resolution of the
HCAL on the jet energy measurement. A representation of the Particle Flow method for the jet
energy measurement can be seen in Figure on the right side, while a comparison with the
standard calorimetric method is shown on the left.
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Figure 3.5: Illustration of standard calorimetric reconstruction method (left figure) and a Particle Flow
algorithm (right figure).
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PandoraPFA algorithm

A crucial aspect of achieving high performance with the Particle Flow approach is ensuring the
correct association between energy deposits in the calorimeter and the corresponding particles.
For instance, if the showers of a photon and a charged particle are close to each other and not
well resolved, the photon’s energy might be incorrectly attributed or even missed entirely. This
task is managed by the Particle Flow Reconstruction Algorithm (PFA), which plays a pivotal
role in correctly matching energy deposits to the corresponding particles. The accuracy of jet
energy resolution is thus influenced not only by the intrinsic performance of the individual sub-
detectors but also by the effectiveness of the PFA software.

In the context of the International Linear Collider (ILC), the PandoraPFA algorithm was de-
veloped and implemented as part of the MARLIN reconstruction framework. This algorithm is
also used in the Muon Collider environment, where the presence of Beam-Induced Background
particles makes jet reconstruction particularly challenging.

PandoraPFA takes as input the track information of charged particles obtained from the tracking
reconstruction, along with the DigiHits from the calorimeter system. The algorithm performs
calorimeter clustering and Particle Flow reconstruction and the main steps are summarized in
the following:

e Track selection: tracks are projected onto the front face of the electromagnetic calorimeter.
The analysis identifies specific track patterns, such as kinks where a charged particle decays
into another charged particle and neutral particles or cases where neutral particles decay
into two charged particles.

e Selection of the Calorimeter hits: DigiHits in the calorimetric system contain information
about the position (x,y,z) of the energy of the time and in the given layer of the calorimeter
on which they are located. They are processed with the following procedure:

— Hit selection: to identify relevant hits, a filter based on the energy of Minimum
Ionizing Particles (MIPs) is applied. Specifically, only DigiHits exceeding a certain
fraction of the energy expected from a MIP hit are retained, with specific thresholds
of 0.5 for ECAL and 0.3 for HCAL.

— Calibration: a correction is applied to the energy of the digits through specific cali-

bration factors depending on whether the hit is associated with an electromagnetic
or hadronic shower. This distinction is due to the difference between purely electro-
magnetic showers in ECAL generated by electrons and photons compared to hadronic
showers. Hadronic showers are composed of two main components: an electromag-
netic component, mainly generated by the decay of 7 and 7 mesons into photon pairs,
and a purely hadronic component. The latter involves processes of interaction with
matter, characterized by a portion of energy that is not directly measurable, called
”invisible energy”. This invisible energy is related to the binding energy of the nuclei
released during the numerous nuclear interactions that occur in the shower.
Due to the invisible energy effect, an asymmetry occurs in the calorimeter response
when measuring the electromagnetic component and not in the hadronic showers.
To correct this aspect, a specific compensation software is applied that allows the
re-weight of the contribution of the energy given by the hits in HCAL.

— Isolation requirements: During the initial phase of the clustering algorithm, groups of
calorimetric hits that satisfy a minimum criterion of number of hits within a certain
predefined distance are selected. Hits that do not meet these pre-clustering require-
ments are identified as isolated hits. These isolated hits are generally produced by
the passage of particles that interact poorly with matter, such as low-energy neutrons
generated during the development of hadronic showers. Since isolated hits are un-
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likely to be subsequently associated with particle showers, they are treated separately
to avoid compromising the accuracy of the event reconstruction.

— MIP identification: at the calorimetric system level, it is possible to identify tracks
associated with minimally ionizing particles (MIPs) by analyzing the energy of the
corresponding hits. In particular, the energy of the hits must not exceed prede-
fined thresholds, calculated based on the expected energy that a MIP deposits when
crossing the various layers of the calorimetric system. These thresholds helps in
distinguishing MIPs from other particles that produce a higher energy deposition.

— Hit Ordering: for each layer of the colorimetric system the hits are ordered according
to their energy. With this order, they are given as input to the clustering algorithm.

e Clustering: hits in the calorimeter are grouped into clusters using a cone-based algorithm.
This method leverages the fact that the hit direction is nearly aligned with the original
particle’s trajectory. As shown in the upper part of Figure the process begins by
using hits from the projected tracks on the electromagnetic calorimeter’s front face as
cluster seeds. The track direction at the ECAL face sets the initial cone direction. The
algorithm proceeds layer by layer, adding hits within the cone or starting new clusters
from unmatched hits.

e Topological Cluster Merging: the cluster fragments produced by the initial clustering algo-
rithm, which are not associated with any trace, are processed through a series of algorithms
based on topological models of the showers. In this way, neutral clusters are merged with
charged clusters associated with traces, improving the reconstruction of showers. The
algorithms use topological signatures to guide the merging of clusters, based on defined
spatial and energetic criteria.

e Statistical re-clustering: if there’s a mismatch between the energy measured in a cluster and
the momentum of any tracks linked to it, the clustering process is repeated using adjusted
parameters to better align the cluster energy with the expected track momentum.

e Photon identification: is based on the analysis of the longitudinal and transverse develop-
ment of the showers inside the electromagnetic calorimeter. Specifically, the identification
procedure can be done by comparing the shower profile as a function of the number of
radiation lengths with the expected profile for an electromagnetic shower. An important
aspect of this process is the ability to distinguish electromagnetic showers from hadronic
showers. Through this methodology, it is also possible to identify and recover photons
that may have been embedded in energy clusters associated with a hadronic shower, thus
improving the accuracy of photon identification and reconstruction.

e Fragment removal: any remaining neutral clusters that haven’t been identified as photons
are added to the hadronic showers of charged particles, ensuring that all energy deposits
are accounted for in the particle reconstruction.

e Formation of Particle Flow Objects: following these steps, reconstructed particles, called
Particle Flow Objects (PFOs), are obtained. The energy of charged particles is derived
from the momenta of their tracks, while the energy of neutral particles is determined
directly from calorimeter measurements.
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Figure 3.6: Schematic of the cone-based clustering algorithm. Two cases are distinguished: the presence
of a seed on the internal face of the electromagnetic calorimeter (top) and the presence of unmarked hits
(bottom).[51]
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Chapter 4

An electromagnetic calorimeter for a
Muon Collider Detector

This chapter presents the electromagnetic calorimeter requirements for a Muon Collider experi-
ment and then introduces a highly promising and novel electromagnetic calorimeter technology
being developed specifically for the Muon Collider’s needs.

4.1 Overview on electromagnetic calorimeter in collider exper-
iment

Calorimeters [52] are essential devices in detectors used in high-energy physics experiments, with
the fundamental task of measuring the energy of particles. The operating principle underlying
each calorimeter is the absorption of the energy of particles through their interaction with the
material constituting the calorimeter. Particles, depending on their nature, can interact electro-
magnetically or through strong interaction. The result of these interactions is the production
of numerous particles that form electromagnetic or hadronic showers, respectively, depending
on the type of interaction. By measuring the energy deposited by these particles in the active
components of the calorimeters, it is possible to obtain signals proportional to the energy of the
initial particle.

Another important aspect regarding calorimeters is that they play a crucial role in particle iden-
tification (PID) since the analysis of the evolution of the showers inside the detector is possible
and provides the possibility to detect neutral particles such as photons and neutrons, which leave
no trace in other types of detectors, contributing significantly to the complete reconstruction of
events in high-energy physics.

Electromagnetic calorimeters (ECAL) are a class of calorimeters specifically developed to mea-
sure photons, electrons, and positrons. They can be classified into two main categories based
on their construction technique: homogeneous calorimeters and sampling calorimeters. Homo-
geneous calorimeters are characterized by being formed entirely of an active material, which
absorbs the energy of the particles and at the same time generates a signal directly proportional
to the deposited energy. The chosen material must be dense enough to be able to absorb even
high-energy particles. While sampling calorimeters are made up of an alternating structure of
passive materials (which absorb the energy of the particles and generate electromagnetic show-
ers) and active materials (which collect the energy deposited by the shower products).

The energy resolution is one of the crucial parameters characterizing the performance of a
calorimeter and allows to quantify the precision with which the calorimeter can determine the
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energy of the particles. The energy resolution of an electromagnetic calorimeter is usually
described by the relation:

oE a b
B N 4.1
i3 \/EEBEGBC (4.1)

Where the following terms are:

e Stochastic term (ﬁ) This term is related to the statistical fluctuations in the number

of particles generated inside the calorimeter cell, which give rise to an electrical signal
proportional to the deposited energy. It expresses the uncertainty due to the probabilistic
nature of the particle interaction process in the calorimeter.

e Noise term (%): This term quantifies the contribution to the energy resolution arising

from the noise in the readout chain. It depends on the type of detector used to measure
the energy deposited in the calorimetric cell, as well as the specific characteristics of the
readout circuit. In calorimeters where energy measurement is based on the detection of
light produced by particle interactions with the material, the noise term is typically small.
This is due to the high signal-to-noise ratio, resulting from the significant gain of the signal
relative to the noise.

e Constant term (c): This term does not depend on the energy of the particle and is mainly
related to effects due to non-uniformity of the calorimeter material. A typical cause of
non-uniformity is for example aging following radiation damage.

4.2 Electromagnetic calorimeter requirements for a detector at
Muon Collider

The presence of BIB within the detector significantly impacts also the calorimetric system, in
addition to the tracking system discussed in section Specifically, simulation studies at a
center-of-mass energy of 1.5 TeV indicate that the flux of the BIB particles at the inner surface
of the electromagnetic calorimeter barrel reaches approximately 300 particles per em? [18].
Figure[4.1]provides a qualitative representation of the significant presence of BIB particles within
the calorimetric system, highlighting the high particle density. This is further emphasized by the
fact that in the figure, only a fraction of the particles from a single bunch crossing is considered.
In the electromagnetic calorimeter, the BIB is predominantly composed of photons, about 96%,
with an average energy of 1.7 MeV, while the remaining 4% consists of neutrons [18]. Addi-
tionally, an important characteristic, already mentioned in Section relates to the arrival
time of the BIB particles, which exhibits a broad distribution relative to the bunch crossing. As
presented in the following, this characteristic is crucial for the mitigation process of the BIB in
the ECAL.

Figure shows the occupancy levels in the barrel (figure left) and endcap (figure right) of the
calorimetric system: ECAL (red line) and HCAL (blue line). In the Barrel is possible to notice
that the occupancy level has a decreasing trend as the depth of the calorimeter increases; this
effect is due to the progressive absorption of particles by the calorimeter material. Similarly
in the endcap region, the occupancy level decreases as a function of the z-coordinate. The
histograms indicate that the majority of BIB particles are absorbed by the first layers of the
electromagnetic calorimeter, with only a small fraction reaching the hadronic calorimeter where
therefore the impact of the BIB is considerably lower.

Another important consideration, closely related to the high flux of BIB particles, is the amount
of radiation dose received by the calorimeter system. An elevated radiation dose can impact the
performance and longevity of the materials, necessitating robust design and material choices to
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Figure 4.1: Illustration of the presence of BIB particles in the calorimeter systems: ECAL and HCAL.
The figure has been obtained with BIB generated at a center-of-mass energy of 1.5 TeV and considering
only a fraction of the entire amount of BIB particles in a bunch crossing. [53)

ensure accurate measurements and detector durability. Simulation studies at /s = 1.5 TeV, pre-
dict that the ECAL will be subjected to a total ionizing dose of 100 krad/y and a 103~ ¢m =2
1-MeV-neq fluence.
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Figure 4.2: Occupancy at hit level in the calorimeter system as a function of the distance from the beam
axis. The red line represents the ECAL, and the blue line represents the HCAL. The Figure on the left
shows the Barrel region, while on the right there is the Endcap region. \\

In this experimental environment, the calorimetric system for the Muon Collider detector must
meet the following requirements to provide the necessary BIB mitigation and ensure optimal
measurement performance:

e High granularity to reduce the overlap of BIB particle hits in the same calorimeter cell.
During the signal integration time within a cell, this overlap can produce hits with an
energy deposit similar to the one of a primary interaction particle, making it harder to
separate the two contributions. Additionally, high granularity allows for more accurate
measurement of energy deposits from the particles of interest.

e Good arrival particle time resolution to reduce the out-of-time component of the
BIB. Figure (left) compares the arrival time distribution of hits generated by BIB
particles (in red) to those produced by particles from p + u~ — Hvw — bb decay process
(in blue). It can be observed that by introducing an acquisition time window of about
At = 300ps from the bunch crossing time, a significant portion of the BIB hits can be
effectively filtered out while preserving most of the hits from the events of interest. To
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apply such an acquisition window it is necessary to achieve a temporal resolution at ECAL
in the order of 100 ps (At = 30y).

Longitudinal segmentation to discriminate between the different energy profiles pro-
duced by particles coming from a muon collision and those coming from BIB. Figuré4.3|
on the right shows a comparison of the energy distribution as a function of the distance
from the beam axis between hits produced by particles originating from interaction events
g+ pu~ — Hvo — bb (in blue) and those from BIB (in red). Most of the energy from
BIB particles is deposited in the first layers of the ECAL, while particles from a primary
interaction present a deeper longitudinal energy distribution. An appropriate segmenta-
tion of the calorimeter is fundamental for distinguishing between electromagnetic showers
originating from particles produced in muon collision events and those arising from BIB
contributions.

Good energy resolution in the electromagnetic calorimeter represents an essential fea-
ture for critical physics measurements. Specifically, allows to precisely reconstruct the
energy of electrons and photons, which are fundamental to study processes such as Higgs
boson decay into photon pairs (H — 77) or Z boson decay into electron-positron pairs
(Z — eTe™). These measurements require high energy resolution to accurately determine
the invariant mass of these systems. Achieving an energy resolution below 10%vE is
necessary to minimize uncertainties in mass reconstruction, enabling the detector to re-
solve small mass differences and significantly enhance the overall discovery potential of the
Muon Collider.

Radiation hardness of the components forming the calorimeter system. As discussed
in the radiation levels expected in the calorimetric system of the Muon Collider are
lower than those expected for the HL-LHC. This guarantees that the performance of the
calorimeter will not be compromised by critical issues related to the accumulation of high
doses of radiation. As a result, materials can be selected from those commonly used in
high-energy collider experiments.

Optimal containment of electromagnetic showers: A crucial aspect to evaluate dur-
ing the design of a calorimeter is its capability to contain the energy of electromagnetic
showers. This property is crucial for an electromagnetic calorimeter and directly impacts
its performance in measuring the energy of particles that pass through it. In the high-
energy experimental environment of the Muon Collider, it is very important to have an
electromagnetic calorimeter with a sufficient number of radiation lengths (Xj), to prop-
erly contain the energy of high-energy particles like photons or electrons with TeV-scale
energies.
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Figure 4.3: Left: Distribution of the arrival time of hits in the ECAL barrel relative to the bunch-crossing

time.

The blue line corresponds to particles coming from a primary interaction, while the red line shows

the contribution from BIB particles. Right: Energy distribution of hits in the ECAL barrel as a function
of distance from the beam axis. Color legend is the same of left plot. [54]
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4.3 The CRILIN calorimeter

CRILIN (CRystal calorImeter with Longitudinal INformation) [55], can meet the above require-
ments. It consists of a semi-homogeneous calorimeter based on Lead Fluoride (PbF3) crystals
read out by surface mounted ultraviolet extended Silicon Photomultipliers (SiPMs). Figure
provides a representation in the Muon Collider detector, of the geometric configuration and spa-
tial arrangement of the barrel,in green, of the CRILIN calorimeter, illustrating its dodecahedral
structure surrounding the interaction point along with the two nozzles.

Crilin

nozzle

Figure 4.4: Rendering of the CRILIN electromagnetic calorimeter barrel showing its dodecahedral struc-
ture in the x-y transverse plane relative to the z-axis of the beam. In blue, the pair of nozzle absorbers

are depicted.

A semi-homogeneous calorimeter represents a modern design approach that aims to combine
the intrinsic high-energy resolution of homogeneous calorimeters with the longitudinal segmen-
tation typically found in sampling calorimeters. This combination enhances both performance
and flexibility. In Figure the semi-homogeneous structure is shown. The left figure illus-
trates the arrangement of the crystals forming the various layers, with the black lines indicating
the separation between consecutive layers. The right figure highlights the positions of the pho-
todetectors within the calorimeter structure; these detectors are placed between crystal layers
and are related to each individual calorimeter cell.

By employing a structure composed of crystal matrices, a modular design is achieved, consist-
ing of interchangeable blocks of crystal matrices. This feature is highly advantageous for the
calorimeter design, as it allows for optimization of the geometry (such as the number of layers)
to achieve the best measurement performance. Consequently, the longitudinal information from
the shower development can be utilized effectively to optimize BIB effects mitigation. This
adaptability ensures that the calorimeter can be fine-tuned to meet specific experimental re-
quirements, thus maximizing the efficiency and precision of particle detection.

Figure (left) provides a graphical representation of a single cell of the CRILIN calorimeter.
Each one comprises a single crystal optically connected to a photosensor made up of 4 SiPM
sensors. These SiPMs are paired to form two readout channels for each cell, with the flexibility
to be connected either in series or in parallel. This aspect will be discussed in more detail in
Chapter 6.

Figure on the right shows in red the development of the Cherenkov radiation component
within the cell, obtained via GEANT4 simulation of a 120 GeV electron passing through the
crystal longitudinal axis. To efficiently contain the Cherenkov light produced within the cell, the
crystals are equipped with an external wrapping of material with a high reflectivity index. The
materials considered for the CRILIN cells are primarily Teflon and Mylar . The performance
and radiation resistance characteristics of the CRILIN proposal will be discussed in Chapter [6]
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The layout considered for the electromagnetic calorimeter design using the CRILIN proposal
consists of six layers of crystals in the shape of parallelepipeds with a square base. To achieve
adequate granularity, the transverse size of the crystals was set at 10x10 mm?2. With a length
of 40 mm, this configuration allows for a total of 26 radiation lengths (Xj), ensuring sufficient
containment of electromagnetic showers even for objects with energies in the TeV range.

Regarding the photodetectors, SiPMs were chosen for their excellent radiation resistance and
their ability to operate within magnetic fields, which is crucial given the ECAL’s placement
inside the solenoid. The selected SiPM sensors, with dimensions of 30x30 mm?, were chosen
to maximize light collection efficiency within each individual cell, ensuring optimal coverage of
the crystal’s base surface. This size also reflects a careful consideration of energy consumption,
alming to minimize heat generation by the detectors while maintaining high performance. As
detailed in Chapter [6] the SiPM pixel size was set to 10 pum. This specific choice helps to
significantly reduce dark noise, which is essential for achieving a high signal-to-noise ratio.
Additionally, the smaller pixel size enhances resolution and accuracy in detecting the Cherenkov
light produced within the CRILIN crystals, contributing to overall detector performance.

Figure 4.5: Graphical representation of the design of a semi-homogeneous calorimeter, like CRILIN. Left:
arrangement of various layers of crystal matrices. Right: illustration of the position of SiPMs within the
semi-homogeneous structure.[58]

wrapping

\

Figure 4.6: Left: schematic view of a single CRILIN cell. Right: graphical representation of Cerenkov light
within a single cell, obtained from the simulation of a 120 GeV electron passage thought the crystal.[58]

4.4 CRILIN in the Muon Collider detector

The CRILIN ECAL offers a promising option for a Muon Collider detector, optimally meeting
the requirements for the electromagnetic calorimeter as presented previously, in particular:

e Thanks to its semi-homogeneous configuration composed of layers of crystals, CRILIN
ECAL enables the extraction of longitudinal information about the development of elec-
tromagnetic showers. This aspect is extremely useful to distinguish showers caused by BIB
particles from those originating from primary muon interaction particles. By analyzing the
shower development across various calorimeter layers, it becomes possible to identify and
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mitigate the effects of BIB particles through the implementation of dedicated algorithms.

e The use of crystals with a base size of 10 x 10 mm? allows the creation of cells with fine
granularity. This feature helps to reduce the density of hits within a single cell that are
summed during the acquisition window, thereby improving the ability to distinguish, based
on the measured energy, between the two contributions. Additionally, the high granularity
offers significant advantages for the Particle Flow calorimetry approach, as discussed in
Section enhancing the accuracy of particle reconstruction.

e The use of Cherenkov crystals PbF5, enables the production of a very fast signal. As soon
as particles enter the cell, they immediately start generating Cherenkov light. This feature,
combined with the cell’s longitudinal dimension, allows for high temporal resolution. This
capability allows for the implementation of precise time windows to effectively filter out
the out-of-time component of the BIB as presented in

e PbF; crystals and SiPMs are components that offer excellent radiation resistance. They
have been used in other collier experiments, and their resistance to radiation is well-
documented [59] and [60]. This aspect, together with the radiation levels expected at the
calorimeter of the Muon Collider which are lower than those of the HL-LHC, guarantee
stable operation during the data acquisition runs.

The combination of all these aspects mark the fact that the CRILIN proposal for the electro-
magnetic calorimeter could be a very promising option for a Muon Collider detector experiment.
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Chapter 5

Characterization of CRILIN
performance in Muon Collider
detector

This chapter is dedicated to the discussion of the performance characterization of the CRILIN
EMCal through a simulation study. The CRILIN EMCal was implemented within the detector
geometry using the configuration presented in Chapter |4, The response of the electromagnetic
calorimeter equipped with 6 layers of CRILIN is evaluated in terms of energy resolution, recon-
struction efficiency, and electromagnetic shower containment.

The first part of the chapter describes the various particle samples used during this study. Fol-
lowing this, the characterization of BIB particles in the calorimetric system will be presented,
and a background mitigation procedure will be defined, taking advantage of the characteristics
of CRILIN. The chapter will describe the analysis procedure for the estimation of the energy
resolution comparing the results obtained from a sample of photons also considering the pres-
ence of the BIB. Finally, the last part of the chapter is dedicated to a study on the energy
containment of the electromagnetic showers in the CRILIN calorimeters.

5.1 Photon Sample Datasets for Calorimeter Studies

The performance of the CRILIN ECAL within the muon collider detector configuration has been
evaluated through detailed simulations of the detector by using a specific photon sample. The
choice to use photons as reference particles for the analysis of the calorimeter performance is
motivated by the fact that photons, unlike electrons, do not interact with the detector tracking
system. This allows the isolation and study in a more direct and effective way of the behavior
of the calorimetric system, without introducing the additional complexities related to the recon-
struction of the track and the identification of the electrons from other charged particles.

Two categories of single-photon events samples (referred to as photon-gun in this thesis) are gen-
erated at the interaction point: one features a continuous energy spectrum and the other with
a discrete energy spectrum. These samples are produced at the Monte Carlo level as explained
in and then processed through the simulation and reconstruction pipeline, as described in
Chapter

5.1.1 Continuous energy spectrum samples

The photon samples with continuous energy spectrum are used for the performance evaluation
of the CRILIN ECAL. In particular, two distinct sets of samples are produced in the barrel
region of the detector.
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e A first sample of 15000 photons with energies uniformly distributed between 1 GeV and
1000 GeV. This sample was used for the CRILIN performance studies for the 1.5 TeV
detector geometry presented in section

e A second sample of 20000 photons, divided into 10000 photons with energies uniformly
distributed between 1 GeV and 250 GeV and another 10000 photons with energies uni-
formly distributed between 250 GeV and 1000 GeV. This sample of photons was used for
the performance studies of CRILIN with the detector configuration for a center-of-mass
energy of 10 TeV (the MUSIC concept described in .

In Figure the energy at generation level, called in this thesis Eryqe, distributions of both
samples are shown. The left figure shows the 15000 photon sample with a uniform energy range
between 1 GeV and 1000 GeV. While the right figure shows the second sample with the low-
energy part depicted in red and the high-energy component in blue.

Both samples are uniformly generated within a polar angle range, 8, between 70° and 110°. This
angular range defines a region around the center of the detector barrel at 90°, which is perpen-
dicular to the beam axis. The choice of this angular range is motivated by the need to avoid
transition regions between the barrel and endcap, where the detector is less instrumented. Fi-
nally, the sample was uniformly generated across the entire azimuthal angle, ¢. Figure[5.2)shows
the angular distributions for the two samples together, highlighting their uniformity between
70° and 110°.
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Figure 5.1: True level energy distribution of the photon samples generated in the barrel region of the
detector. Left: sample of 15000 photons with uniform energy distribution between [1, 1000] GeV. Right:
sample of 20000 photons, of which 10000 with energy between [1.250] GeV (in red) and the remaining
10000 with energy between [250,1000] GeV (in blue).

5.1.2 Discrete energy spectrum samples

In order to compare the characteristics of the BIB particles in the electromagnetic calorimeter
with respect to the signal generated by the photons, a series of monochromatic photon samples
was generated using the Monte Carlo generation method with the particle gun described in[3.1.1]
These samples are produced both in the barrel and endcap regions. Each sample consisted of
1000 single-photon events with fixed energies of 1 GeV, 10 GeV, 100 GeV, and 500 GeV. The
photon samples were generated with a uniform distribution in polar angle within the following
angular regions:

e Barrel region: uniformly distributed within the total angular region of the barrel 6 €
[35°,145°].

e Endcap region: uniformly distributed within 6 € [10°,35°] U [145°,170°], corresponding
the complete polar angular interval of the endcap.
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Figure 5.2: Distribution of the polar angle # at the true level of the generation, uniformly distributed
between 70° and 110°. The histogram shows the contributions from both samples: on the left, the sample
of 15000 photons, and on the right, the sample of 20000 photons.

5.2 The CRILIN characterization for /s = 1.5 TeV Muon Col-
lider detector

The first approach to the characterization study of the CRILIN electromagnetic calorimeter in
the Muon Collider experiment was carried out starting from the detector configuration for the
Vs = 1.5 TeV phase [18]. The main differences compared to the configuration proposed for a
center of mass energy of 10 TeV, presented in Chapter |2 are the following;:

e in the 1.5 TeV configuration, the solenoid is positioned outside the HCAL, while in the
Vs = 10 TeV configuration it has been placed between the ECAL and the HCAL.

e the CRILIN system is composed of 5 layers of crystals, while in the MuSIC configuration,
6 layers are considered.

Considering this detector configuration, the performances of CRILIN in terms of energy reso-
lution, reconstruction efficiency, and energy containment level of the electromagnetic showers
were estimated considering the 15000 photon sample in the barrel region of the detector with
energy between [1, 1000]GeV as defined in This study was carried out also considering the
effect of the presence of the BIB by using a BIB sample at a center-of-mass energy of 1.5 TeV,
which as seen in presents characteristics very similar to the case /s = 3 TeV.

5.2.1 Reconstruction procedure with the BIB overlay

The reconstruction process for the performance study in the presence of the BIB was performed
by applying a DigiHit selection procedure in the electromagnetic calorimeter, with the aim of
reducing the computational time during the clustering phase in the reconstruction of single
photon events. In the case of the performance study without the BIB, this procedure was not
applied, since the aim was to obtain an estimate of the pure CRILIN performance.

The selection criterion adopted is based on the fact that, as illustrated in chapter BIB
particles are characterized by low energy and release hits with lower energy than those produced
by the passage of signal particles from muon collisions. Therefore, the selection procedure
involves the application of thresholds on the energy of the DigiHits in the CRILIN calorimeter,
with values that vary as a function of the layer and of the spatial region of the barrel along
the longitudinal coordinate z (corresponding to the beam axis). In particular, the barrel has
been divided into 3 regions: a central region defined by the interval z € [—736.6,736.6] mm
and a intermediate region defined by the intervals z € [—1473.6, —736.6] U [736.6,1473.6)mm
and a forward region defined by the intervals z € [—-2210,—1473.6] U [1473.6,2210jmm . For
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each layer and region, the BIB energy distribution was examined and the energy threshold value
was extrapolated from the mean energy summed with two times the Root-Mean-Square of the
corresponding distribution. This represents a lower limit for the DigiHit energy in order to filter
out the contribution form the BIB. The values are presented in the following Tableb.1}

Layer | Central region [MeV] | intermediate region [MeV] | Forward region [MeV]
1 285.3 232.7 138.4
2 165.1 137.5 83.6
3 68.5 58.6 38.8
4 44.2 39.5 294
5 36.4 33.7 25.3

Table 5.1: Energy threshold values as a function of the CRILIN layer for the forward and the central,
intermediate and forward regions of the barrel.

5.2.2 Matching procedure

In order to evaluate the performance of the CRILIN calorimeter, it was necessary to match the
reconstructed photon with the corresponding particles generated at the Monte Carlo level.

The matching procedure adopted for this study is based on the following criteria applied to the
reconstructed particles:

o [ selected, among the set of particles reconstructed in the detector in a single event, all
those identified as photons.

o As illustrated in Figure left, among the particles reconstructed as photons, I sub-
sequently selected only those contained within a cone defined around the direction of
propagation of the generated photon. The cone is characterized by an opening radius
AR = \/A¢? + An? = 0.1, where A¢ represents the difference in azimuthal angle between
the direction of propagation of the generated photon and the reconstructed one, while An
indicates the corresponding difference in pseudorapidity (7 = — In[tan §]). The chosen
value for the cone opening radius was determined by observing the distribution of AR
among all particles reconstructed as photons in all the photon sample. As highlighted
in Figure right, a radius of 0.1 allows the inclusion of the reconstructed photon cor-
responding to the generated one. At the same time, it was important not to choose an
excessively large value to avoid the higher contamination by BIB.

e Following this selection step, if multiple particles reconstructed as photons were observed
inside the cone, the one with the energy closest to that of the generated photon was chosen.
Conversely, if no reconstructed photon was observed, the event was discarded and labeled
as unreconstructed.

e Finally, the event was considered reconstructed if the photon inside the cone had an energy
at least half that of the generated photon.

By applying the described matching procedure, it was possible to associate the particles recon-
structed as photons to those corresponding at the generation level. This selection criterion was
adopted both in the study conducted in the absence of BIB and in the subsequent one, with the
BIB overlay on the photon sample.

In Figure the reconstruction efficiency of the detector using the described selection pro-
cedure is shown. The left figure presents the efficiency as a function of the photon energy at
the generation level, while the right figure shows the efficiency as a function of the polar angle
between 70° and 110°, the range in which the photon sample was defined.

The results obtained show an excellent reconstruction efficiency, with values above 95% over
the entire energy spectrum and angular range analyzed. This is true both in the case without
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Figure 5.3: Left: Graphical representation of the cone defined around the direction of the generated
photon, with opening radius AR = 0.1. The selection includes only particles reconstructed as photons
and contained within the cone. Right: Distribution of AR values among the generated photons and all
particles reconstructed as photons. The histogram refers to the entire sample of 15000 events containing
photons.

the contribution of the BIB (blue line) and in the case in which the overlay with the BIB at
Vs = 1.5 TeV was considered.
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Figure 5.4: Left: reconstruction efficiency as a function of the energy of the generated photon sample.
Right: reconstruction efficiency as a function of the polar angle between 70° and 110° in which the sample
was defined. In both graphs the case in which the BIB contribution was absent (blue) was compared
with the case in which the BIB at /s = 1.5 TeV was considered (red)

5.2.3 Energy resolution study

Before starting the study of the energy resolution of the CRILIN calorimeter, it was necessary
to apply a correction to the energy of the photons reconstructed by the detector, selected with
the procedure described above. This correction was essential to make the uniform in the entire
energy range considered the response of the detector. The energy of the reconstructed photons,
denoted as FEreco, was corrected by multiplying it by a correction factor K.y, defined as the
ratio between the generation-level photon energy, called Ery,., and the reconstructed photon
energy:

E
Kcorr = ETrue (5 1)
reco

In Figure[5.5/on the left, the values of the correction parameter as a function of the reconstructed
photon energy for each single event of the photon sample are reported. As can be observed,
the values of K, are primarily concentrated below 1.2, maintaining an almost constant trend
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around 1.065 for energies above 25 GeV, while showing a more pronounced increase for energies
below 25 GeV. In Figure on the right, the corresponding distribution of the correction
parameter values for the photon sample is reported, also considering the contribution of the
BIB. In this case, it is observed that the energy deposits due to the BIB particles lead to a
general increase in the correction parameter values, which are distributed around K ., = 1.55.
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Figure 5.5: Distribution of the correction parameter values as a function of the reconstructed photon
energy for each single event of the photon sample. On the left, is the case without BIB overlay while on
the right, is the case with photons and the BIB contribution at /s = 1.5 TeV.

To parameterize the behavior of the correction factor as a function of the reconstructed energy,
the energy range was divided into sub-intervals of equal width. For each interval, the mean
value of the correction factor was calculated. The overall trend of the mean correction factor
as a function of reconstructed energy is shown in Figure on the left, case without BIB
contribution, and on the right with the presence of the BIB. In both cases, the mean values of
the correction parameter were fitted with a polynomial function of degrees 9 and 6, respectively.
It is emphasized that no correction of the energy as a function of the polar angle has been
applied, but only as a function of the energy. This choice is motivated by the narrow angular
region considered for the photon sample.
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Figure 5.6: Trend of the mean values of the correction parameter as a function of the energy of the
reconstructed photons. The fit was obtained with a polynomial function of degree 9 and 6 respectively
for the case without BIB contribution (left figure) and with BIB (right figure).

Once the energy calibration of the calorimeter was obtained, the energy resolution characteriza-
tion of the CRILIN calorimeter was performed by analyzing the relative difference (%) between
the photon energy at the generator level and the energy of the reconstructed photon incorporat-
ing also the correction parameter K.,... The relative difference % is defined with the following
relation:
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Ag o Errve — Ereco - Keorr
ETrue ETrue

(5.2)

In particular, the procedure I applied to determine the energy resolution, both with and without
the contributions from the BIB, is described in the following points:

e first of all, I divided the [1, 1000] GeV range of Ep,,. into 18 sub-intervals of equal width
and, for each of them, I have considered the distribution of AE . In Figure 5.7| four
representative examples of these distributions in the case of the photon sample without
the BIB contribution are reported. In the top row, the left figure refers to the energy
sub-interval between [166-222] GeV and the right figure to the sub-interval [500-555] GeV.
In the row below, the histograms relating to the sub-intervals between [833,888] GeV and
[916, 972] GeV are presented on the left and right sides respectively. As can be observed,
the distributions of & show a peak around zero, this aspect confirms the effectiveness
of the correction procedure applied to the reconstructed energy.

e As illustrated in Figures I applied a Gaussian fit to each of these distributions. This
approach allows the extraction of the sigma value from the fit, providing an estimate of
the width of the E dlstrlbutlons for each energy sub-interval.
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Figure 5.7: Distribution of the energy ratio A—EE relative to different true level photon energy sub-intervals.

Upper left E € [166,222] GeV. Upper right E € [500,555] GeV. Lower left E € [833,888] GeV. Lower
right E € [916,972] GeV.

Figure shows the trend of the o values obtained for each energy interval, using the procedure
described above. The results are compared between the case without the contribution of the
BIB (in blue) and the case with the contribution of the BIB (in red). The trend of the energy
resolution of the CRILIN calorimeter was determined by fitting the data with the typical pa-
rameterization used for homogeneous electromagnetic calorimeters.

The results obtained, both in the case without BIB[5.3|and in the case with BIB are reported

below:
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Based on these results, the following observations can be made:

e Starting from the result obtained for the photon sample in the absence of the BIB con-
tribution; this has been an important verification of the pure performances of the ECAL
CRILIN in a wide energy range. The value of the estimate of the energy resolution obtained
falls perfectly within the requirements for the electromagnetic calorimeter for the Muon
Collider and this confirms the validity of this new proposal of electromagnetic calorimeter.

e Considering the result obtained with the photon sample and also considering the contri-
bution of the BIB at /s = 1.5 TeV, a marked difference is observed compared to the
case without BIB. This demonstrates how the BIB particles have a notable impact on the
performance of the electromagnetic calorimeter. However, the result obtained does not
deviate too much from the resolution benchmark within 10%/+/s for the Muon Collider.
This indicates that the CRILIN continues to represent an excellent calorimeter option.
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Figure 5.8: Trend of the energy resolution of the CRILIN electromagnetic calorimeter. In blue is the case
without the presence of the BIB and in red is the case with the contribution of the BIB particles. These
results refer to the 5-layer CRILIN configuration used in the design of the Muon Collider detector for a
center-of-mass energy of 1.5 TeV.

5.3 The /s = 10 TeV Beam-Induced Background in the electro-
magnetic calorimeter

In addition to the study of the performance of CRILIN conducted with the detector configuration
for a center-of-mass energy of 1.5 TeV, during my thesis, I also carried out a first study of the
performance of CRILIN in the context of the development of the detector design for /s = 10TeV .
In this study, based on the detector configuration presented in Chapter 2| I initially focused on
the detailed characterization of the BIB at a center-of-mass energy of 10 TeV at the CRILIN
electromagnetic calorimeter.

48



CHAPTER 5. CHARACTERIZATION OF CRILIN PERFORMANCE IN MUON
COLLIDER DETECTOR

The first step of this study consisted of simulating the passage of particles of a BIB sample at
Vs = 10 TeV, coming from the MDI and crossing the detector, considering the MUSIC geometry
described in chapter 2| The SimHits obtained were subsequently processed through a trimming
procedure, in which only the hits within a time window of [-1, 25] ns with respect to the passage
of the bunch were retained. This choice was motivated by the need to reduce the number of
SimHits due to computational limitations, focusing on the most relevant time range.

The next step was the digitization process of the SimHits generated by the BIB sample. In this
phase, the same signal integration interval of [-1, 25| ns used for trimming was adopted, thus
obtaining the corresponding DigiHits.

The characterization of the BIB in the electromagnetic calorimeter, both in the barrel and in
the endcap, was performed by studying the DigiHits and comparing them with those related to
different photon samples with discrete energies of 1, 10, 100, and 500 GeV, as defined in

Figures and respectively related to the barrel and the endcap, show the normalized
DigiHit number in the six CRILIN layers, comparing the contribution of the BIB (indicated in
red) with that of the single monochromatic energy photon samples, as specified by the colors in
the legend. It is observed that, both for the endcap and for the barrel, the BIB presents most of
its hits in the first layer: about 40% for the barrel and about 48% for the endcap. Subsequently,
the hit fraction progressively decreases as the layer increases. This trend reflects the spatial
distribution of the hits generated by the BIB, with a higher concentration in the first layers of
the calorimeter. For the signal samples, it is observed that the maximum value of the count
fraction moves deeper into the calorimeter as the photon energy increases. This phenomenon
is directly related to the greater extension of the electromagnetic shower development, which
increases with the particle energy. In particular, the sample with an energy of 1 GeV shows
the maximum at the second layer of the calorimeter, while the sample with an energy of 500
GeV shows the maximum at the fifth layer. This shift towards deeper layers is indicative of the
increase in the particle energy and the consequent amplification and diffusion of the shower.
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Figure 5.9: Histogram representing the fraction of the number of DigiHits as a function of the CRILIN
calorimeter layer at the barrel region. The red color indicates the contribution of the BIB, while the 1,
10, 100, and 500 GeV photon samples are indicated with the colors in the legend.

Figures and illustrate the energy fraction of the DigiHit as a function of the CRILIN
layer, for the barrel and the endcap, respectively. In this context, the energy fraction represents
the percentage of the total energy deposited in the calorimeter that is attributed to each layer.
The red dashed line indicates the contribution of the BIB sample, compared with the results
obtained by analyzing the single photon samples at different energies. This comparison allows the
visualization of how the BIB energy is distributed across the various layers and how it compares
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Figure 5.10: Histogram representing the fraction of the number of DigiHits as a function of the CRILIN
calorimeter layer at the endcap region. The red color indicates the contribution of the BIB, while the 1,
10, 100, and 500 GeV photon samples are indicated with the colors in the legend.

with the energy distributions of the photon showers at different energies. It is observed that,
similarly to what was found in the histograms related to the number of counts, the energy
fraction related to the BIB particles shows a decreasing trend as the CRILIN layer increases. In
particular, it is noted that most of the energy is deposited in the first layer, with values reaching
about 80% for the barrel and 75% for the endcap. On the contrary, the distribution of the energy
fraction for the various photon samples is more uniform in the first CRILIN layers. Furthermore,
following the development of the electromagnetic shower, the position of the maximum of the
deposited energy moves progressively deeper as the photon energy increases.
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Figure 5.11: Trend of the DigiHit energy fraction as a function of the CRILIN layer in the barrel region.
The red dashed line represents the contribution of the BIB at a center-of-mass energy of 10 TeV which
is compared with the photon samples with energies of 1, 10, 100, and 500 GeV indicated with the colors
in the legend.

From this first study of the BIB at /s = 10 TeV at the electromagnetic calorimeter, it emerged
that the first layers of CRILIN are the ones most subject to the impact of the BIB particles. This
result indicates the need to optimize the mitigation of the BIB effects in the detector calorimetric
system by paying more attention to the first layers. This requires a careful analysis of the BIB
characteristics and the development of effective strategies to reduce as much as possible the
number of DigiHits.
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Figure 5.12: Trend of the DigiHit energy fraction as a function of the CRILIN layer in the endcap region.
The red dashed line represents the contribution of the BIB at a center-of-mass energy of 10 TeV which
is compared with the photon samples with energies of 1, 10, 100, and 500 GeV indicated with the colors
in the legend.

5.3.1 Study for the CRILN digitization for /s = 10 TeV collision

After this preliminary study on the characteristics of the BIB at /s = 10 TeV in the CRILIN
calorimeter, the second phase of this research focused on optimizing the digitization process of
the electromagnetic calorimeter in order to improve BIB mitigation at ECAL.

During the the study at /s = 1.5 TeV in section in the digitization procedure only energy
thresholds were applied, varying as a function of the CRILIN layer and the spatial region, while
the acquisition time window was constant for all layers equal to [-0.25, 25]ns.

The strategy I applied to optimize the selection of hits due to BIB consists of implementing
not only variable energy thresholds but also appropriate acquisition time windows differentiated
depending on the layer and the spatial region. This approach aims to exploit the high temporal
resolution offered by CRILIN to improve BIB mitigation, eliminating the asynchronous compo-
nent of the BIB with respect to the signal. Consequently, this would allow to further lower the
energy thresholds respect the /s = 1.5 TeV studies, improving the performance of CRILIN in
terms of energy resolution in the presence of BIB.

To identify the aforementioned appropriate selection requirements for the DigiHits, I conducted
an analysis study on the time-energy correlation of the DigiHits comparing them betweem the
BIB sample with the monochromatic energy photon samples, for each layer of CRILIN.

The two-dimensional histograms obtained from this study with photon sample at 100 GeV are
shown in Figures to Figure where the x-axis represents the arrival time of the hits,
while the y-axis reports the corresponding energy. The DigiHit time displayed in the histograms
has been corrected considering the propagation time of the particle in relation to the position
of the hit in the specific CRILIN cell.

From these histograms, we can make some observation. By looking at the time-energy distribu-
tions it is possible to see the presence of BIB hotpots in the positive time range that correspond
to the time interval of interest of the signal. Therefore, it is difficult to find appropriate time-
energy requirements for a proper energy resolution study and, due to the very high number of
BIB particles on the CRILIN layers, it was observed that the clustering procedure does not work
properly. This can be used to prove that the BIB at /s = 10TeV presents a different behaviour
with respect to the one at /s = 1.5TeV.
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To address this issue, it will be necessary to optimize the clustering algorithm of the calorimetric
system for the BIB at 10 TeV center of mass energy, which takes into account not only spatial
but also temporal information. Also a novel nozzles design, as the one showed in Figure
should be considered since the current one was optimized for BIB at 1.5 TeV.
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Figure 5.13: Longituninal section of new nozzle design proposed for the 10 TeV center of mass energy

detctor. [61]
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Figure 5.14: Time-energy distribution of the DigiHit on the first layer of CRILIN. Left: /s = 10 TeV

BIB. Right: 100 GeV photons.
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Figure 5.15: Time-energy distribution of the DigiHit on the second layer of CRILIN. Left: /s = 10 TeV

BIB. Right: 100 GeV photons.
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Figure 5.16: Time-energy distribution of the DigiHit on the third layer of CRILIN. Left: /s =

BIB. Right: 100 GeV photons.
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Figure 5.18: Time-energy distribution of the DigiHit on the fifth layer of CRILIN. Left: /s = 10 TeV

BIB. Right: 100 GeV photons.

5.4 Electromagnetic shower containment

This section presents a study on the containment of electromagnetic showers generated by pho-
tons with energies ranging from 1 GeV to 1 TeV. The study is based on the two photon samples
described in the previous section The results are for two configurations of CRILIN ECAL

with 5 layers and 6 layers of crystals.

The energy containment analysis is based on the SimHits at the simulation level in the electro-
magnetic calorimeter. For each photon event, the energy containment ratio, denoted by Kg, is
calculated. This ratio is defined as the sum of the energy of the SimHits in the CRILIN ECAL,
divided by the true level photon energy (Ep,ye).
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Figure 5.19: Time-energy distribution of the DigiHit on the sixth layer of CRILIN. Left: /s = 10 TeV
BIB. Right: 100 GeV photons.
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Figure 5.20: Longituninal section of new nozzle design proposed for the 10 TeV center of mass energy
detctor. [61]
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By dividing the true energy range and the true polar angle (#) range into bins of constant width
and analyzing the average value of the energy containment ratio (K.) for each bin, it is possible
to examine the shower energy containment as a function of the energy and the polar angle.
Figure compares the energy containment of the electromagnetic shower as a function of the
true level energy, comparing the result for CRILIN ECAL with 5-layer (red) and 6-layer (blue)
configurations. For both configurations, a decreasing trend of shower containment is observed
as the photon energy increases. In the 6-layer case, the values vary between 92.5% and 91.4%,
while the 5-layer configuration presents an overall worsening of the containment, with a greater
dependence on energy and values between 91.6% and 87.5%.

Figure compares the shower energy containment trend as a function of polar angle for the
5- and 6-layer configurations. The vertical lines indicate the angular range in which the photons
were generated. In both configurations, the minimum shower containment is observed at 90°,
while at more forward angles, the containment is higher. This effect, more visible in the case
with 5 layers, is due to the varying amount of material traversed by the shower, which is minimal
in the direction orthogonal to the barrel.

The results of this study show that a 6-layer configuration of the CRILIN electromagnetic
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Figure 5.21: Average values of the K ratio of the shower energy containment as a function of the photon
energy at the true level. In red are the results for the 5-layer CRILIN configuration and in blue are the
6-layer case.
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Figure 5.22: Average values of the K ratio of the shower energy containment as a function of the polar
angle at the true level. In red are the results for the 5-layer CRILIN configuration and in blue are the
6-layer case. The vertical lines indicate the angular range of the sample.

calorimeter provides good energy containment of electromagnetic showers up to 1 TeV. The
analysis shows that moving from a 5-layer to a 6-layer configuration provides a significant im-
provement in energy containment, with an increase of about 3%, compared to an increase of
about 4 radiation lengths.

5.5 Alternative detector design proposal for the 10 TeV center
of mass energy

Within the discussion to find the optimal design for the Muon Collider detector at the /s = 10
TeV stage, there is an alternative proposal in addition to the MUSIC configuration presented
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in the Chapter 2| The main difference with respect to the MUSIC detector design is related to
the position of the superconductive solenoid. In this case, the solenoid is placed between the
tracking system and the electromagnetic calorimeter.

This solution allows for a more uniform magnetic field within the tracking system and makes it
easier to achieve a higher magnetic field strength, around 5T, from a construction perspective.
Moreover it can help to shield the calorimeter system form the BIB particles.

However, having the solenoid placed in front of the calorimetric system requires careful study
to optimize the calibration in energy of the ECAL.

Using the sample of 15000 photons with energy between 1 GeV and 1000 GeV I conducted a
preliminary study on the energy resolution that can be achieved with this detector configuration.
Applying the same procedure described in section for the study of the energy resolution,
Figure shows the result obtained in this case witout the contribution of the BIB.
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Figure 5.23: Energy resolution values for the detector configuration featuring a solenoid placed between
the tracking system and ECAL.

Comparing this to the result obtained in the absence of the BIB presented in it is evident
that the energy resolution has significantly worsened. This is mainly due to the degradation in
reconstructed energy that occurs due to the presence of the solenoid in front of the calorimeter
System.
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Chapter 6

Preliminary CRILIN prototypes
tests

Since 2021, initial experimental tests have been conducted to assess the feasibility of a tech-
nology based on semi-homogeneous device for ECAL in high energy muon collisions [62], and
subsequent years have seen tests of dedicated prototypes. The experimental tests conducted thus
far have been crucial in verifying the correct operation of this device and providing a preliminary
assessment of its performance. This chapter will present an overview of the state-of-the-art in
prototype development, along with the main results obtained from these preliminary tests.

6.1 Description of the Prototypes

Two distinct prototype models have been developed labeled Proto-0 and Proto-1. Special at-
tention is given to Proto-1, which currently represents the most advanced and fully developed
prototype available. A detailed description will be provided of the front-end electronics compo-
nent that has been developed for Proto-1, as well as the cooling system.

6.1.1 Prototype model Proto-0

Proto-0 is the first prototype of CRILIN constructed, as illustrated in Figure The structure
has two PbFy crystals, each measuring 10x10x40 mm?, arranged in a single layer housed in a
mechanical structure, made from Acrylonitrile Styrene Acrylate (ASA), of dimensions 61x40x44
mm? (in black in right). The crystals are directly coupled to a 2x2 matrix of silicon SiPMs.
Specifically, Hamamatsu S14160-3010PS SMD SiPM model [63], with dimensions 3x3 mm? and
a pixel size of 10 um. They are installed on a dedicated printed circuit board referred to as
SiPM Board (in green in Figure left ). The optical coupling between the crystals and the
SiPMs is achieved through direct contact, without the use of optical grease.

6.1.2 Prototype model Proto-1

The Proto-1 prototype, shown in Figure [6.2] represents an evolution of the Proto-0 design, with
two layers of 3x3 matrices of crystals. Each crystal, of dimensions 10x10x40 mm?, is directly
coupled to a 2x2 matrix of SiPMs, similar to the configuration of Proto-0. The transverse and
longitudinal dimensions of this prototype are characterized by a Moliere Radius (Rjs) of 0.7 and
a total radiation length (Xo) of 8.5, respectively.

Figure (left) illustrates the assembly of Proto-1, showing that the structure consists of two
stacked modules (indicated in blue). Each module is equipped with a dedicated SiPM Board,
which will be described in detail in The prototype has a cooling system of the SiPMs,
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Figure 6.1: Left: 3D renderings of the Proto-0 prototype layout. The pair of PbFs crystals is shown in
blue and a section of the mechanical structure in black. In green the SiPM board and the SiPMs matrix
are shown in the central ﬁgure. Right: photo of the Proto-0 fully assembled for the experimental

tests.

hydraulically connected and placed on the lateral side of the prototype and visible in blue in

Figure (right).

Hydraulic matrix cases made of ABS plastic

connectors

Seal

Locking plates

Figure 6.2: Right: rendering of the assembly of Proto-1 with the various components that form the two
modules. Left: Photo of Proto-1 fully assembled.

6.1.3 The Front-End electronics

The front-end electronics for the Proto-1 prototype consist of two main components: the SiPM
Board and the Mezzanine Board.

The SiPM Board

Figure|[6.3/shows a front (right) and back (left) photo of the SiPM Board used for a single layer of
Proto-1. In Figure[6.3]left, the arrangement of the SiPMs can be seen; each crystal is connected
to one of the 2x2 matrix of SiPMs. This setup enables two independent readout channels per
crystal, achieved by connecting a pair of SiPMs from the 2x2 matrix either in series or parallel.
Consequently, a single layer of Proto-1 provides a total of 18 readout channels. The SiPMs
used are Hamamatsu S14160-3015PS SMD models, measuring 3x3 mm? with a pixel size of 10
pm. As will be justified in the next section, the choice of this specific model is related to the
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minimization of the dark current due to the flux of BIB particles expected in the Muon Collider
detector environment.

From the Figure left it is possible to notice that four 0603 SMD blue LEDs are installed
among the SiPM groups. The light produced by the LEDs allows us to perform diagnostic checks
by monitoring the SiPMs’s response and carry out an in-situ calibration. On the right side of
Figure the socket for cable connections is visible in black.

2x2 SiPMs

Figure 6.3: Photo of the SiPM board model produced for the Proto-1 of CRILIN. The left image shows
the front side, where each crystal is connected to a 2x2 matrix of SiPMs, highlighted in yellow. [55]. The
right photo represents the back side of the board with the cable connector.

The Mezzanine Board

The Mezzanine Board is connected to the SiPM Board via 50-ohm micro-coaxial transmission
line (Samtec ERCD-040-40.00-TEU-TED-1-D). These lines are used both to supply the bias
voltage to the SiPMs and to transmit the generated signals in output to the Mezzanine Board.
Figure shows a 3D rendering of the Mezzanine Board designed for the Proto-1 prototype.
Specifically:

e The signal from each of the 18 SiPM channels in a single layer undergoes amplification and
shaping processes. In particular, the signals are terminated adequately to avoid reflections
and are subjected to a first non-inverting amplification step with a gain value of 4. After
which the signal is processed by a pole-zero cancellation circuit, which allows the elimi-
nation of signal distortions due to the electronic components, and a second non-inverting
amplification stage with gain 2 is then applied. Consequently, the signal, following a total
amplification with gain 8, is ready to be digitized with a dynamic range of 2 V.

e On-board SiPM biases are provided by 18 high-voltage linear regulators, which offer a
range of 0-100 V and can source up to 5 mA of current. These regulators deliver precisely
adjustable bias voltages with 0.24 V resolution, controlled by 12-bit DACs. They have
minimal ripple and fast settling times. The system also includes high-voltage current
sense amplifiers for monitoring individual bias currents and 12-bit ADCs for measuring
regulated voltages, bias currents, and the temperature of the SiIPM matrix. A Cortex M4
microprocessor manages all slow control functions and monitors the status of each readout
channel.

6.1.4 Cooling system

After irradiation, SiPMs experience an increase in temperature, which leads to a rise in dark
current. Given an expected radiation dose in the Muon Collider calorimeter of 1-MeV-neq fluence
of 10" nyyrev/cm?, the total thermal load is estimated to be 350 mW per crystal cell (with 4
SiPMs). The implementation of the cooling system is necessary to maintain the signal-to-noise
ratio as low as possible and the SiPM response stable during the acquisition. The system is
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Figure 6.4: 3D rendering of the Mezzanine Board designed for CRILIN Proto-1 prototype. The two
figures represent the two sides of the card.

designed to maintain the reference operating temperature at approximately 0°C.

Figure [6.5] shows two photos of the cooling system for Proto-1. It consists of a copper cold
plate through which a glycol-water solution circulates. Its internal structure has micro-channels
that enhance heat exchange with the SiPM Board while maintaining a compact cooling system
design. The refrigerant liquid is supplied by a cooling plant connected to the plate via hydraulic
connectors (shown in blue in Figure|6.5|right). As illustrated in Figure (left), the cold plate
is in direct contact with the back side of the SiPM Board. The right side of the figure shows
the two modules with their respective cooling systems installed.

Figure 6.5: Left: Photo of the cold plate in direct contact with the back of the SiPM Board. Right: View
of the two Proto-1 modules separated. The cold plates of the respective modules are visible, with the
hydraulic connectors for the coolant flow highlighted in blue.

6.2 Prototype components characterization

Before testing the prototypes with dedicated beam tests, it was crucial to thoroughly study
the characteristics of the individual components of the CRILIN ECAL prototype. This section
will outline the tests conducted on the crystals, SiPMs, and electronics to verify their proper
functionality and resistance to radiation.

6.2.1 Test of the crystals

As outlined in Chapter [4] PbFy crystals were chosen for the CRILIN technology. The choice
was based on the characteristics that this crystal presents, compared to other types of crystals
used in calorimetry. PbF9 crystals are an excellent material for generating Cherenkov radiation
and this is a key feature to achieve good temporal resolution performance. Additionally, PbFs
crystals exhibit excellent transmittance in the ultraviolet light region down to wavelengths ()
of 240 nm. This feature is highly advantageous because the Cherenkov photon yield peaks at
shorter wavelengths, as indicated by Equation choosing to implement these crystals highly
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compatible for application in CRILIN.

dA
In table the main characteristics of the PbFy crystal compared to those of the PWO-UF
(Lead Tungstate Ultra-Fast) crystal, which has also been considered for the CRILIN calorimeter,
are presented.

Crystal PbF, PWO-UF
Density [g/cm?] 7.77 8.27
Radiation length [cm)] 0.93 0.89
Moliére radius [cm)] 2.2 2.0
Decay constant [ns] - 2.2
Refractive index at 450 nm 1.8 2.2
Manufacturer SICCAS Crytur

Table 6.1: Characteristics of PbFy and PWO-UF crystals. 58]

The characterization of the crystals involved the study of the deterioration of the transmittance
of the PbFy crystal following the irradiation with both photons and neutrons. For this study, two
samples of PbFy crystals sized 5x5x40 mm?® were considered, with the first one left unwrapped
("naked”) and the second one wrapped in a mylar sheet with a thickness of 100 ym. These
crystals were both produced by the same company using a melt-growth procedure.

The transmittance was measured using a PerkinElmer Lambda 950 UV /VIS dual-beam spec-
trometer, considering the longitudinal direction of the crystal. In general, optical transmittance,
defined as the ratio of the intensity of light transmitted through the material to the initial in-
tensity, was calculated using the following relationship

S—D
~ Ref-D

Refo—Do

where S is the measured signal, D the dark signal, Ref the reference signal and Re fy the refernce
signal without a crystal in the apparatus.

Figure presents the result of the longitudinal transmittance measured before the irradiation
of the two crystals: one without wrapping and the other with the mylar wrapping.

Transmittance [%)]
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A [nm]

Figure 6.6: Longitudinal transmittance measured before the irradiation of the samples. [62]
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The initial phase of crystal irradiation was conducted using photons. This procedure took place
at Calliope (Casaccia, Italy), which is a pool-type gamma irradiation facility equipped with a
rack of 25 Co%0 sources arranged in a planar geometry, with a measured activity at the time of
irradiation of 1.97 x 10'® Bq. The energy of the emitted photons, with a value of 1.25 MeV,
is similar to the average energy of photons from BIB (1.8 MeV). Therefore, this test enables a
fairly faithful reproduction of the experimental environment conditions expected for the electro-
magnetic calorimeter in a Muon Collider detector.

The absorbed dose rate, with the crystal under analysis positioned 70 cm from the radioactive
source, was 100 krad/h, and 5 irradiation steps were conducted, as summarized in Table
The total dose given to the two crystal samples was 4.4 Mrad.

Irradiation step Dose in the air [Krad]

I 30.2
II 89.88
111 2082
v 4031.8
v 4435.5

Table 6.2: Values of the cumulative radiation dose given to the PbFs crystal sample for each irradiation
step. |62]
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Figure 6.7: Trasmittance measurements after step I and II. Left: naked crystal. Right: crystal with
Mylar wrapping.[62|

Following each irradiation step, a transmittance measurement was conducted. Figure[6.7|presents
the results for both crystals, with the left plots showing the crystals with wrapping and the right
column those without wrapping. In particular, the figures of the upper row show the result after
the first two irradiation steps (I and II of Table , illustrating a noticeable deterioration in
transmittance compared to the black line representing the pre-irradiation case. Meanwhile, the
figures on the bottom row show the measurements for the remaining irradiation steps. It is
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possible to notice a saturation effect of the degradation due to the absorbed doses exceeding 89
krad. The maximum degradation of transmittance was observed to be around 40%.

After photon irradiation but before the neutron irradiation, the crystals’ ability to repair
radiation-induced damage was tested. The crystals were placed inside a light-tight box and
exposed to blue light with a wavelength of 400 nm. Figure compares the radiation damage
recovery effect after 16 hours of blue light exposure (green line) with natural recovery after 18
days post-irradiation (orange line). It can be observed that, for both the wrapped crystal (left)
and the naked crystal (right), a comparable recovery effect is achieved in a shorter time with
blue light exposure.
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Figure 6.8: Comparison of the damage repair effect of 16 hours of treatment with blue light and 18 days
in the dark. Right: crystal with Mylar wrapping.|62]

The second phase of crystal testing was conducted with neutron irradiation at the Frascati
Neutron Generator (FNG) at ENEA, Frascati. This facility enables the generation of neutrons
with a flux of up to 10'2 n/s and an energy of 14 MeV. In this case, the crystal was positioned
1 cm from the source, and the total absorbed dose was negligible, on the order of 0.1 Krad.

In Figure the result of transmittance measurements are presented, after a total irradiation
duration of one hour and 30 minutes, with a total flux of 10'® neutrons/cm?. It is notable that no
significant differences in transmittance are observed, despite the measurement being conducted
14 days after irradiation due to transportation issues.
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Figure 6.9: Transmittance measurements after 18 days from the neutron irradiation. Right: crystal with
Mylar wrapping.|62]

The obtained results indicate that PbFgy crystals exhibit excellent performance of radiation
hardness, confirming their compatibility with the electromagnetic calorimeter requirements for
a Muon Collider detector.

6.2.2 Test of SiPMs

Unlike crystals, where the primary source of radiation damage comes from the high flux of
photons in the BIB, SiPMs are more susceptible to damage from neutron exposure. Neutrons in
the BIB can penetrate the crystals and directly interact with the SiPM core, causing structural
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damage to the silicon lattice. This damage generally increases dark current. Consequently,
in addition to the crystals, studies have also been conducted to assess the radiation hardness
of the SiPMs [64]. In this case, two SiPM models were compared, with pixel sizes of 15 um
(SMD S14160-3015PS [63]) and 10 pum (S14160-3010PS), respectively. Irradiation was conducted
with 14 MeV neutrons at a flux of up to 10 njpz.y/cm? at the Frascati Neutron Generator
(FNG-ENEA)|[65], monitoring the level of dark current generated after the irradiation. Table
presents the reference values of the dark current before irradiation for both SiPM models
and at different bias voltage above the break down voltage (Vy,).

Pixel Size Vi [V] I(Vi + 4V) nA]  I(Vy + 6V) [nA]  I(Vy + 8V) [nA]
10 pm 80.97 +£0.01 23.89 +£0.01 42.58 +£0.01 70.80 £0.01
15 pm  78.00 £0.01 35.03 £0.01 80.50 £0.01 152.35 £0.01

Table 6.3: Pre-irradiation dark current values compared for two SiPM models with pixel sizes of 10 yum
and 15 pym at different bias voltages. [64]

Considering different temperature values, Table[6.4] and Table[6.5]display the dark current values
measured post-irradiation, respectively for the SiPM model with a pixel size of 10um and 15um.

— Pixel size 10 pm —

TFC] Vo V] (Vi +4V) [WA]  1(Vy, + 6V) [A] 1(V,, + 8V) [uA]
-10+1 76.76 £0.01 1.84 £0.01 6.82 +0.01 29.91 4+0.01
-54+1  77.23 £0.01 2.23 +£0.01 9.66 +0.01 37.51 +£0.01
0+1 77.49 +0.01 2.99 £0.01 11.59 +0.01 38.48 +0.01

Table 6.4: Dark current values after irradiation for SiPMs with a pixel size of 10um at different bias
voltages and temperatures.|64]

— Pixel size 15 ym—

T [DC] Vir [V] I(Vbr + 4V) [HA] I(Vbr + GV) [DA] I<Vb7“ + 8V> [DA]

-10 £1  75.29 £0.01 12.56 £0.01 30.45 +£0.01 46.76 £0.01
-5+1  75.81 £0.01 14.89 £+0.01 32.12 £0.01 46.77 £0.01
0£1 76.27 £0.01 17.38 £0.01 33.93 £0.01 47.47 £0.01

Table 6.5: Dark current values after irradiation for SiPMs with a pixel size of 15um at different bias
voltages and temperatures.|64]

Based on the measured current values, it can be observed that the SiPM model with 10 ym
pixels has lower dark current levels, at the same temperature and bias voltage, compared to
the model with 15 um pixels. These results demonstrate that between the two SiPM models
studied, the one with 10 um pixels offers the best performance for muon collider applications.
In fact, in addition to increasing the granularity, this model allows the contribution of the dark
current to be reduced, thus improving the overall performance of the calorimeter.
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Chapter 7

CRILIN prototypes tests with
electron beams

This chapter focuses on the tests of the CRILIN prototypes conducted with electron beams at
the CERN SPS-H2 facility [66], in which I actively participated during my thesis work.

7.1 Goal of the Test beam

The test beam was carried out on the CRILIN Proto-1 prototype by using high-energy electron
beams. The main objectives were:

e Validate the overall functionality of the CRILIN prototype, in particular test the readout
electronics for both layers of the Proto-1 setup.

e Measure the time resolution of Proto-1 across a wide energy range.

As outlined in Chapter [4] one of the most critical requirements for the electromagnetic calorime-
ter in the Muon Collider detector is to achieve excellent time resolution, specifically less than
100 ps. This experimental test is thus fundamental to demonstrate that the CRILIN technology
can satisfy this stringent requirement. Additionally, the results from these tests provide valuable
insights into the optimization of the overall design of the calorimeter system.

7.2 Overview of test beam instrumentation

The beam test was conducted at the North Area of CERN: a dedicated facility for experimental
tests based on particle beams. The North Area is supplied by the Super Proton Synchrotron
(SPS) |67], which can provide beams with a wide range of intensity, and energy and with differ-
ent types of particles such as electrons, protons, muons, and pions, depending on experimental
needs. The experimental area features multiple secondary beam lines, one of which, the H2 line,
was utilized for the CRILIN test beam. The test was carried out using electron beams with
energies in the range of 40 GeV to 150 GeV.

The layout of the experimental setup is shown in Figure with the incident electron beam
directed from left to right. The z-axis is along the beam direction while the transverse directions
are labeled as the x- and y-axes and arranged as indicated in the figure.

In the setup, the Proto-1 prototype was positioned on a 4-axis motorized stage (referred to as
the Desy table in Figure , which allows for precise movements of the plane along two spatial
directions (x and y axis) and two rotations.
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Cc1 c2 APC Cindy 1 Cindy 2 CRILIN Lead Glass
beam
Desy Table
1 f % } f f f 1
1548 m 0.12m 0.71m 0.03m 0.09m 0.15m 0.30 m

Figure 7.1: Scheme of the layout of the experimental setup used for the beam test. Starting from left
to right there are a pair of trackers C1, C2, an APC scintillator, near the experimental table there are
a pair of fast scintillators (Cindy 1, Cindy 2), the CRILIN prototype, and finally a lead glass cell. The
distances between the various components are indicated below the diagram.

d@ B LRILIN

/ AT Proto-1 Lead Glass
. ! ' - 3
)

Figure 7.2: Up: Photo of the experimental setup placed on the Desy table. The beam direction is from
left to right. In front of the Proto-1 CRILIN prototype, the Cindy detector is positioned for timing
reference, and behind the prototype is the lead glass module serving as a tail catcher. Down: Front view
of the setup.

Behind the prototype, a lead glass calorimeter cell was placed, to absorb the leakage of the
electromagnetic shower produced in the prototype. The shower could not be fully contained
due to the presence of only two layers of CRILIN (8.5 Xj). In front of Proto-1, a detector
called Cindy was placed. It consists of a pair of plastic fast scintillator (BC408) sensors with
dimensions of 5 x 5 x 7mm? and dual readout with 9880U photomultiplier. This detector served
as an external timing reference for the electrons arriving at the prototype, with a time resolution
of 40 ps and it was used to obtain optimal alignment of the experimental table with the beam
direction.

Figure shows detailed photos of the arrangement of the setup, highlighting the position of
the prototype along with the timing reference detector (Cindy) and the lead glass cell. It can
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be seen that all components were securely fixed to the table using supports to ensure reliable
measurements.

The beam position was continuously monitored by a pair of tracking telescope detectors, denoted
as Cl and C2 in Figure These are silicon micro-strip tracking detectors positioned at a
distance between the two stations of 15.48 m. This system enables the reconstruction of the
beam particle trajectories and thus the precise determination of particle positions at the CRILIN
front surface. With a spatial resolution of 47 pm, it was possible to obtain the reconstruction
of the track with an angular resolution of 3urad.

Finally, the trigger system is based on the coincidence of signals from the two detection stations
C1 and C2 and with scintillator counters, labeled APC in Figure During data acquisition,
only single-particle events were selected, while events showing multi-cluster in the C1 and C2
trackers were discarded. In this way, it was possible to collect electron samples for a single event,
in which the position was well determined on the surface of the prototype and the relevant signal
was associated without ambiguity.

T

LERAE Y

Figure 7.3: Photo of the DAQ system used for the test beam. On the left, the rack containing the
Mezzanine electronics boards along with two digitizers is visible, while on the right, the power supply
system is shown.

In Figure a photo of the data acquisition (DAQ) system is shown. In the rack, visible on
the left, are housed the Mezzanine Boards and two CAEN V1742 digitizers , each with 32
channels and a sampling rate of 5 Gsps. On the right side, there are the power supply modules
that provide the necessary bias voltage for both the data acquisition system and the SiPMs.

7.3 Data acquisition

The data acquisition phase was conducted with the prototype oriented to the incident beam, as
illustrated in Figure In this arrangement, called backward orientation, the beam hits the
prototype from the SiPM side, indicated in orange in the figure, and then passes through the
portion of the layer occupied by the crystal, represented in blue.

The prototype was oriented in this specific manner relative to the incident beam to minimize
the dependence of the particle’s entry position on light transport within the crystal cell.

In fact, beam test results on the Proto-0 prototype show that in the case of forward orien-
tation, where the beam first strikes the crystal side, there is a variation in the waveform shape
depending on the particle’s impact position on the crystal surface. This effect is due to the way
Cherenkov light propagates in the crystal, as shown in Figure The solid lines represent
a comparison of the waveforms measured from a single readout channel, corresponding to the
forward orientation, with three different particle impact regions. In particular, the green line
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Proto-1
Layer series Layer parallel

Beam

SiPM Crystal

Figure 7.4: Scheme of the prototype orientation considered during the test beam. The beam, coming
from the left, first impacts the SiPM side (indicated in orange) before passing through the crystal (shown
in blue)

represents the case where the particle impacts the crystal face near the side of the active readout
channel; the magenta line, on the other hand, refers to the opposite scenario, where the particle
strikes the region opposite the readout channel; finally, the blue line indicates the case where the
particle impacts the central region of the crystal face, which is positioned between the two read-
out channels. The dashed line corresponds to the prototype in the backward orientation. The
waveform variation observed in the forward orientation case introduces a source of uncertainty
in the measurement of the arrival time of the incident particle, thus leading to a worsening of
the temporal resolution. On the contrary, in the backward orientation configuration, the de-
pendence of the waveform on the particle impact position vanishes, since the Cherenkov light,
before being detected by the SiPMs, has to propagate along the crystal, being then reflected by
the bottom of the crystal and coming back towards the side of the SiPMs. This process allows
for randomization of the trajectories of the Cherenkov light, thus eliminating any dependence
on the particle impact position on the crystal.
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Figure 7.5: The solid lines show a comparison between the shape of the waveforms read by a single
readout channel of the CRILIN cell as a function of the impact position of the incipient particle on the
crystal face in the case of the forward orientation of the detector. The dashed line refers to the backward
configuration.|58].

After the selection of the configuration, the mechanical table was employed to precisely align and
center the prototype’s face with the incoming beam. This alignment ensured that the prototype
was correctly positioned, and the setup was then finalized for data acquisition.

As indicated in Figure during the test beam, the two layers of the Proto-1 prototype were
equipped with two different SiPM Boards:
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e In one layer, the pairs of SiPMs forming a readout channel were connected in series. This
is the layer first hit by the beam and is referred to as the series-layer.

e In the other layer, a SiPM Board was used where the pairs of SiPMs were connected in
parallel. This layer will be identified as the parallel-layer and is the one where the beam
arrived later.

Data was collected by using electron beams with energy values ranging from 40 GeV to 150
GeV. In Table are summarized for each acquisition run, the energy and the number of the
collected events.

Beam Energy [GeV] ‘ Number of Events

40 100000
60 100000
80 100000
100 130000
120 110000
150 50000

Table 7.1: Acquisition runs with an electron beam at energies ranging from 40 GeV to 150 GeV.

7.4 Data analysis

This section presents the data analysis I carried out, taking the 120 GeV run as a reference.
The final results also include data from other runs carried out at different energies.

7.4.1 Waveform reconstruction

The first step in analyzing the events collected was the reconstruction of the waveforms. During
this phase, I selected the events contained within a two-dimensional region (referred to as the
fiducial region) in the transverse x and y coordinates relative to the beam direction and centered
on the face of the prototype. Figure[7.6]shows the distribution of the hit position in the x-y plane
of the prototype surface, with the fiducial region highlighted by a red box. The selection of the
x and y coordinate ranges that define the fiducial region was done by analyzing the distributions
of impact positions along x and y. Specifically, I determined the ranges using the Full Width at
Half Maximum (FWHM) of the distributions.

The waveforms collected within the fiducial region undergo a series of selection requirements
before the event reconstruction. These steps are chosen to enhance the quality of the signal
from the SiPM by removing noise and distorted signals, ensuring that only valid and significant
signals are used in subsequent analyses.

The quality control requirements applied to the waveforms are as follows:

e Low pass filtering: the collected waveforms undergo low pass filtering using a 2nd order
Bessel filter [ref]. This filter allows the attenuation of high-frequency noise while preserving
the essential features of the signal. The cutoff frequency for this filter is set such that the
threshold value referred to the parallel SiPM connection is approximately double that of
the series configuration. This setup allows for effective noise reduction without distorting
the signal’s key characteristics.

e Dynamic Cutoff Frequency Adjustment: the cutoff frequency of the low pass filter is
dynamically adjusted based on two parameters: the baseline root-mean-square (RMS)
and the rise time of the waveform required to go from 10% to 90% of its final amplitude.
The baseline RMS provides a measure of the noise level, while the rise-time indicates how
quickly the signal reaches its peak. By defining the cutoff frequency value based on these
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Figure 7.6: Histogram of the x-y position of the events on the prototype’s surface. The color scale on the
right represents the number of counts. The red box highlights the fiducial region selected for waveform
analysis.

waveform parameters, the filtering process is optimized for each waveform, ensuring that
noise is minimized without compromising the signal’s integrity.

e Wave quality control is based on three parameters: baseline RMS, peak amplitude, and
rise-time. These parameters help identify waveforms that may be affected by noise, signal
distortion, or other anomalies. Waveforms that fail to meet predefined quality thresholds
are identified and filtered out, ensuring that only high-quality signals are considered for
further analysis.

o Waveform filtering threshold: to further refine the selection, a selection cut is applied to
the waveforms based on their peak amplitude. Only waveforms with a peak greater than
2 mV are selected. This helps to eliminate weak signals, which could be caused by noise.

The waveform reconstruction for each event was based on a waveform template fitting procedure.
The template was created by aligning and averaging a large sample of waveforms from individual
events. This alignment and averaging process produced a representative waveform template,
particularly focused on accurately modeling the rising edge of the signal.

In Figure an example is shown where the waveform and its corresponding fit in the rise
region can be observed. This template serves as the reference for fitting individual waveforms,
allowing for precise extraction of signal characteristics. For further details on the construction
of the waveform fit template refer to [58].

Once the reconstruction of the waveform is completed, as shown in Figure it was then
possible to analyze it by extracting the main parameters that characterize the given event for a
specific readout channel. The main extracted parameters are the following:

e Charge pulse: is obtained by integrating the signal in an appropriate time interval and
dividing it by the digitizer input impedance equal to 5082 .1}, represents the time relative
to the position of the waveform maximum. In Figure it is possible to observe the
position of the wave peak, identified with the red cross and the relative signal integration
interval in green.

e Pulse amplitude: represents the maximum value of the waveform’s amplitude. As it
is possible to see from Figure it is correctly extracted from the reconstruction of the
waveform.

e Pulse time: The reference time for the event in a given readout channel was obtained
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Figure 7.7: Representation of a waveform from a 120 GeV electron signal, measured in one of the two
readout channels of the central crystal in the series layer of Proto-1 prototype. The reconstruction
template fit for the rise region of the waveform is presented in magenta, along with the corresponding
time intervals used to extract the waveform parameters.
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Figure 7.8: Representation of a waveform from a 120 GeV electron signal, measured in one of the two
readout channels of the central crystal in the parallel layer of the Proto-1 prototype. The reconstruction
template fit for the rise region of the waveform is presented in magenta, along with the corresponding
time intervals used to extract the waveform parameters.

from the reconstructed waveform by determining the temporal value corresponding to a
fixed Constant Fraction (CF) of the amplitude rise. The CF value is taken equal to 12%
of the waveform rise. This value is obtained as a result of a timing optimization study,
presented in [55].

e Base line: was obtained as the average value of the signal amplitude measured in a time
interval of width 15 ns before the rise of the waveform, in Figure represented in red.

I carried out this procedure for each readout channel of both layers of the prototype (layer series
and layer parallel) and also for the Lead Glass and Cindy detectors. Through this approach, I
obtained the necessary parameters to study Proto-1 performance.

7.4.2 Operational monitoring studies

After reconstructing the waveforms, a general evaluation of the prototype’s operational perfor-
mance was conducted. This assessment is essential to ensure that all readout channels were
functioning correctly and that no anomalies were present that could affect subsequent analyses,
particularly those related to time resolution.

To verify the proper operation of the readout channels, I first conducted a comparison of the
collected charge values between the pairs of readout channels for each cell of the prototype.
Figure displays histograms of the charge for each event, plotted as a function of the two
readout channels: ChO (x-axis) and Chl (y-axis) for the cells in the series layer of the prototype.
An analogous plot for the parallel layer is shown in Figure

From the results shown in the two figures, it is possible to make the following observations:
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Figure 7.9: Correlation of the charge collected for each event from the cells of the Proto-1 series layer.
The x-axis has the value measured by the Ch0 reading channel, while the y-axis is the one of the Chl
channel. The chromatic scale indicates the number of counts in the individual two-dimensional bins.
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Figure 7.10: Correlation of the charge values collected for each event from the cells of the Proto-1 parallel
layer. The x-axis has the value measured by the ChQ reading channel, while the y-axis has the one of
the Chl channel. The chromatic scale indicates the number of counts in the individual two-dimensional
bins.

e Except for a few cells, the values of the charge collected by the readout channels (ChO,
Chl) have an excellent correlation. This indicates excellent equalization of the response
between the two readout channels for each individual cell, for both layers.

e In reference to the histograms of the parallel layer shown in Figure anomalies are
noticeable in the three cells located in the bottom row. Starting with the cell on the bottom
left, only the ChO readout channel is operational, while Ch1 is not working. For the cells
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in the center and on the right of the bottom row, there is a lack of perfect homogeneity
between the responses of the two channels. This discrepancy is likely due either to a
malfunction of the SiPM in Chl or damage to the crystal.

e The collected charge values are highest in the central crystal and decrease symmetrically in
the surrounding crystals. This pattern suggests that the prototype was correctly aligned
with the center of the incident beam. Additionally, it is observed that higher charge
values are collected in the parallel layer, which is attributed to the development of the
electromagnetic shower induced by the incident electrons.

I conducted this check not only for the 120 GeV electron sample but also for all other runs. In
Figure and|[7.12|the analogous plots relating to the run with energy of 40 GeV are presented.
It is possible to observe the same behavior with the only difference that the values of the charge
collected in the individual channels are lower than the case at 120 GeV.

This allows us to confirm that the setup remained stable during the data acquisition phase and
that there were no further malfunctions in the readout channels.
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Figure 7.11: Correlation of the charge collected for each event from the cells of the Proto-1 series layer.
The x-axis has the value measured by the ChO reading channel, while the y-axis has the one of the Chl
channel. The chromatic scale indicates the number of counts in the individual two-dimensional bins.

To further validate the prototype’s performance, I conducted an additional analysis using a
sample of 120 GeV electrons. I compared the energy collected across an entire layer (either
series or parallel) for each event with the one obtained by using a simulation (the simulation
plots were provided by the CRILIN development group from Laboratori Nazionali di Frascati).
Figure presents the energy distributions obtained from GEANT4 simulations, with the
series layer shown on the left and the parallel layer on the right. Figure displays analogous
histograms that I obtained from the data collected with the 120 GeV electron sample.

As can be noticed, the results from the test beam are in agreement with those from the simulation
studies.

7.4.3 Timing

The measurement of the temporal resolution was performed by analyzing the signal arrival times
recorded in the two readout channels, called Ch0 and Chl, associated with the central crystal of
the 3x3 matrix for both layers of Proto-1. The parameter of interest considered is AT, defined
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Figure 7.12: Correlation of the charge values collected for each event from the cells of the Proto-1 parallel
layer. The x-axis has the value measured by the ChO reading channel, while the y-axis has the one of
the Chl channel. The chromatic scale indicates the number of counts in the individual two-dimensional
bins.
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Figure 7.13: Distribution of the energy values deposited by electrons with energy of 120 GeV in the series
layer (left) and in the parallel layer (right), obtained through simulation with GEANT4 (the simulation
plots were provided by the CRILIN development group from Laboratori Nazionali di Frascati).
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Figure 7.14: Distribution of the energy values deposited by electrons with energy of 120 GeV in the series
layer (left) and in the parallel layer (right), obtained from data collected during the acquisition run.

as the difference between the times measured in the two readout channels:
AT =T, -Ty (7.1)
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where Ty and T represent the times measured in the ChO and Chl channels respectively. The
time difference values were evaluated for each single event of a given data set, obtaining a
distribution of AT for the layer in series and the layer in parallel respectively.

The distributions obtained were then fitted using a Gaussian function, from which it was possible
to extract the value of the standard deviation oar.

Figure shows the AT distributions obtained for the electron sample with an energy of 120
GeV. The distribution on the left refers to the series layer configuration, while the one on the
right refers to the parallel layer configuration. The values of the parameters obtained from the
Gaussian fit are indicated in the corresponding figures.

It is possible to observe that in the case of the parallel layer, the distribution has a greater width.
This effect can be attributed to several factors, including increased signal fluctuation in parallel-
connected SiPMs and the effects of shower propagation, which starts in the series-connected
layer and subsequently expands into the parallel-connected layer.
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Figure 7.15: Distributions of the time difference measured by the Ch0O and Chl channels of the central
crystal, for the run with electrons at 120 GeV. The left figure refers to the series layer, the right figure
to the parallel layer.

Figures and present the corresponding distributions for the runs with electron beams
at energies of 150 GeV and 60 GeV, respectively.
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Figure 7.16: Distributions of the time difference measured by the Ch0O and Chl channels of the central
crystal, for the run with electrons at 150 GeV. The left figure refers to the series layer and the right figure
to the parallel layer.

The temporal resolution was determined from the sigma value of the AT distribution obtained
through a Gaussian fit. In this context, it was assumed that the temporal resolution of the two
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Figure 7.17: Distributions of the time difference measured by the ChO and Chl channels of the central
crystal, for the run with electrons at 60 GeV. The left figure refers to the series layer and the right figure
to the parallel layer.

readout channels, corresponding to the SiPMs pair connected in series or in parallel respectively,
was equivalent: o7, = o, = op. Under this assumption, the temporal resolution was estimated
using the following relation:

g
oMT = % (7.2)

where o)1 represents the average temporal resolution obtained by the two readout channels of
the single crystal calorimeter.

This relationship is based on the fact that the two readout channels provide independent mea-
surements, each with the same uncertainty op. Indeed the uncertainty associated with the time
difference of the two channels, oA, follows from the following error relation:

oar = V207 (7.3)

Combining this relationship with the fact that the uncertainty associated with the mean-time
measured by the two readout channels of the single cell (77 + Ty/2) is given by:

oMT = \ﬁ (7.4)

therefore the relationship used to estimate the temporal resolution reported in Equation can
be obtained. With this approach is possible to calculate the average temporal resolution starting
from the information of the width of the AT distribution.

For the 120 GeV energy run, using this approach, a temporal resolution of about 9 ps for the
series layer and about 11 ps for the parallel layer was obtained. Table reports the results for
all runs at different energies, highlighting separately the values obtained for the series layer and
those for the parallel layer. It can be observed that, in the case of the series layer, the values
of the average temporal resolution progressively decrease as the beam energy increases. On the
contrary, in the case of the parallel layer, a monotonic trend is not observed. This behavior is
most likely influenced by the development of the electromagnetic shower, which starts to form
in the series layer and then propagates to the parallel layer, where the incident particle arrives
at a later time.
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Beam Energy [GeV] ‘ oyt Series Layer [ps] ‘ oyt Parallel Layer [ps]

150 8.7+£0.1 11.7 £ 0.2
120 8.92 £ 0.05 10.8 £ 0.8
100 9.2+£0.1 9.5£0.2
80 9.44 + 0.1 13.25 £ 0.1
60 10.2 £ 0.1 14.12 £ 0.05
40 10.7 £ 0.8 16.4 £ 04

Table 7.2: Time resolution values as a function of the incident electron beam energy. The central column
shows the results for the series layer. The right column shows the results for the parallel layer.

Figure summarizes the average temporal resolution values obtained for each run at different
energies (Epeqm) in the case of the layer with SiPMs connected in series. The data were fitted
using the following function:

p0
oy = —— D pl (7.5)
V Ebeam
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Figure 7.18: Distributions of the time difference measured by the Ch0O and Chl channels of the central
crystal, for the run with electrons at 60 GeV. The left figure refers to the series layer, the right figure to
the parallel layer.

The result obtained from the fit is shown in the figure and is summarized below:

_ (52£2) ps <
oOMT = 7E (GeV) D (7.5 + 0.1) P (7.6)

This result demonstrates that the CRILIN proposal meets the time resolution requirements
for the electromagnetic calorimeter of the Muon Collider detector. This compliance allows to
precisely apply the acquisition time windows, essential for the mitigation of BIB particles in a
crucial region of the detector, such as that of the electromagnetic calorimeter. The time selection
capability, together with future developments of both the detector and the reconstruction algo-
rithms, will allow to significantly improve the calorimeter performance. In this way, it will be
possible to conduct an extensive physics campaign to confirm the validity of the Muon Collider
design.
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Conclusions

The work developed in this thesis concerns the design, study, and development of a new detector
aimed at collecting muon collisions at a very high center-of-mass energy. The examples described
above concern /s = 1.5,3 and 10 TeV. My activities have been dedicated mainly to the study of
a novel electromagnetic calorimeter proposed for the first time for a muon collider experiment.

The main issue to address in the design of a calorimeter for a muon collider detector is the BIB.
As described in[1.4] the fluxes of particles created by the muon decay, arrive on the detector and
could jeopardize its performance even in the presence of the nozzle. The tracker system and the
electromagnetic calorimeter are the most affected.

My thesis starts briefly introducing the most important physics cases that justify the muon
collider proposal An overall description of the facility is given in with the detector
concept explained in This is the first time a detector concept for /s = 10 TeV is proposed,
therefore a significant amount of optimization is expected in the future. The software used to
study the detector performance is illustrated in[3| The novel calorimeter, CRILIN, is introduced
in{bl In this chapter, I summarise the studies I have done to determine the requirements for an
electromagnetic calorimeter in the muon collider environment and CRILIN is described. The
characterization of the performance obtained with the simulation is done in The results
obtained with the BIB generated at /s = 1.5 TeV (that has almost the same characteristics as
that at /s = 3 TeV ) show how the use of such a design can provide an optimal calorimeter
to do physics at a muon collider. I obtained an energy resolution, including the contribution of
BIB

op _ (15 1% (0.77 + 0.04). (7.7)

E  \JE(GeV)
When I moved to study the BIB effect for a center-of-mass energy collision of 10 TeV, done
in this thesis for the first time, I realized that several things have to be changed. I optimized
the digitization of the CRILIN signal including also the time information. But the cluster
reconstruction in the Pandora code needs to be rewritten for shower generated by different
particles and this activity is in progress.

In addition to the simulation studies, I participated in the CRILIN prototype tests. Chapter [6]
describes prototype 0 and prototype 1 and the preliminary tests performed in Frascati. The
primary aim of these initial tests was to characterize the components of the CRILIN calorimeter,
focusing specifically on their radiation hardness. The results from these tests indicate that the
PbF, crystals exhibit excellent radiation hardness. Additionally, to minimize the dark current
in the SiPMs, it is essential to use sensors with a pixel size of 10 um.

Chapter |7|is dedicated to the description of the tests performed at CERN by using beams of
electrons with energies ranging from 40 GeV to 150 GeV impinging on the CRILIN prototype
Proto-1. During these test beam experiments, I was actively involved in both the data acquisition
process and the subsequent data analysis. My primary focus was on characterizing the temporal
resolution of the CRILIN detector. I mainly focused on characterizing the temporal resolution
of CRILIN and the result I obtained is the following;:
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_ (52 £2) ps .
oMT = 7E (GeV) ) (75 + 0.1) p (78)

These results confirm that the CRILIN electromagnetic calorimeter meets the requirements for
a detector for an experiment at the Muon Collider. In particular, CRILIN demonstrates that it
can significantly contribute to the mitigation of BIB effects in the calorimeter system.

The findings presented in this thesis are highly encouraging and suggest that CRILIN is a
promising candidate for an advanced electromagnetic calorimeter. Its development will continue
with new simulations involving electrons instead of the photons used in this thesis, which will
allow it to complete its characterization and make improvements to the software for the clustering
phase.

Regarding experimental tests, a new prototype is currently under design, significantly larger
than the Proto-0 and Proto-1 prototypes. This new prototype will consist of 4 layers of 5x5
crystal matrices. Upcoming test beams will provide crucial information for further enhancing
CRILIN and for a more detailed assessment of its performance.
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