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Abstract

In 2020 The ALICE Collaboration proposed to add a forward electromagnetic and hadronic calorimeter
(FoCal) as an upgrade to the ALICE experiment. The first prototype for the hadronic calorimeter (FoCal-
H) was tested in September 2021. These tests showed to be a promising starting point, even though issues
with the readout system appeared. Throughout the rest of 2021, the FoCal-H first prototype was tested in
anumber of ways to pin-point which parameters needed to be optimized, and in which way this could be
done. In particular, these tests focused on fully characterizing light propagation through the scintillating
fibers, specifically the amount of optical crosstalk between the silicon photomultipliers (SiPMs). The
results of this, as well as multiple other studies, were used to optimize the design for the FoCal-H second
prototype, which was constructed in the summer of 2022. The FoCal-H second prototype was tested in
the fall of 2022, at the SPS beamline at CERN, at energies from 60 to 350 GeV. The results of these tests
have been examined and compared with simulations, to test the technical performance of the prototype.

This thesis revolves around characterizing the performance of the FoCal-H calorimeter components as
well as analyzing the November 2022 SPS H2 testbeam data. Simulations corresponding to the test-
beam detector setup was performed in order to compare and estimate the FoCal-H second prototype’s

technical performance.

The performance characteristics of the FoCal-H calorimeter components, were studied with the aim of
optimizing the design for a future prototype or the final design of FoCal-H. These studies focused on
optical crosstalk measurements between the SiPMs, the cutting technique used on the scintillating fibers,
and the ratio between the passive and active material of the FoCal-H calorimeter.

Optical crosstalk between the SiPMs was found to be an issue for both the central 7x7 SiPM calorimeter
module and the outer 5x5 SiPM calorimeter modules, due to the compact design leading to a small dis-
tance between the SiPMs, as well as the wide scattering of photons from the scintillating fibers. The study
of the cutting techniques for the scintillating fibers found that optical crosstalk between the SiPMs, could
be reduced significantly by cutting the scintillating fibers with a technique using optical glue and a dia-
mond blade. The study of the ratio between the passive and active material of the FoCal-H calorimeter,
found that by reducing the inner diameter of the copper-tubes, thus reducing the size of the scintillating
fibers, the energy resolution and the response linearity across a large range of beam energies could be

improved.

The analysis of the November 2022 SPS H2 testbeam data, as well as the analysis of the corresponding
simulations, focused on a number of studies related to the source of response peaks, energy resolution,
lateral shower containment, and examination of the intersections between calorimeter modules by per-
forming a position scan. The investigation of these studies, lead to comparisons between the testbeam
data and the simulations, to estimate the FoCal-H second prototype’s technical performance. The com-
parison studies found that the energy resolution of the testbeam data was better than the one from the
simulation. In light of this result, multiple studies were performed in order to point out any potential
reason. These studies included the use of physics list in the simulations, and saturation in simulations
and/or in the testbeam data. A reason for this unexpected result of the energy resolution was not found,

but potential other studies were suggested.
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1 Introduction

In the summer of 2020 the ALICE (A Large Ion Collider Experiment) collaboration proposed to add a
forward calorimeter as an upgrade to the ALICE experiment. This Forward Calorimeter (FoCal) consists
of an electromagnetic calorimeter (FoCal-E) and a hadronic calorimeter (FoCal-H), placed at pseudora-
pidity 3.4 < h < 5.8, in ALICE'’s forward A region, right beside the compensator magnet. With FoCal
as an upgrade to the ALICE experiment, four main physics goals are to be explored. These four physics

goals are [1]:

Measure the gluon density in protons and lead nuclei and quantify its nuclear modification at small
x and Q2.

¢ Explore the physical origin of shadowing effects.

¢ Investigate the origin of long-range flow correlations in pp and p—Pb collisions

Explore jet quenching at forward rapidity in Pb—Pb collisions

Along with these four physics goals, information about the identification of isolated photons at forward
rapidity in p-p and p-Pb collisions can be extracted. FoCal will as an upgrade to the ALICE experiment
provide direct information about partons, in the prospect to describe the initial stages of the universe,
which possible can be described by the theory of Color Glass Condensate [1]. A detailed description of

the four FoCal physics goals can be found in section 3.

Figure 1: The figure shows a proposed design as well as the placement of the forward calorimeter
(FoCal) in ALICE. The hadronic calorimeter (FoCal-H) is positioned closest to the compensator magnet,
whereas the electromagnetic calorimeter (FoCal-E) is placed in front of FoCal-H, closest to the interaction
point [4].

From 2020 and onward, the ALICE group at the Niels Bohr Institute at University of Copenhagen has
been one of the groups responsible for constructing and testing components of the FoCal-H first and
second prototype, as well as analyzing data and generating simulations.

The FoCal-H first prototype was constructed in September 2021 and was tested in testbeam later in the
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same month, to see if the conceptual ideas of the design were valid. These tests provided a preliminary
indication of how the final detector might perform and led to the design and construction of the FoCal-H
second prototype. In the summer of 2022, I helped design, construct, and perform a number of technical
tests on the FoCal-H second prototype. Later that summer, as well as in the fall, the FoCal-H second
prototype was tested in testbeam, at the PS and SPS beamlines. The data from the testbeam in the fall of
2022 (November 2022 SPS H2) is the foundation for this thesis.

This thesis focus on characterizing the performance of the FoCal-H calorimeter components as well as
analyzing the November 2022 SPS H2 testbeam data. Simulations corresponding to the testbeam de-
tector setup was performed in order to compare and estimate the FoCal-H second prototype’s technical
performance.

The performance characteristics of the FoCal-H calorimeter components were studied in order to op-
timize the design for a future prototype or the final design of FoCal-H. These studies focus on optical
crosstalk measurements between the SiPMs, the cutting technique of the scintillating fibers, and the ratio
between the passive and active material of the FoCal-H calorimeter.

The analysis of the November 2022 SPS H2 testbeam data, as well as the analysis of the corresponding
simulations, focus on a number of studies related to the source of response peaks, energy resolution,
lateral shower containment, and examination of the intersections between calorimeter modules by per-
forming a position scan. The investigations of these studies, lead to comparisons between the testbeam

data and the simulations, to estimate the FoCal-H second prototype’s technical performance.

Sections of this thesis will be used as a primary source for the ALICE Forward Calorimeter Technical
Design Report (TDR), which will be submitted to the ALICE collaboration in the summer of 2023.

2 CERN facilities and experiments

This section will briefly go through the CERN facilities and the experiments located at CERN. The aim
is to provide the necessary information on the connection between the accelerator rings and the exper-
iments to get a understanding of the testbeam facility and data taken with FoCal, as well as the future
location of the detector.

2.1 Particle accelerators

CERN (European Organization for Nuclear Research) is an organization established in 1954, which has
the mission to "uncover what the universe is made of and how it works" [2]. CERN explores this mission using
various sizes and shapes of particle accelerators, which accelerate particles and nuclei up to nearly the
speed of light, where they collide and the produced particles and physics processes are studied.

CERN has two small accelerators that provide particles and nuclei for experiments, namely LINAC 3
and LINAC 4 (linear accelerator 3 and 4). Depending on the study of either protons or heavy ions, the
acceleration process starts in these two different accelerators. However, some of the larger accelerators

are used for both protons and heavy ions.

In LINAC 3, low-energy heavy ions are generated. Until now, LINAC 3 has been able to generate lead

(Pb) and xenon (Xe) ions. The heavy ions are produced by taking for instance a piece of pure Pb, which is
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vaporized into a smaller number of atoms at around 500 C . After this procedure, the atoms are stripped
of electrons, by the use of an electric current, creating the heavy ions, with an energy of around 4 MeV [7,
p-58]. The heavy ions are injected into LEIR (Low Energy Ion Ring) through beam lines. LEIR receives
the heavy ions in long pulses and transforms them into bunches. During this procedure the heavy ions
are accelerated to an energy of 72 MeV [6], and will then be injected into the larger accelerators that are

used for both protons and heavy ions.

In LINAC 4, negative hydrogen ions are generated and accelerated up to 160 MeV before getting injected
into the PSB (Proton Synchrotron Booster). In the PSB beam-line, the electrons are removed from the
hydrogen atoms using an electric current, leaving the nucleus with a single proton. These protons are in

the PSB accelerated up to an energy of 2 GeV, before getting injected into the larger accelerators.

After being accelerated in the smaller accelerators, the protons and/or heavy ions, are injected into the
PS (Proton Synchrotron) circular accelerator. The PS accelerator has two purposes, it functions as an
injector to a larger accelerator, but it also functions as a testbeam facility for various experiments'. In the
PS, the protons and/or heavy ions can be accelerated up to an energy of 26 GeV, before getting injected
into the larger circular accelerator SPS (Super Proton Synchrotron) [8]. The protons and/or heavy ions
in the SPS are accelerated up to an energy of 450 GeV. As for the PS accelerator, the SPS accelerator has
multiple purposes, one of them being a testbeam facility for various experiments? [9]. Another purpose
of the SPS accelerator is to serve as an injector of high-energy protons and/or heavy ions into the LHC
(Large Ion collider), which is a 26.7 km long circular accelerator. The protons and/or heavy ions are
then transferred into two beam lines, one where they move clockwise and another where they move
anti-clockwise. The protons and/or heavy ions in the two LHC beamlines are accelerated up to their

maximum energy, and then collided with each other.

LHC has so far been able to collide protons with a center-of-mass energy of 13.7 TeV, lead ions at 5.36 TeV
and xenon ions at 5.44 TeV per colliding nucleon pair. These high energies are possible to reach, because
of the different types of magnets placed around the LHC beampipes. The LHC has 1232 dipole magnets,
each 15 meters in length, and 392 quadrupole magnets, which have a length of 5-7 meters. The dipole
magnets bend the beam to the desired position depending on the particle or ion, as well as the energy it
has. The quadrupole focuses the beam in the LHC beampipe, which is an important role in colliding the

protons and/or heavy ions [10].

IThe PS testbeam facility, beam-line T9, and T10 are used for some of the FoCal testings, e.g performance test of the FoCal-H

first and second prototype.
2The SPS testbeam facility, beam-line H6, and H2 are used for some of the FoCal testings, e.g the fall 2022 testbeam of the

FoCal-H second prototype.
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Figure 2: The figure shows the CERN accelerator complex and how the different accelerators and ex-
periments are connected [5] to each other. The figure lists all the accelerators and experiments by their

acronym [3].

The accelerators and experiments described in this overview of the CERN facility constitute only a frac-
tion of the operating accelerators and experiments at CERN in 2023. However, the remaining accelerators
and experiments are not important in regards to this thesis. An illustration of the CERN facility can be

seen in figure 2 above.

2.2 ALICE (A Large lon Collider Experiment)

The collisions between the protons and/or heavy ions happen in four collision points in the LHC. In
these collision points, four major experiments are placed, ALICE (A Large Ion Collider Experiment),
ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), and LHCb (LHC-beauty).

The general purpose of ATLAS and CMS is to investigate a wide range of physics, from the Standard
Model to the Higgs Boson, in the search for extra dimensions and particles that could explain dark matter.
However, ATLAS and CMS have different technical solutions and detector designs, in order to achieve
these goals. LHCb’s general purpose is to investigate the difference between anti-matter and matter.
LHCb does this by studying the beauty/bottom(b)-quark [7, p.58-59] This thesis, however, concentrates
on ALICE, and will therefore not go into further details about the other experiments at the LHC.

ALICE’s general purpose is to investigate heavy ion and proton collisions, as well as the physics pro-
cesses occurring when colliding these. ALICE focuses on the physics of strongly interacting matter at
extreme energy densities, such as Quark Gluon Plasma (QGP), hence also Quantum chromodynamics
(QCD).

Ordinary matter as we know it today is made of atoms, with an atomic nucleus consisting of protons
and neutrons, surrounded by a cloud of electrons. The protons and neutrons belong to a particle group
called hadrons. Hadrons are made of quarks bound together by their force carrier, called gluons, and

have never been observed to be free. However, when colliding heavy ions in the LHC, temperatures of
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around 100.000 times hotter than our sun can be reached. The LHC can therefore, recreate similar condi-
tions to those that were present after the Big Bang. Due to these extremely high energies and densities,
the quarks inside the hadrons get freed from their bond with the gluons. This phase is what is called the
Quark Gluon Plasma (QGP), and the properties of the QGP is one of the crucial areas which needs to be
investigated in the search for answers to describing the theory of quantum chromodynamics (QCD).
ALICE has studied the evolution of the QGP for many years now. As it expands, the temperature de-
creases, and the particles as we know them today get created. The time has now come to investigate
the stages, which took place before the QGP. One theory describing these stages is called Color-Glass
Condensate (CGC). A physics process which can be described by CGC, will be described in detail in
section 3. Before that, a brief description will be given of ALICE, and its detectors and components. An
illustration of ALICE and the can be seen in figure 3.
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Figure 3: The figure shows a sketch of ALICE (A Large lon Collider Experiment). All 18 detectors and

components are labeled with a number and listed by their acronym.

ALICE consists of 18 different detection systems, which are placed inside a large solenoid magnet in-
herited from the former LEP experiment L3. The experimental structure has a length of 26 m, a height
of 16 m, and a width of 16 m and weighs approximately 10.000 tons. Each of the 18 sub-detectors has
its own specification in terms of technology choice and design constraints, in order to collect relevant
information about particle properties to fulfill the ALICE experiment’s general physics purpose. This in-
formation could for instance be the mass, charge, and velocity of the particles. The relevant information
is gathered by having a variety of different types of particle detectors [7].

ALICE is built up in detector layers from the collision point and out, starting from the ITS (Inner Tracking
System) to the ZDC (Zero Degree Calorimeter). The detectors can be split into three regions, the central
region, the forward region, and the muon spectrometer. The detectors in ALICE will be presented in this

section, but not all detector specifications will be described in detail, due to the focus of this thesis.

This thesis revolves around a new calorimeter, which is to be placed in ALICE. This new detector is called
FoCal and will be placed right beside the compensator magnet. Through the thesis, an understanding
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of FoCal will be established, as well as an understanding of what FoCal can contribute to the whole
detector system in ALICE.

2.2.1 The central region

The central region concentrates around the collision point and covers the direction perpendicular to the
beam from jhj < 0.9. The main focus of the detectors in the central region is to measure the momentum
and identity of particles produced in the region. The central region is very important, in the sense that
it is here the first measurements are taken, after the particles escape from the primordial matter, being
QGP.

The first detector that the particles encounter, when they transverse the detector layers outwards, is the
ITS (Inner Tracking System). The ITS is constructed of three detection layers covering the total azimuth
angle. The ITS’s different layers provide information about the multiplicity of the collision, the vertex
location, particle identification, and track reconstruction [11].
The second detector is the TPC (Time Projection Chamber), which is a large gas detector providing track-
ing and particle identification. The detector works by having charged particles transverse the volume of
the gas, where they ionize the gas and the electrons drift toward the readout planes. Particle identifica-
tion in the TPC is done by using the energy loss of particles in the gas [12].
The third detector is the TRD (Transition Radiation Detector). As the name indicates, the TRD works by
having a charged particle that crosses over the boundary between two materials with different dielectric
constants emitting radiation. The amount of radiation emitted will depend on different types of parti-
cles. Thus, the TRD provides information about the particles’ identity [13].
The fourth detector is the TOF (Time Of Flight). TOF provides information of the velocity of charged
particles, by measuring the flight time for a specified distance. Using the momentum, p, and the trajec-
tory length, I, known from the three previously mentioned detectors, the different particles’ mass can be
calculated, from the time of flight [14]:

e

m=p 3 1

These four detectors are part of the area closest to the interaction point.

To help collect the information in the innermost central region, there are three additional detectors. The
first of these is the HMPID (High Momentum Particle Identification Detector). The main goal of HMPID
is to identify particle types with high momentum, by using the phenomena of Cherenkov radiation.
When a charged particle travels through a medium with a greater velocity than light is able to travel
within that medium, Cherenkov radiation is emitted. This radiation is emitted as waves with an angle
depending on the trajectory, and hence velocity, of the particles. So by determining the opening an-
gle of the wave, the velocity of the particles, relative to the velocity of the light in the medium can be
determined by [15]:

n

olg

1
cos(qc) = b =

where v is the velocity of the charged particle, c is the speed of light, and # is the refractive index of the
medium.
The second detector is the EMCAL (Electromagnetic Calorimeter), which measures the transverse en-

ergy and transverse momentum (pr) of particles. EMCAL is a sampling calorimeter, that has a passive
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material made of lead and an active material made of scintillating wavelength shifters. EMCAL is built
in a cylindrical geometry and has as its main goal to study energetic particles and the correlations be-
tween particles. These particles are photons, electrons, neutral pions, and jets of particles. [16].

The third detector, and last in the central region, is the PHOS (Photon Spectrometer), which is a high-
resolution electromagnetic calorimeter made of lead-tungsten crystals. PHOS is placed at the bottom
of ALICE, very close to the interaction point. The position of the detector is important for its purpose,
which is to study the thermal and dynamical properties of the initial stage of the collision, by studying
the photons that emerge from the collision [17].

The detectors in the central region are all placed inside a large solenoid Magnet, with the purpose is to
keep a uniform magnetic field inside the magnet. A uniform magnetic field is important for a lot of the
detectors placed in the central region. Placed on top of the ALICE magnet is ACORDE (ALICE Cos-
mic Rays Detector), which detects the arrival of cosmic ray showers coming from high-energy cosmic
muons. ACORDE is built from 60 scintillator modules located perpendicular to the beam axis and can

be configured to trigger on either single or multiple muon events [18].

2.2.2 The forward region

In the forward region, with small angles relative to the beam pipe, three detectors are placed as one sys-
tem. The first one is the FMD (Forward Multiplicity Detector). The key role of the FMD is to measure the
number of charged particles at forward angles. The FMD consist of 5 rings placed around the beam-pipe,
which are split into two parts positioned at the A and C-side of ALICE. The FMD covers pseudorapidi-
ties 34<h< 17and17<h<5.0.

The second detector is the TO, which is a high-resolution timing detector, used to time the collision. The
information from the TO detector is used in TOF to identify particles. The TO detector is split into two
parts placed at the A and C-side of ALICE. Both sides of the T0 are built from 12 cylindrical Cherenkov
counters, which are placed closely around the beam pipe to maximize the trigger efficiency.

Finally, the third forward detector in this three part detector system, is the V0. The VO detector is also
split into two parts, placed on the A and C-side respectively. It consists of two arrays of segmented oscil-
lator counters, which sum the multiplicity, thereby providing the necessary information to identify the
centrality of a collision. Moreover, the VO is also used as a minimum bias trigger, but also as the source

to reject the beam-gas background [7, p.61].

In addition to these three detectors, the forward region also includes the ZDC (Zero Degree Calorimeter)
which helps the T0 and the VO characterize the collision. The ZDC detector is a sampling calorimeter
built of quartz and silica optical fibers. The ZDC detector consists of two identical sets of calorimeters
located on both sides of the interaction point. One of these calorimeters focus on detecting protons, while
the other detects neutrons. As indicated by the name of the detector, some of the ZDC detector is placed
at zero degrees with respect to the beam pipe. The focus of the ZDC detector is to determine the overlap
region of the two colliding nuclei [19].

Moreover, the last detector in the forward region is the PMD (Photon Multiplicity Detector), which is
mounted on the door of the large solenoid magnet. As the name indicates, The PMD measures the
multiplicity and the spatial distribution of photons event by event. This focus of study makes it possible
to determine the shapes and fluctuations of events. The PMD can be used to provide estimates of the

transverse electromagnetic energy for particle events [21].
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The final component in the forward region is the Compensator Magnet, whose role is to compensate for
the deflection of the trajectory of the particles in the beampipe. The particles will be slightly deflected
when traveling past the dipole magnet in the muon spectrometer, due to the magnetic field in the magnet.
This needs to be corrected, before the particles reach the collision point. The particle coming from the
opposite beampipe will experience the same deflection from the compensator magnet, where the dipole

magnet will correct for this.

2.2.3 The Muon spectrometer

A collection of five detectors constituting the Muon spectrometer are placed on the opposite region of
the detectors described in 2.2.2. The Muon spectrometer’s role is to study the variety of heavy quarko-
nia (a flavorless meson constituting a heavy quark and its own anti-quark) by studying their decay into
muons.

The first detector the particles encounter when reaching the muon spectrometer is The Front Absorber,
which among other things focuses on suppressing all particles coming from the interaction point, except
the muons. In addition, the absorber has a crucial role in reducing the low-energy background from
secondary interactions to the tracking and trigger chambers coming right behind the absorber.

The second and third detector the muons will transverse is a set of Tracking Chambers, placed on ei-
ther side of a Dipole Magnet. The tracking chambers together with the dipole magnet determine the
momenta of the muons transversing the detectors. The momentum for each muon is determined by
tracking the muons in a magnetic field generated by the magnet, which is positioned so that the mag-
netic field is perpendicular to the beamline. The fourth detector is the Muon Filter, which provides the
transverse momentum of each moun passing through the filter. The last detector in the muon spectrome-
ter is the The Trigger System. The trigger system is placed right behind the muon filter, and has the focus
to study heavy-quark resonance decays. The trigger system consists of two sections, each section having
two resistive plate chambers. With these chambers and the electronics, a timing resolution of around 2

ns can be obtained. This is used, among other things, to identify bunch crossings in the spectrometer [20]

3 FoCal physics goals

As mentioned in section 1, FoCal has four main physics goals, which are to be investigated after the
instalment in ALICE in 2027/2028. The focus of the four physics goals are important topics, which are
to be investigated in order to gain knowledge about initial stages of the universe. However, the reason
why a detector equivalent to FoCal is needed to answer these questions, is as important to understand
as the physics goals themselves.

FoCal is a forward calorimeter, which means that the intended placement in ALICE is in the forward
region, at pseudorapidity of 3.4 < h < 5.8, also called high-rapidity. This means that FoCal investigates
physics in the small x regime, thus, directly relating to the physics goal "Measure the gluon density in
protons and lead nuclei and quantify its nuclear modification at small x and Q*". With this forward region,
other physics goals such as "Jet quenching at forward rapidity in Pb—Pb collisions", and "Physical origin of

shadowing effects" can also be studied, since these phenomena occur in the small x regime.
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Figure 4: The left-side figure shows a sketch of ALICE, and indicates the forward placement of FoCal in
ALICE [4]. The right-side figure shows a description of the rapidity in terms of degrees with respect to
the beam-pipe [23].

The position in the forward region, means that incoming particles from the collision point are high-
energy particles. This leads to why FoCal has been chosen to be constructed as a calorimeter. Calorime-
ters are built as dense particle detectors, which means they have the ability to absorb high-energy parti-
cles. There exist multiple types of calorimeters, depending on the material, number of materials and the
sampling method. These different types of calorimeters will be described in section 4. The specific type
of calorimeter for FoCal is determined based on the placement of FoCal in ALICE. FoCal is constructed
as a scintillating light sampling calorimeter, due to the placement right beside the compensator magnet.
The signal type is specifically chosen to avoid possible effects coming from the magnetic field, which
means that signal types such as an electric charge type calorimeter is excluded.

The reasoning behind the four main FoCal physics goals will be described in further detail in this section.
This is done in order to understand, which phenomena FoCal can contribute information and maybe ex-

planations to.

3.1 Measure the gluon density in protons and lead nuclei and quantify its nuclear
modification at small x and Q2

The sub-structure of protons and nuclei is characterized in terms of parton distribution functions (PDFs).
The PDFs are determined from high-energy scattering experiments, and are used to absorb divergences
in non-perturbative QCD physics. Various phenomena in non-pertubative QCD are not currently well
understood, e.g. the hadronic sub-structure of protons and nuclei, since theoretical predictions cannot be
performed. This is why some elements, such elements as the PDFs, are predicted in experiments. These
experiments are usually deep inelastic scattering experiments. Through these scattering experiments
it becomes possible to estimate the quark and gluon (partons) contribution in e.g. protons [1]. The
procedure of estimating the PDFs is currently done from the Bjorken parameter x, which describes the

momentum fraction of the partons of the total momentum of the e.g. proton. The Bjérken parameter x is
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given by [22, p.201-214]:

)
x = Q
2Mc2n

where Q? is the squared four-momentum transfer, n the energy transfer and M the nucleon mass. At
small values of x, the partons only carry a small fraction of the total momentum of the proton. At x-
values around 1/3 one can determined the building blocks of the protons to be 2/3 u-quarks and 1/3
d-quark, as seen in figure 5. These quarks in the proton are called valence quarks. If one goes toward
smaller values of x, one finds that other types of quarks also contribute to the total momentum of the
proton. This contribution of quarks for small x are called sea quarks. Together with the increasing
contribution from the quarks, the contribution from gluons increases for small values of x. Experiments
show that the density of gluons increase dramatically towards small x and large values of Q*>. The
increase of the gluon density stems from multiple factors, one factor coming from binding the quarks
together, which means that for small values of x more quarks gets created from the vacuum, resulting
in several gluons to bind these sea quarks together. Another factor is that the gluons can interact with
themselves, which can lead to gluon fusion, and fission. The current theory predicts that the increase of
the gluon density should not continue linearly for small enough values of x. However, the evolution of
the gluon density in e.g. protons and nuclei should reach a point where non-linear effects are present,
limiting the value of the PDFs. One explanation of this phenomenon is called gluon saturation. Gluon
saturation has not yet been confirmed by experiments, but is predicted by theories. One of these theories
are called Color Glass Condensate (CGC) [1] [22].

The examination of the gluons’ density at small x and Q? in protons and lead nuclei, is one of the focus

points of FoCal [1], due to its forward placement in ALICE, leading to investigation in small values of x.
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Figure 5: The figure shows a plot of the estimated PDFs from the experiment from HERAPDF 2.0 data.
The PDFs are determined from charm data, jet data and low energy data as well as the HERA-I and II
high energy inclusive data [1].
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3.2 Explore the physical origin of shadowing effects

Shadowing effects are another possible explanation to the non-linear effects limiting the PDFs. Global
fits to the PDFs from the measurements of the deep inelastic scattering experiments indicate that the
gluon density at small values of x, should be smaller in e.g. lead nuclei than it should be for e.g. a free
proton. It is the magnitude of this suppression, which is called shadowing effects [1].

In the region of small values of x a systematic reduction of the nuclear structure function, F, is observed.
The nuclear structure function is usually defined through the ratio of the nuclear structure function per

nucleon divided by the nucleon structure function [26]:

F(x, Q%)
anucleon (x, QZ)

RE(x,Q%) = "

where A is the nuclear mass number. At x < 0.1 shadowing can be used to describe the gluon density in
protons and nuclei. The shadowing effect increases as x decreases, where the smallest value of x, can be
used to describe the saturation of the density of gluons. The shadowing increases with A, and decreases

with increasing values of Q? [26].
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Figure 6: The figure shows the region of small x, where shadowing effects are present [26].

The examination of the origin of shadowing effects at small x and Q? in protons and lead nuclei, are one
of the focus points of FoCal [1], again due to its forward placement in ALICE, leading to investigation in

small values of x.

3.3 Jet quenching at forward rapidity in Pb—Pb collisions

A jetis a collection of high-energy elementary particles that emerges from a collision of ultra-high-energy
particles. Jets are produced in collisions by quantum chromodynamjc (QCD) hard scattering processes,
where quarks and gluons with high transverse momentum (pr = p% + p%) collides and combines. In
these collisions, where the jets are produced, an extremely hot and dense medium is created (QGP), and
it is in the interaction between the jet and this medium that the phenomena jet quenching occurs. In
the collision and in the creation of particles, it is seen that two back-to-back jets are created, i.e. jets that
travel in opposite directions. These two jets are called the leading and sub-leading jet. In the creation

of the back-to-back jets, one of the jets can interact strongly with the medium of the QGP, leading to a
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significant energy reduction of the jet (sub-leading jet). This energy reduction of the jet is what is called
jet quenching. Jet quenching, is one of the proofs which have been used to establish the existence of
the QGP. The jet’s interaction with the QGP medium, can provide information of the properties of the
medium, and thus some of the early stages of the universe [25].

Jet production
Highly energetic
jet (leading jet)

Quark-gluon
plasma

Low energy jet
(subleading jet) Strong interactions with the medium

Figure 7: The figure shows a sketch of the jet quenching phenomenon during heavy ion collision [24].

The current theory is that jet quenching occurs both in p-p, p-Pb and Pb-Pb collision, but has so far
only been observed in Pb-Pb collisions due to the larger number of particles being produced in these
collisions, resulting in larger area of QGP that the jet can interact with. It is in these collisions and at
forward rapidity, that FoCal is intended to provide information about jet quenching. The search for jet

quenching in small systems, i.e. p-p and p-Pb, is active research.

3.4 Origin of long-range flow-like correlations in p-p and p—Pb collisions

In the collision of heavy ions in the LHC, the medium QGP is created. So far, QGP has not been confirmed
in p-p or p-Pb collisions, but is actively being investigated. The description of the properties and the
evolution of the QGP is given by the theory called hydrodynamic and can be studied by using flow
observable. Flow can be studied in various systems e.g. in large systems Pb-Pb, or in small systems e.g.
p-p or p-Pb.

In the stage before the collision, when the proton or heavy ion are accelerated up to nearly the speed
of light, such things as length contraction occurs, and the spherical heavy ion will appear as flat disks.
The centrality of the collision is determined from a parameter called the impact parameter, which can be
determined by examining the number of nucleons that interact with each other. The interacting nucleons
are called participants, and the non-interacting nucleons are called spectators. The ratio of participants
to spectators determine the shape of the QGP. A ratio close to 1 would lead to a close to spherical shape
of the medium, whereas a ratio further from 1 would lead to an almond shape. In the latter of the
two cases, the pressure gradient of the QPG medium is non-uniform, which leads to a larger expansion

in one direction. The asymmetric expansion of the QGP medium together with the strong interaction
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between the hadrons in the medium, leads to observations where the emitted particles tend to go in one
direction [25].

Participants

Participants
Impact Parameter

Figure 8: The left-side figure shows a sketch of the flat disk of nucleons, where the participants, specta-
tors and impact parameter is indicated. The right-side figure shows the expansion of the almond shaped
QGP medium [25].

The QGP medium cannot be measured, due to its fast expansion. However, the distribution of the emit-
ted particles can be measured with the detectors in ALICE, and these measurements can be used to
determine properties of the QGP. Fluctuations in these measurements will occur, since the distribution
of the quarks and gluons that the nucleons consist of will differ, which yield a number of different out-
comes. With these fluctuations a contribution of, so-called non-flow, needs to be removed since it acts
as a noise in the measurement. Non-flow can e.g. be jets and decay products from the particles from
the QGP medium. One of the processes used to remove non-flow and to investigate flow, is called long-
range. The non-flow can e.g. be removed by demanding data from a large gap in pseudorapidity, which
one can get from taking data from two different detectors. FoCal can be used as one of these detectors in

the study of flow correlations in small system as collisions of p-p and p-Pb°.

4 Calorimeter physics

In particle physics, calorimeters are used to measure the deposited energy of the particles that interact
with the experimental setup. In a calorimeter, the particles are fully absorbed and their energy is con-
verted into a measurable signal. This signal serves as a measurement of the incident particle’s energy.
When the particle interacts with the calorimeter, it starts a particle shower, where the energy progres-
sively decreases as the shower transverse the detector. The interaction with the calorimeter can either
occur via the electromagnetic force or the strong force.

Calorimeters can have two types of structure. They either have a homogeneous structure or a sampling
structure depending on the number of different materials and the type of material they are constructed
of.

30ther methods are also used to study long-range flow correlations, but these does not correlate with this FoCal physics goal.
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4.1 Homogeneous and Sampling Calorimeters

A homogeneous calorimeter is, as the name indicates, constructed of one material, called the active
material. In a homogeneous calorimeter, the active material acts both as absorber of the incident particle,
but also as the signal generator which gives a detectable signal.

Homogeneous calorimeters are used in experiments to detect three types of signals, namely scintillation
light, cherenkov light, or an electric signal. Depending on what the calorimeter should detect, the active

material differs.

For the case of scintillation light, PhWO; crystals are often applied. A calorimeter of this kind has been
used in the experiment CMS at CERN. These crystals are among the dense materials producing scin-
tillation light. However, one can also use liquefied noble gases to study scintillation light. If one in-
stead wants to study cherenkov light, the most common material is lead glass, where other materials
can be mixed in, for example, the material, PbF,. Depending on the mixed-in materials, the cost of the
calorimeter goes up. The last type of signal detectable in homogeneous calorimeters is the electric signal.
Homogeneous calorimeters which produce electric signals are made of silicon and germanium crystals.
For this kind of calorimeter, an electron-hole pair is produced in the material valence band and in the
conduction band, which gives rise to the electrical signal [27, p. 10].

Due to their relatively low cost, homogeneous calorimeters are often used in large-scale experiments
which need to cover a large area. Such experiments could be neutrino and astroparticle physics exper-
iments since large volumes are needed to detect rare events*. The energy resolution of a homogeneous

calorimeter is often relatively good since the particles do not pass through different layers of material.

The other type of calorimeter is a sampling calorimeter, which is constructed of two types of material,
an active and a passive material. The active material (e.g. a scintillator) is the signal-generating material
and the passive material (e.g. copper) is the absorption material. The ratio between the active material

and the passive material determines the sampling fraction of the calorimeter, given by:

Epmip(active)
Enprp(active) + Epprp(passive)

1)

fSampling =

Where Ejrp(active) is the deposited energy by an incident minimum-ionizing particle (MIP) in the ac-
tive material, whereas Epyp(passive) is the corresponding deposited energy in the passive material.
Sampling calorimeters are usually used in connection with high-energy particle colliders. The energy
resolution of a sampling calorimeter is usually worse in comparison to homogeneous calorimeters, but
sampling calorimeters have the advantage that they can easily be segmented. Sampling calorimeters are
therefore a better solution in regard to spatial resolution and thus particle identification.

Sampling calorimeters are categorized with respect to the active material. Hence, there exist four types of
categories within sampling calorimeters: scintillation, gas, solid-state, and liquid calorimeters. As for the
case of the homogeneous calorimeter, the signal from scintillation calorimeters is generated in the form
of light in the UV or visible spectra. For the remaining three cases, the signal is an electric charge [28].
The electrical charge type calorimeters will no be described due to the focus of this thesis.

Scintillation materials come in many shapes and sizes, which makes them advantageous in the construc-
tion of sampling calorimeters. Most scintillating materials used in sampling calorimeters are constructed

from a core (e.g. glass or polystyrene) with a cladding material around the core. The cladding has a lower

41 will not go into further detail with homogeneous calorimeters since the calorimeter investigated in this thesis is a sampling

calorimeter.
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index of refraction than the core of the scintillator. This is required for the photons to be transported along
the scintillator, to where the readout is placed. The photons inside the scintillator is therefore traveling

near the critical angle, which is defined as [29]:

. n
Qor = arcsin(=294)

Ncore

where 1., and 7.0y, is the refractive index of the cladding material and core, respectively. The photons
in the scintillator is generated under excitation from high-energy particles in particle showers in the
calorimeter. A benefit of using scintillation light is that it functions as both the generator of the photons
and the transport to the readout of the calorimeter [29]. An example of such a scintillating material could

be scintillating fibers.
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Figure 9: The figure shows the construction of a scintillating fiber, as well as the photons generated
inside the fiber [36].

The most commonly used passive materials are lead, iron, and copper [28]. The choice of passive material
often comes down to the cost to efficiency of the material. Depending on the generated signal, the
construction of the passive and active layers and the interplay between the materials also plays a role.
A sampling calorimeter can either have transverse (spaghetti calorimeter) or longitudinal (sandwich

calorimeter) segments®.

4.2 Electromagnetic calorimeter

The purpose of an electromagnetic calorimeter is to measure the deposited energy of electrons, positrons,
photons, and p° as they transverse the material of a calorimeter. An electromagnetic calorimeter there-
fore studies particle showers produced by particles that interact electromagnetically. The deposited
energy in an electromagnetic shower increases with increasing shower depth. As the electromagnetic
shower develops, the energy of the particles decreases, until a threshold is reached. This threshold is

called a shower maximum [29, p.53].

Electromagnetic showers differ depending on the type of particle that enters the calorimeter. An example

of a shower development induced by electrons or photons can be seen in figure 10.

5 An example of these two constructions will be given in section 5.
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