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Abstract

The upgrade of the ALICE detector’s Inner Tracking System (ITS3) is a very ambitious
project that plans to redesign the detection layers of the inner barrel using wafer-scale
bent chips. Studies must be carried out to ensure that the planned detector can op-
erate to the desired specifications and demonstrate the performance of bent chips in
realistic experimental physics conditions. Towards this goal, studies were conducted
in the scope of this thesis using a small telescope featuring bent ALice PIxel DEtector
(ALPIDE) chips (the sensors employed at the existing ITS2). The investigations con-
ducted include clustering behavior in bent Monolithic Active Pixel Sensors (MAPS)
detecting low momentum (<GeV) particles, correlations between energy deposition and
particle momentum, and alignment strategies for cylindrically bent detector geometry.

The clustering behavior of bent MAPS was evaluated using proton beams of different
energies impinging on a polypropylene fiber target. With proton-proton elastic scatter-
ing as the dominant reaction channel, this results in a well-defined coincidence pattern
of the outgoing particles. Data sets were taken using different signal thresholds of 100e,
200e, and 300e charge equivalent. Through the special target geometry and the reaction
pattern, different alignment strategies for cylindrically bent detectors were developed
and qualified based on the time to converge, the best distance of the closest approach
(DCA), and the opening angle calculated in the aligned configurations.
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1 Introduction

This chapter gives an overview of the ALICE experiment, discussing the collisions, a
brief description of the LHC, the physics goals of the experiment, and a description of
the instrumentation at ALICE. Following the section on ALICE, background on ALPIDE
chips used for tracking is given, which will discuss the properties of the chips and
the innovations they brought with them to the previous upgrade (ITS2). The coming
upgrade to the ALICE inner tracking system (ITS3) and the innovations follow in the
next section.

1.1 ALICE

ALICE (A Large Ion Collider Experiment) is a detector dedicated to heavy-ion physics
at the Large Hadron Collider (LHC). Due to the large center of mass energies in one
collision, a huge number of outgoing particles is created in a single event, and all
the detector systems have to cope with this special feature. ALICE as of LHC Run 3
measures Pb-Pb, and p-p collisions at center of mass energy per nucleon pair

p
sNN =

5.36 TeV/[1], and 13.6 TeV[2] respectively producing thousands of particles in a small
volume. Quark Gluon Plasma (QGP), a state of matter predicted to have existed
briefly after the Big Bang, is formed and studied in these collisions with the goal of
understanding the nuclear equation of state and the nature of the strong force [3]. The
ALICE detector is specialized for the high multiplicities and low momentum of the
particles produced in these heavy ion collisions.

The LHC is the final accelerator of a chain of accelerators that, as of run 3, brings beams
up to the record energy of 6.8 TeV/Z [4] and is designed for collisions of energies up to
7.0 TeV/Z [3, 4]. In the ALICE experiment, the main focus is on lead-lead collisions.
In order to produce lead beams of energy 2.76 TeV/u, lead ions must follow a series
of booster accelerators prior to injection at the LHC. First, a purified lead sample is
heated to �500 °C. Lead vapor is ionized by a current up to the charge state Pb29+,
which is accelerated to 4.2 MeV/u before it is further ionized to Pb54+ by passing
through a carbon foil stripper. The Pb54+ beam is accelerated to 72 MeV/u at the Low
Energy Ion Ring (LEIR), which then transfers the beam to the Proton Synchrotron
(PS), which brings the beam up to 5.9 GeV/u. The beam is then sent to the Super
Proton Synchrotron (SPS) to strip the ions of remaining electrons with a second foil
and accelerate the Pb82+ up to 177 GeV/u. This beam is passed on to the LHC, which
has two beam pipes, one clockwise and one counterclockwise, which bring the beams
up to 2.76 TeV/u and collide them [3].

The LHC is a 27 km circumference collider made up of eight arcs (containing bending
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1 Introduction

magnets) and eight insertions (containing cavities with radiofrequency 400MHz electric
�elds synchronized with bunches and providing them with 5MV/ m) [3]. The LHC
has four intersection points between two beam pipes corresponding to the four main
experiments with their detector apparatuses: CMS, LHCb, ATLAS, and ALICE.

1.1.1 High Energy Physics at ALICE

Cosmologists agree that in the Big Bang, matter came from an extremely hot and
dense region of space. In this extreme phase, quarks are close enough together to
maintain a neutral color charge, such that individual quarks would be able to freely
move across distances larger than their normal con�nement space: the size of the
nucleon. The ALICE experiment aims to study not only the evolution and properties
of this extreme state of matter but also the interaction between particles produced
in this very hot and dense environment. Nuclei, for example, are generated in these
collisions. If two particles are close in phase space, their interaction can be studied
in detail. One mystery in astrophysics, where such investigations are relevant, is the
internal composition of neutron stars, where knowledge about how nucleons interact
in a very dense environment is crucial.

Figure 1.1: Charge Density of the Nucleus
from [5]

The nuclear equation of state (EoS) at
low energies is understood. The nu-
cleus has a form factor, usually Gaus-
sian or oscillating, corresponding to
density pro�les that are either Gaussian
or spherical with a diffuse edge, respec-
tively [5]. Light nuclei have Gaussian
charge and density distributions, but
most nuclei have a thin, soft surface
but a hard core saturated with nucle-
ons. Sample density pro�les are shown
in �g. 1.1. The central (saturated) den-
sity of the nucleus is about 0.17nucleons/fm 3[5]. The density is plotted against the
radius of nuclei in �g. 1.1, and it can be seen that except for the light He nucleus,
nuclear matter saturates in the center and falls off for about 2fm of skin. Under extreme
pressure and temperature, the nuclear matter is expected to undergo a phase transition.
Astrophysical observations of neutron stars have con�rmed the existence of matter
much denser than the nuclear saturation density.

In nuclear physics, particularly in three-body systems, unresolved questions persist,
especially regarding the nature of the strong interaction in neutron-rich and dense
systems like neutron stars. At heavy ion colliders, densities multiple times the nuclear
saturation density are achieved, and it is predicted that the cores of neutron stars are
also much denser than nuclear saturation. In such systems, introducing strangeness as
an additional degree of freedom may be thermodynamically favorable, depending on

2



1 Introduction

the potential of the interaction.

To measure the potential of such interaction, it is useful to employ a technique known
as femtoscopy, whereby one uses the statistical correlation of particles measured in the
same phase space to calculate the strength of an interaction [6]. It is, in particular, useful
to measure not only two and three body nucleon ( N – N and N – N – N ) potentials but
also to measure nucleon-nucleon-hyperon potentials (N – N – Y) [6], where a hyperon is
a baryon containing at least one strange quark. Thanks to the proximity of ALICE's
inner tracking system (ITS) detectors to the beam collision point, it is possible to track
and identify heavy-�avor baryons. The L +

c is the lowest mass charm baryon. The mean
lifetime of no more than t � 2 � 10� 13s) and experimentally determine the potential.
At low pT . 1GeV/ c, the lambda hyperon decay length is � 60µm[7]. The original ITS
had an impact parameter resolution larger than this, but ITS2 tripled it to about 15µm
for pt = 1GeV/ c[8]. The beam pipe of the ITS was decreased from29.4mm to 19.8mm
during the ITS2 upgrade, allowing for 9.6mm closer placement to the collision region
of the innermost detector layer and improving the impact parameter resolution so that
the L c �! pK� p + can be observed[9, 10, 11].

Another aspect of nuclear physics at ALICE is the production of light nuclei in high-
energy collisions. In heavy ion collisions, the kinetic energy of the colliding nuclei is
transformed into a shower of particles and antiparticles. Statistical hadronization and
coalescence models describe the hadronization process from the hot �reballs produced
by heavy ion collisions at ALICE. The statistical model treats the �reball as a hadron
resonance gas in global chemical equilibrium. The gas expands and cools to a chemical
freeze-out, at which point the hadrons stop interacting. Despite the relatively low
2.2MeV binding energy of deuterium, some nucleons produced in the �reball bind
together and survive until chemical freeze-out. This model successfully predicts the
hadron and light nuclei yields detected at ALICE [6]. The problem with this thermal
model is that every collision has a set of �t parameters that cannot be easily determined.
The hadronization in the coalescence model, contrary to the thermal model, assumes
that particles can continue interacting even after the �reball produces them. This
model assumes nuclei and anti-nuclei are produced when nucleons (or anti-nucleons)
are emitted close enough in phase space to form a bound state. This model has also
successfully reproduces nuclei and anti-nuclei production from collisions at the LHC[6].

1.1.2 ALICE Detector Overview

Several layers of detectors with different functions surround the central barrel as seen
in �g. 1.2. First is the ITS, which tracks the trajectory of charged particles and is under
investigation if it can support particle identi�cation (PID) of low momentum particles
by calorimetry[13, 14]. These particles can come from the collision point, decays of
particles from the collision point, and cosmic rays. Next is the Time Projection Chamber
(TPC), which further contributes to the tracking and momentum calculation of charged
particles, enabling very precise PID for low-momenta particles by measuring their
energy loss in the detector gas volume. The following layer is the Transition Radiation
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1 Introduction

Figure 1.2: The ALICE Detector System taken from [12].

Detector (TRD), which helps with the PID of high-energy electrons. Following is the
Time of Flight (TOF) detector, which is used to reconstruct particle velocities. The
High Momentum Particle Identi�cation Detector (HMPID) is also installed for high
momentum PID.

Along the beam axis is a set of forward detectors. These are used for particles at
small angles along the beamline, such as spectator nucleons that did not participate
in the production of the hot �reball. These nucleons are detected at the Zero Degree
Calorimeter (ZDC). The VZERO (V0) detector measures charged particles and helps
with event triggering. The Forward Multiplicity Detector (FMD) informs about the
number of charged particles produced along the beam axis.

The Muon Spectrometer is an integral part of ALICE because muons penetrate deeply
from within QGP.

The Photon Spectrometer is used to detect photons produced from QGP formation.
This includes the Electromagnetic Calorimeter (EMCal), which measures the energy
of photons and electrons, and the Di-jet Calorimeter (DCal) for measuring particles
coming out of jets, as di-jet events provide useful information to probe QGP. The Photon
Multiplicity Detector (PHOS) detects high-energy photons.

1.2 Inner Tracking System

This section will cover the current Inner Tracking System (ITS2), starting with back-
ground on the initial upgrade. Next, the working principle of semiconductor detectors
is detailed, followed by a description of the system's physical structure. This section
will close with the material budget of the inner layers, a critical point in the coming
ITS3 upgrade.
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