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Abstract

The Standard Model (SM) of particle physics is one of the most successful theories of nature,
unifying the strong, weak, and electromagnetic forces, however, it still leaves fundamental questions
unanswered, many related to the Higgs boson. The Future Circular Collider (FCC), comprising a
lepton collider (FCC-ee) and a consecutive hadron collider (FCC-hh), aims to explore these open
questions with unprecedented precision. This thesis investigates the feasibility of Monolithic Active
Pixel Sensors (MAPS) for the vertex detector of the FCC-ee by characterising the Analogue Pixel
Test Structure (APTS), designed for the Inner Tracking System upgrade (ITS3) of the ALICE
experiment, which shares similar requirements.

APTS variants were evaluated through lab measurements at the University of Zurich and test
beams at CERN’s Proton Synchrotron and Super Proton Synchrotron. The measurements fo-
cussed on characterising the charge collection properties, spatial resolution, and detection efficiency
under various conditions, including different pixel pitches, bias voltages, irradiation levels and pixel
geometry.

The results indicated that all APTS versions efficiently collected all generated charge, with the
larger n-well collection electrode pixel geometry showing greater susceptibility to noise. All variants
achieved 99 % detection efficiency and the 10 pm pitch sensors met the spatial resolution requirement
of less than 3 pm, crucial for the FCC-ee vertex detectors. Furthermore, APTS was shown to
maintain a detection efficiency of over 99 % up to an irradiation of 10'* 1 MeV leg cm™?, reaching
the radiation hardness requirements of the FCC-ee.

The findings support the feasibility of MAPS for future high-precision collider experiments, provid-

ing a promising foundation for the vertex detector development of the FCC-ee.
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Introduction

The Standard Model (SM) of particle physics is one of the most successful theories in science. It
unites three of the four fundamental forces of nature, the strong, weak, and electromagnetic force,
excluding gravity. It includes all elementary particles, separated into two main categories. The
fermions make up all matter, containing the quarks interacting via all three forces and the leptons
interacting only via the electromagnetic and weak interaction. The second category consists of
the bosons associated with each fundamental force. The gauge bosons serve as mediators for the
fundamental interactions between fermions, while the Higgs boson gives mass to elementary particles
via its interactions with them.

The model successfully explains a wide range of phenomena: The strong interaction for example
holds the quarks and gluons together inside the proton and neutron, and ties them together to form
the atomic nuclei. The electromagnetic interaction, on the other hand, holds the electron in an
orbit around the nucleus, allowing the formation of atoms | the fundamental building blocks of
nature. The weak interaction is responsible for processes like the beta decay and nuclear fusion in
stars.

The SM predicted several new particles that were later found experimentally. The latest being the
Higgs boson, which was predicted in the 1960s and discovered in 2012 at the Large Hadron Collider
(LHC). Adding to the success of the SM and completing it.

Despite its remarkable success, it still leaves fundamental questions unanswered. For example, the
SM cannot explain the amount of matter/anti-matter asymmetry observed in nature, why there
exist three generations of the fermions or what dark matter is. Most questions left open by the
SM are related to the Higgs boson. Studying it with great precision is therefore a high priority of

contemporary particle physics.
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The current particle colliders, such as LHC, are not optimised for the precision study of the Higgs
boson. Not enough Higgs bosons are produced to reach the statistical signi cance of rare interactions
in a reasonable amount of time, and disentangling all the particles produced in the hadron-hadron
collisions of the LHC is challenging. A new particle collider is needed, optimised for the study of
the Higgs boson, opening doors to discover physics beyond the SM. The Future Circular Collider
(FCC) is one of the proposed future collider projects. It is an integrated project consisting of a
lepton collider (FCC-ee) and a consecutive hadron collider (FCC-ee), the focus of this thesis is
the FCC-ee. Beyond the precision study of the Higgs boson, the FCC-ee aims to also study many
electroweak and QCD processes. This makes it a very versatile project that allows for the full study
of the SM with unprecedented precision.

Having a new particle collider also means having new experiments which must be able to work in
the environment created by the collider and provide results with the necessary precision. A crucial
part of these experiments are the tracking and vertex detectors. They track the particle's trajectory,
allowing to infer the particle's momentum and charge. Furthermore, vertex detectors are used to
reconstruct the position of the interaction point where the particle was created and the secondary
vertices of the particle is short-lived and decays within the detector volume. This is essential for
the FCC to reach all its physics goals. Therefore, vertex detectors are the focus of this thesis.
Three di erent detector designs are being studied for the FCC, all of which foresee using Monolithic
Active Pixel Sensors (MAPS) for their vertex detectors. ALICE (A Large lon Collider Experiment)
also uses MAPS to upgrade its inner tracking system (ITS3) and has similar requirements as the
FCC-ee vertex detector. Joining the ITS3 MAPS development is a great opportunity to test the
feasibility of MAPS for the FCC-ee.

The ITS3 project uses MAPS produced in a 65 nm CMOS process. Within the project, the
Analogue Pixel Test Structure (APTS) was designed to study a wide range of parameters, like
di erent semiconductor process designs, pixel pitch and radiation hardness. The goal of this thesis
is the characterisation of APTS, and therefore studying the feasibility of 65 nm MAPS for the FCC

vertex detector.

Chapter 1 introduces the FCC and its detector designs in more detail. After this, Chapter 2
explains how tracking and vertex detectors work and what parameters in uence their performance.

MAPS get introduced speci cally, as well as APTS.
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Next, follow two chapters on characterising APTS. Chapter 3 describes the measurements with a
radioactive source carried out in the lab at the University of Zurich (UZH). These measurements
allow a rst understanding of the sensors by studying their charge-collecting properties. Chapter 4
explains the test beam measurements conducted at the CERN Proton Synchrotron (PS) and Super
Proton Synchrotron (SPS) facilities, used to determine the spatial resolution and the global and
in-pixel detection e ciency of APTS.

Chapter 5 then gives an overall summary, conclusion, and outlook.



1 The Future Circular Collider

Project

Several projects have been proposed to succeed the High-Luminosity LHC (HL-LHC) to conduct
extensive high-precision studies of the Higgs boson, investigating the open questions of the SM.
Among the most promising projects are theFuture Circular Collider (FCC) [1], the International
Linear Collider (ILC) [2], the Compact Linear Collider (CLIC) [3], the International Muon Collider
(IMC) [4], and the Circular Electron{Positron Collider (CEPC) [5]. All of them have the main
goal of studying the Higgs boson in great detail and with ultra-high precision. They are all lepton
colliders using di erent approaches and technologies to accelerate the particles and therefore o er
di erent options to study the SM. The FCC is an integrated project of two subsequent colliders,
enabling ultra-high precision studies not only of the Higgs boson but also many other interesting
phenomena like avour physics, QCD and electroweak processes. It is therefore an incredibly
versatile project to explore and challenge the current understanding of particle physics by studying
all SM particles. The focus of this thesis is the FCC.

The following sections describe how particle accelerators, like the FCC, work, followed by an in-

depth description of FCC.

1.1 Accelerating Particles

There are two main options to study the particles of the SM, either through naturally occurring
cosmic rays or through collisions generated with particle accelerators. Although cosmic rays can

have energies far beyond what current technologies can produce in accelerators, studying them



1.1. ACCELERATING PARTICLES

has a major drawback: A lack of control over which processes occur and at what rate. The
processes currently of high interest in particle physics often only occur at very low rates in cosmic
rays, making it challenging to precisely study or observe interesting, rare phenomena. Conversely,
particle accelerators produce speci ¢ particles at high rates, making particle accelerators currently
the only option for studying the Higgs boson.

The rate at which a speci c process occurs in an accelerator is determined by the luminosity and
the process cross-section. The instantaneous luminosity is the ratio of the produced rate R of a

given process per unit time d to the cross-section , the likelihood the process occurs in nature,

dR 1
L=—-—. 11.1
at (1.1.1)
Integrating the instantaneous luminosity L over time gives the integrated luminosity L.
z 1
L= Ldt=N-, (1.1.2)

where N is the number of generated interactions for the given process. An accelerator with a
higher luminosity produces more collisions per unit time. To reach high precision and to increase
the likelihood of discovering rare new processes, a high luminosity collider is preferred.

Collisions can either be produced by directing a beam of accelerated particles onto a xed, station-
ary target ( xed target experiments) or by colliding two beams of accelerated particles (collider
experiments). The energy at which the particles collide is a crucial parameter, as it determines the
processes that can occur and the particles that can be produced as an outcome of these collisions.
The centre-of-mass energy,p s, refers to the total energy available for particle interactions in the

frame of reference. In collider experimentg s is given by the relativistic energy-momentum relation

Ps- B+ Es, (1.1.3)
where E is the energy of the respective particles in natural units €= ~=1).

If a high P s is required, collider experiments are preferred over xed target experiments, since they
allow accelerating both interacting particles, as opposed to just one particle being hit onto a xed,
stationary target, where Psis given by Ps= P 2E peam Miarget -

To accelerate the particles, there are two main options: linear and circular accelerators. In linear
accelerators, the particles pass through a series of radio frequency (RF) cavities, at which they

are accelerated by an electric eld. Conversely, in circular accelerators, particles traverse through
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one or a few RF cavities multiple times. A magnetic eld keeps them on a circular trajectory by
exerting a Lorentz force on them. If the magnetic eld gets adjusted such that the Lorentz force

matches the centrifugal force of the particles, they stay on a circular path with a constant radius:

Florentz = Feentrifugal (1.1.9)
2
av B)= -, (1.1.5)

When charged particle trajectories are bent in a magnetic eld, however, they undergo bremsstrah-
lung - the emission of photons. This leads to a reduction 01p s in circular colliders. The energy
loss due to bremsstrahlung is proportional to the energyE and inversely proportional to the mass
to the power of four:

?Ti / % (1.1.6)
Consequently, this primarily a ects low-mass patrticles, such as electrons, at high energies. To com-
bat this, one can either use heavier particles to accelerate or increase the radius of the accelerator.
One of the advantages of circular accelerators over linear ones, however, is that by circulating
the beam, the particles that did not collide can be recycled for further collisions, rather than being
dumped after one collision like in linear accelerators. Additionally, having a circular collider enables
to host multiple interaction points (IPs), where the beams are brought into collision, o ering the
opportunity to have several experiments at the same collider, which can complement and verify
each other.
The last signi cant di erence between accelerators is in the particles they accelerate. Lepton
colliders generate interactions between elementary particles, meaning that the initial state of the
interactions is precisely known, making the reconstruction signi cantly easier. They provide a clean
environment and allow precision studies, for example, of the properties of the Higgs. Moreover, the
sum of the momenta of the particles produced is always equal to thg s of the collisions, allowing
for the full reconstruction of the collision kinematics. Since linear colliders are barely a ected by
bremsstrahlung, they usually accelerate leptons, pro ting from the clean environment. Circular
colliders can be used to accelerate leptons as well, but since they are a ected by bremsstrahlung, a
good additional option for them is to use heavier particles like hadrons.
Hadron colliders bring composite hadrons into collision, where the actual interaction occurs between
the fundamental constituents of the hadrons, the valence and sea quarks and gluons. As a result, the

initial state is not well de ned and many soft interactions occur, leading to a signi cant background
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of uninteresting events calledpile-up. This complicates the task of distinguishing interesting, high-

energetic collisions from background events, but the possibility of reaching higher center of mass
energies makes them a great addition to lepton colliders, since the total cross section at hadron
colliders is much larger than of lepton colliders. Circular colliders are very useful because they can

be built to accelerate leptons and hadrons consecutively, making them very versatile machines [6].

1.2 Future Circular Collider

The FCC is an integrated project consisting of a circular electron-positron collider (FCC-ee) and a
circular hadron collider (FCC-hh) consecutively using the same tunnel. It has a circumference of

91.2 km and is planned to be located in the Geneva basin, for reference see Fig. 1.1.

Figure 1.1: Schematic view of the FCC [7].

If approved in late 2027/early 2028, the project would become the successor of the HL-LHC, which
is foreseen to end its operation at the end of 2041. The FCC-ee could start data taking in 2045
and the FCC-hh in 2070. Therefore, current research focuses on the feasibility and research and
development of detectors for the FCC-ee. Hence, this thesis focusses on the FCC-ee.

Like the LHC and the Large Electron-Positron Collider (LEP), it has four IPs where the beams of
particles get brought into collision, each of which can host one experiment.

The FCC-ee is designed to operate at multiplep s, creating a machine that extends much beyond

the sole study of the Higgs boson. The FCC-ee is foreseen to run at %5 of 91, 160, 240 and
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350{365 GeV, corresponding to the Z threshold, WW threshold, maximum of ZH production and
around the tt production threshold. Fig. 1.2 illustrates the forseen integrated luminosities at each
P s. There are currently two possible operation models proposed, the baseline model in Fig. 1.2a
plans the order of operation with increasingp§ while the alternative model in Fig. 1.2b starts
at the ZH production maximum followed by the WW, Z and t t threshold runs. Over a 16-year
time frame, both models summed over all four IPs collect 6 10% Z bosons, 2.4 10° W pairs,

2 10P Higgs bosons and 2 10° tt pairs.

(a) Baseline model : The order of operation increases with P s

(b) Alternative model  : First run at the ZH production maximum, followed by the WW run, then the Z

and tt runs.

Figure 1.2: Operation models for the FCC-ee with four interaction points. Integrated luminosity
at the Z threshold in pink, at the WW threshold in blue, at the ZH production maximum in red
and at the tt threshold in green. The dashed blocks indicate the shutdown time needed to prepare

the collider for the subsequent run at the nextp s [1].
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O ering high luminosities for some of the most interesting particles of the SM and providing a
clean environment with essentially no pile-up, well-de ned initial states and a precisely controllable
P s, the FCC-ee allows testing the SM with unparalleled, ultra-high precision. Moreover, the broad
range ofIO s o ers a high potential for discoveries with a diverse and extensive physics programme
as a Higgs, Electroweak, avour, and top factory.

Since most of the open questions of the SM are related to the Higgs boson, running at the ZH
production maximum and producing a sample of 2 1P Higgs bosons is of particular interest.
This dataset will signi cantly enhance the ability to measure various properties of the Higgs boson.
For instance, when used alongside FCC-hh, it allows for an accurate determination of the Higgs
self-coupling. This detailed, high-precision measurement programme allows model-independent
determinations of its couplings, either further supporting the SM or revealing tiny violations from

it, hinting towards physics beyond the SM.

Running at the Z threshold not only enables the precise study of many electroweak parameters but
also allows extensive avour physics since the Z boson decays tq d, s, ¢c and b quark pairs 69.2 %
of the time. This, for example, allows the study of rare avour-changing neutral current (FCNC)
processes which are highly suppressed in the SM and are sensitive to physics beyond the SM.
Moreover, the runs at the WW and tt thresholds enable the precise measurements of the W boson
and top-quark masses, contributing to constraining the electroweak t, again allowing comparison
with the predictions of the SM.

This comprehensive approach not only enhances the precision of existing measurements but, among
other things, also enables the study of otherwise unreachable avour physics, QCD and hadronisa-
tion processes, and o ers the search for rare or forbidden decays.

Fig. 1.3 compares the luminosity per electricity consumption of di erent proposed future colliders.
The FCC-ee delivers the highest luminosities at the Z, WW and t thresholds, as well as at the
ZH production maximum. After the FCC-ee programme, the tunnel of the FCC-ee can be reused
to subsequently host the FCC-hh, reaching ap§ of 80-120 TeV collecting a total luminosity of
20ab *, allowing to probe the SM even further [1, 9].
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Figure 1.3: Expected luminosity per electricity consumption (over all interaction points) as a func-

tion of P s, for future collider projects. The FCC-ee in dark red and the FCC-hh in black [8].

1.3 Experiments at the FCC-ee

The goal in high energy collider experiments is to study particles produced in the collisions. To
achieve this, a combination of di erent detectors is used, each designed to measure a di erent prop-
erty of the particles such as momentum, charge, or energy. The combination of all this information
enables reconstructing what happened in the collision event and inferring the foundational laws of
particle physics. The di erent detectors are layered around the beam pipe at the IP, measuring the
particles as they y through them.

In the centre of the experiment, positioned nearest to the IP, is a tracking detector. It detects the
particle's passage at several points along the particle's trajectory, which enables the reconstruction
of the particle tracks. At lepton colliders, such as the FCC-ee, the innermost part of the tracking
detector is a dedicated vertex detector, to precisely reconstruct the vertices, the points in space
where the particles collide (primary vertex) or later decay (secondary and tertiary vertices).

After the tracking detector follow calorimeters, which measure the energy of the particles. They
consist of layers of dense materials that initiate showers of secondary particles and layers of sen-

sors in between to measure them. Usually there are two types of calorimeters, an electromagnetic
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calorimeter (ECAL) in which particles shower that interact electromagnetically and a hadronic
calorimeter (HCAL) where strongly interacting particles produce a shower. The total energy de-
posited in the detector is proportional to the energy of the incoming particle. Calorimeters perform
destructive measurements because to measure a particle's total energy, it has to transfer all of its
energy to the calorimeter.

A magnet is either placed before or after the calorimeters. It creates a magnetic eld that bends
the trajectories of the charged particles. The direction of the curvature indicates the charge of
the particle, its momentum can be determined from the curvature of its track, as measured by the
tracking detector.

On the very outside are muon detectors. Having muon detectors as the outermost layer of the
experiments allows for an easy identi cation of them, since muons are relatively heavy and live long
enough to pass through the other detection layers, while most other particles get stopped in the
calorimeters.

The specic traces dierent kinds of particles leave in the components of the detector allow to

separate and identify them, examples of traces that di erent particles leave can be seen in Fig. 1.4.

Figure 1.4: Components of a general particle physics experiment. Each particle type leaves a unique

signature in the detector components [10].

11
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Currently, three di erent detector concepts are being studied and optimised for the FCC-ee. They
are the Innovative Detector for Electron-positron Accelerators (IDEA) [11], an adaptation on a

detector designed for CLIC called CLIC-Like Detector (CLD) [12] and A lepton colLLider with

highly Granular calorimetry Read-Out (ALLEGRO) [13] a detector with a noble liquid ECAL. All

three designs follow the general set-up described above.

The IDEA detector is depicted in Fig. 1.5. Its tracker consists of a silicon pixel vertex detector
followed by a large-volume drift chamber surrounded by a layer of silicon microstrip or pixel detec-
tors. The tracker is used for vertexing, tracking, and particle identi cation using the time-of- ight
technique [14]. After the tracker follows an ultralight, thin, and therefore radiation-transparent su-
perconducting solenoid magnet that provides a 2T magnetic eld to bend the particles' trajectory.
The calorimeter is positioned after the magnet. It is a dual-readout calorimeter which is sensitive
to scintillator and Cherenkov light, providing excellent energy resolution for electromagnetic as well
as hadronic showers. The outermost layers are the muon detectors in the magnet's return yoke [1,
11].

Figure 1.5: Schematic of the IDEA detector [15]

CLD follows a similar setup, it also has a silicon pixel vertex detector and a silicon tracker
instead of a drift chamber. It features a highly granular calorimeter and the magnet is positioned
after the calorimeter, also providing a 2T magnetic eld. The outermost layers are again muon

detectors in the magnet's return yoke [1].
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1.3. EXPERIMENTS AT THE FCC-EE

ALLEGRO is the newest proposal. Like IDEA and CLD it uses a silicon pixel vertex detector,
the main tracker will either be gaseous or silicone based. The calorimeter is based on a high
granularity liquid noble gas ECAL [1, 13].

The focus of this thesis is on the vertex detectors. They are essential to reconstruct the primary
and secondary vertices. Accurate vertex detection is particularly essential for lifetime measurements
and avour tagging. Flavour tagging is needed because quarks, due to colour con nement, do not
exist alone. When a single quark is produced in a collision, it undergoes hadronisation, generating
an ensemble of hadrons that form a jet. Vertex detectors are used to identify the original quark
responsible for the jet. Some mesons, such as the B mesons, have a signi cant lifetime that allows
them to travel a measurable distance before decaying, creating a secondary vertex in the detector.
The precise determination of the vertex positions is crucial for accurate event reconstruction. There-
fore, vertexing is important for processes with hadronic nal states, making it especially essential
for the measurements of the Higgs couplings to quarks and the avour physics measurements.

All proposed detector concepts foresee the use of Monolithic Active Pixel Sensors (MAPS) for their
vertex detectors. Hence, the focus of this thesis is on such MAPS. In the following chapter, vertex
detectors are discussed in detail, outlining how they work and what parameters in uence their

performance.
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2 Tracking and Vertex Detectors

Accurate vertex reconstruction is essential for the FCC-ee to reach its physics goals. This chapter
rst shows how particles interact with matter, explaining how tracking and vertex detectors work
and what parameters in uence their performance. This motivates the requirements for the FCC-ee
and the necessity for the Monolithic Active Pixel Sensor (MAPS) technology, which is introduced
next.

The upgrade of ALICE's inner tracking system (ITS3) [16] also uses MAPS and has very similar re-
quirements to the FCC-ee vertex detectors, making the ITS3 MAPS interesting for FCC-ee. Lastly,
the Analogue Pixel Test Structure (APTS) is introduced, which is a MAPS with an analogue read-
out developed by ALICE ITS3 to characterise the 65 nm CMOS technology. The characterisation
of APTS is the objective of this thesis.

2.1 Particle Interaction with Matter

As particles traverse through matter, they undergo interactions that can be measured and utilised
to detect them. However, these interactions also perturb the particles, impacting the very thing
that is intended to be measured.

Particles interact with matter by depositing energy through electromagnetic or nuclear processes.
Charged particles lose energy through scattering, ionisation and excitation of atoms, as well as
bremsstrahlung and to a lesser degree through Cherenkov and transition radiation. Photons, on

the other hand, interact through the photoelectric e ect, Compton scattering, and pair production.

14



2.1. PARTICLE INTERACTION WITH MATTER

2.1.1 Energy Loss through lonisation

Tracking and vertex detectors exploit the ionisation of their material to detect traversing particles.
A particle with enough energy to ionise matter (minimal ionising particle, MIP) generates electron-
hole pairs in the material when traversing it, generating a measurable signal. The ionisation of the
material leads to a small energy loss by the particle. The Bethe-Bloch formula describes the mean

energy loss due to ionisation per unit length of material the particle travelled through:

dE Z 72 2me 2V2W, C
“—— =2 Nar’2med® =5, In=/—"= "~ "M 9 2= 2.1.1
dX Ale e A 2 I 2 Z ( )
. . . p_——
Here, r is the classical radius of the electron, = 1= 1 2 the Lorentz factor, = v=cthe

particle's speed relative to the speed of lightc, No the Avogadro constant andZ and A the atomic
and mass number of the material. is the density of the material and z is the charge of the particle
in units of the elementary chargee. | is the mean excitation energy of the material (depends on Z)
and Wnax is the maximum energy transferred in a single collision.

The last two terms are corrections. is a correction on the density due to polarisation at high
velocities, and C is a shell correction at low velocities due to the breakdown of the assumption that
the electron is at rest.

The energy loss around the momentum of a MIP in di erent materials is plotted in Fig. 2.1 [17].
The energy loss depends on the amount of material through which the particle travels, corresponding
to the material budget of the vertex or tracking detector. The energy loss in the tracker should be
minimised, as not to interfere with the measurement of the calorimeter. Hence, the material budget

of the tracking and vertex detector should be minimised.
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Figure 2.1: Energy loss rate around the momentum of minimal ionising particles in di erent mate-

rials and momenta [17]

2.1.2 Multiple Scattering

In addition to energy loss through ionisation, tracking also gets in uenced by multiple scattering. It
occurs mostly due to repeated elastic Coulomb scattering from nuclei and some strong interactions
for hadrons. Considering that nuclei usually have a mass greater than the incoming particle, the
energy transfer is negligible, but each scattering adds a small deviation to the incoming particle's
trajectory. Even if this de ection is small, the sum of all the contributions adds a random component
to the particle's path. A parallel beam of particles therefore gets an angular spread. The width of
the accumulated angular de ection in the xy-plane due to multiple scattering is given by:

r
136 Mev, 1+40:038In — . (2.1.2)

- x
RMS = pc XO XO
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Where x is the thickness of the traversed material andX g is the radiation length, the mean length
of a given material over which an electron loses 1/e of its energy. X is therefore the material
budget contribution of one layer of one material [17].

As for the energy loss through ionisation, the e ect of multiple scattering on the tracking quality

gets reduced by minimising the material budget of the detector.

2.2 Tracking and Vertexing

Tracking detectors play a crucial role in particle physics experiments. They not only allow the
reconstruction of the particle's trajectory and momentum but are also essential to reconstruct
primary and secondary vertices, making them crucial for the FCC-ee to reach its physics goals. All

future collider vertex detectors and many trackers foresee to use of semiconductor sensors.

2.2.1 Semiconductor Sensors for Tracking and Vertexing

Tracking and vertex detectors measure traversing particles through the ionisation of their material.
When a particle ionises the material, the generatece and ions create a measurable signal. One of
the most common materials for tracking and vertex detectors is silicon. The sensors tested in this
thesis are silicon-based, and therefore the rest of this chapter focusses on this.

However, pure silicon is not suitable for a tracking or vertex detector, since it's neither a good insu-
lator nor conductor. By introducing impurities, the conductivity can be increased and controlled.
This method involves adding atoms that have one fewer valence electron compared to silicon, thus
creating an extra hole in the lattice structure, referred to as p-type doping. Alternatively, atoms
with an extra valence electron are added, which introduces an additional free electron into the
lattice, this is known as n-type doping.

Silicon tracking detectors work by doping silicon to turn it into a diode. A diode is formed by a
pn-junction where p-type and n-type doped silicon meets. At this junction, holes on the p-type
side combine with electrons on the n-type material, creating a region without charge carriers - the
depletion region, as illustrated in Fig. 2.2. Within the depletion region, there are localized negative
and positive charges, creating an electric eld. Applying a voltage in the direction of minimal
current ow across the depletion region|lknown as a reverse bias voltage|increases the thickness

of the depletion region.
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Figure 2.2: At the pn-junction, holes from the p-type region combine with electrons from the n-type
region, resulting in a depletion region without free charge carriers. This region is characterised by

localised positive charges on the n-type side and localised negative charges on the p-type side [18].

As charged particles pass through the depletion region, they ionise the silicon and create electron-
hole pairs, see Fig. 2.3. For partially depleted devices, the electrons generated outside the depletion
region are collected primarily by di usion before being collected by the strong drift eld in the
depleted zone around the collection electrode. This is a relatively slow process and is susceptible to
charge trapping in defects caused by radiation damage, meaning some signal charge can get lost.
Charge carriers in fully depleted devices drift to the collection electrodes at the detector's surface,
where the created signal gets ampli ed, shaped, and measured. Hence, it is preferable to have a
depletion region throughout the sensitive layer such that all charge carriers are transported to and
measured at the collection electrode and that the collection time and the e ects of radiation damage
caused by non-ionising radiation are reduced [19].

A pixel is the smallest unit of a detector that can independently register a signal. The distance from
the centre of one pixel to the centre of an adjacent pixel is called the pixel pitch. The generated
charge can diuse and may be collected by neighbouring pixels, causing a particle to generate
signals across several pixels and form a cluster. The hit position of the traversing particle is then

calculated from the charge-weighted centre of the cluster. Charge sharing enhances the spatial
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resolution compared to the binary resolution, where a particle generates a signal in only one pixel.
The binary resolution of the detector, considering a uniform probability distribution, is given by
pitch/ pTZ. This represents the minimal spatial resolution of a silicon tracking detector without

any charge sharing.

Figure 2.3: Schematic operation of a silicon tracking detector [20].

2.2.2 Tracking and Vertexing Performance Metrics

There are several parameters of tracking and vertex detectors directly in uencing the tracking and
vertexing performance. The spatial resolution | the accuracy with which a sensor can measure
the position of a traversing particle | is one of the most fundamental ones. Another important
parameter is the detection e ciency, the likelihood of measuring a traversing particle. A crucial
parameter for vertex detectors is the resolution of the impact parameter. The transverse impact
parameter, do, is de ned as the shortest perpendicular distance from a track to the primary vertex,
see Fig 2.4. The precision of the vertex reconstruction strongly depends on the impact parameter

resolution, making this a crucial parameter for the FCC-ee vertex detector.
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Figure 2.4: lllustration of a collision where three jets emerge from the primary vertex. One jet has
a secondary vertex, where a particle decayed after some time. The transverse impact parameter,

do, is de ned as the shortest distance from a track to the primary vertex [21].

A simple two-layer detector system, as shown in Fig. 2.5, easily demonstrates which parameters
of a vertex detector in uence the resolution of the impact parameter the most. First, assuming in
Fig. 2.5a that the outer layer (layer 2), at distance r,, has a perfect spatial resolution, i.e. , =0,
the resolution of the impact parameter, g,, is then determined by the resolution of the rst layer

(layer 1), 1. The aspect ratio of the two layers is:

do _ r2
— = . 221
1 o ra ( )

Now in Fig. 2.5b, assuming that the rst layer, at distance ri, has perfect resolution, i.e. 1 =0,
leads to

do _ M
— = . 2.2.2
2 2 ra ( )

Adding the two contributions to ¢, in quadrature and including a term for multiple scattering

gives
2 2
2 - _ N v 2 + 2 (2.2.3)
do ] I 2 ] r . MS - -

The impact parameter resolution can be expressed for generally with the following parametrisation:
b

=a — 2.2.4
do psin3:2 ( )
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wherea is related to the single hit resolution of the sensor andpsin% represents the contribution

of multiple scattering. Here, p is the particle momentum and is the polar angle of the particle's

trajectory.
(a) con guration assuming layer 2 is an ideal detec- (b) con guration assuming layer 1 is an ideal detec-
tor ( 2 =0) tor( 1 =0)

Figure 2.5: Idealized two layer detector. O marks the interaction point. g, is the extrapolated
interaction point of the track at the impact parameter, r; and r, are the distance of the middle of

the beam pipe to layer 1 and layer 2 respectively [22].

This shows that the innermost layer of a vertex detector must be as close to the primary vertex

as possible (; small), its spatial resolution ( 1) is crucial, and the material measured in radiation
lengths x/X o must be as small as possible, see Eq. 2.1.2 [22].

This again indicates how important the reduction of the material budget is to improve the perfor-
mance of the vertex detector.

In addition, a vertex and tracking detector is an integral component of an overall project that
encompasses an accelerator, physics objectives, and a comprehensive detector system as outlined
in Section 1.3. This adds many more factors, which impose further constraints on the tracking and

vertex detector. Other parameters to consider might be power consumption or radiation tolerance.
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2.3 Monolithic Active Pixel Sensors

As described above, the material budget of the vertex detector is an in uential parameter on its
performance. To reach the FCC-ee needed vertex reconstruction resolution, it is essential to have
a minimal material budget of the vertex detector.

Traditional hybrid sensors have the read-out electronic separated from the sensing layer and connect
them through bump bonding. MAPS combine the read-out electronics into the same piece of
silicon as the sensing layer, presenting several advantages over traditional hybrid pixel detector
technologies, as they are cheaper to build, can be thinned down without having the additional
material from the read-out electronic, therefore reducing the material budget, and operate with low
power consumption. Additionally, they can be made reasonably radiation hard [23].

MAPS can be fabricated in a commercial CMOS process and were shown as a promising technology
for high-granularity and light material budget detectors. ALICE is the rst experiment at the
LHC to use this technology. ALICE's current inner tracking system (ITS2) uses a MAPS named
ALPIDE [24], which is produced in the TowerJazz 180 nm CMOS process. The innermost three
layers of the tracker use MAPS that are 50um thick. These are attached to a ex cable made
of aluminium and mounted on a mechanical support and cooling structure (water cooling), which
together amounts to a material budget of 0.35 % x/X, per layer [24].

The ALPIDE can only be partially depleted, meaning that the charge is mainly collected by dif-
fusion. This aects the charge collection time and makes it susceptible to charge trapping in
high-radiation environments. The next generation of MAPS are therefore moving in the direction
of fully depleted MAPS. Full depletion means that the charge is collected by drift and hence features
better radiation hardness and faster charge collection [25].

ALICE is planning the upgrade of ITS2 during the upcoming Long Shutdown 3 (2026-2029) of the
LHC. Extensive studies are being conducted on fully depleted MAPS for the new inner tracking

system 3 (ITS3), which will replace the three innermost layers of ITS2.

2.3.1 ALICE Inner Tracking System 3

The main goals of ITS3 are to reduce the material budget from the current 0.35 % x/% to
0.05 % x/Xq per layer and to place the rst layer at a radial distance of only 18 mm from the

IP instead of the current 22 mm. This will boost the impact parameter resolution by a factor of
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two over all momenta and drastically enhance the tracking e ciency at low transverse momentum,

as can be observed in Fig. 2.6.

Figure 2.6: ' pointing resolution for primary charged pions as a function of the transverse momen-
tum. The current system, ITS2, in blue and the proposed ITS3 upgrade in red. The green curve
(ITS3, Rpipe = 28 mm) refers to an even further upgrade with a detector con guration where the

two innermost layers are placed inside the beam pipe [26].

To achieve these goals, a new sensor is needed that minimises or removes powering and readout
cables, cooling elements, and mechanical support structures. The only components remaining, to
reach the very minimal material budget, are the silicon sensors and very light-weight carbon-foam
support structures. The sensors are deploying the commercial TPSCo 65 nm CMOS ISC imaging
technology and a recent technique called stitching. Stitching extends the sensor beyond one single
mask used in the photo-lithographic process of chip manufacture, enabling the production of chips
reaching dimensions of 27 cm® 9 cm on 12-inch diameter silicon wafers. The sensors are then
thinned down to 50 um or below, allowing the silicon to be bent. In this way, cylindrical layers can

be built and due to the low power consumption of the MAPS further improved by moving to the

23






	Abstract
	Acknowledgments
	Introduction
	The Future Circular Collider Project
	Accelerating Particles
	Future Circular Collider
	Experiments at the FCC-ee

	Tracking and Vertex Detectors
	Particle Interaction with Matter
	Energy Loss through Ionisation
	Multiple Scattering

	Tracking and Vertexing
	Semiconductor Sensors for Tracking and Vertexing
	Tracking and Vertexing Performance Metrics

	Monolithic Active Pixel Sensors
	ALICE Inner Tracking System 3
	Vertex Detectors for the FCC-ee

	Analogue Pixel Test Structures
	Measurement Programme


	Characterisation with Radioactive Source
	Methods
	Measurement Setup

	Results and Discussion
	Test-Pulsing
	55Fe Source Measurements


	Characterisation with Test Beam
	Methods
	Test Beam Setup
	Analysis with Corryvreckan
	Temperature Dependence of Alignment

	Results and Discussion
	Global Detection Efficiency and Spatial Resolution
	In-Pixel Detection Efficiency


	Conclusion and Outlook
	Appendix
	Spatial Resolution and Global Efficiency
	In-Pixel Detection Efficiency

	Bibliography

