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Abstract
The upgrade of the ALICE |[[nner Tracking Svstem gITSi is being performed during the
ng shutdown period (Long Shutdown 2 (LS2)) of the CERN

currently ongoi

Eiollider iLHC . The former is replaced with seven concentric layers of Monolithic
Active Pixel Sensors (MAPS) called the IALICE Pixel Detector (ALPIDE).
The scope of this thesis is to test a telescope of seven JALPIDE sensors operating as a cosmic
particle detector, in order to study the behaviour of the telescope under unconventional
conditions, and perform tracking and an alignment of the setup. The mode of operation for
cosmic muon detection is presented and a particle tracking method is implemented in an
attempt to achieve an accurate detector alignment based on relatively large angle cosmic
muon tracks. For tracking, at least four of the seven available sensors are required to
detect a hit. Two different iterative alignment procedures based on a reduced y2-statistic
are tested and compared. Estimations about particle rates, pixel cluster sizes, and detection
efficiency are briefly presented. Finally, a very accurate alignment of the setup is reached,
maximizing track quality and opening up the possibility for further analysis.

Zusammenfassung

Das Upgrade des hochauflésenden Inner Tracking System (ITS) wird derzeit am ALICE
Experiment am CERN Large Hadron Collider (LHC) durchgefithrt. Dabei werden die al-
ten Sensoren mit sieben Monolithic Active Pixel Sensors (MAPS) Schichten, dem ALICE
Pixel Detector (ALPIDE), ersetzt.

In dieser Arbeit wird ein Teleskop aus sieben ALPIDE sensoren zur Detektion von kosmis-
chen Muonen verwendet, um das Verhalten des Teleskops unter unkonventionellen Verhélt-
nissen zu untersuchen, und eine préazise Ausrichtung des Detektors zu erlangen. Zuerst wird
die Operation des Detektors beschrieben. Darauthin wird eine Methode zur Rekonstruktion
der Teilchentrajektorie implementiert. Diese Teilchenspuren (Tracks) werden verwendet,
um eine prézise Ausrichtung der einzelnen Detektorschichten zu erreichen. Dazu werden
Tracks verwendet, bei denen das Teilchen mindestens vier der sieben sensoren getroffen
hat. Zwei verschiedene Algorithmen, basierend auf einer reduzierten y2-Statistik, werden
fiir die Ausrichtung des Teleskops diskutiert, und verglichen. Des Weiteren werden kurz
Schitzungen zur Teilchenrate, Grofle von Pixelgruppen, und Sensoreffizienz préisentiert
und mit den Messwerten verglichen. Schliefllich wird eine hochprézise Ausrichtung der
Sensoren erreicht, die als Grundlage weiterer Analysen mit dem ALPIDE Teleskop dient.
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1 INTRODUCTION

1 Introduction

The world of physics depends strongly on the research and development of new detector
technologies to test the Standard Model of particle physics with unprecedented precision,
and search for physics beyond. In the past 40 years developments on semiconductors have
turned silicon tracking detectors into the number one tool to achieve high precision particle
tracking in many high-energy particle physics experimtents, such as |A Large Ion Collide

Experiment (ALICE) at the LH{ in Geneva, Switzerland. Their compact design has made
tracking close to the primary interaction point easier with each new upgrade and more and
more achievements are being made each year, pushing for even higher precision and faster
readout rates.

The confidence in what can be achieved with silicon hag lead to the proposal of a nearly
pure silicon detector for the m experiment at the LHU, including a nearly massless
barrel detector consisting of ultra-thin silicon sensors with [Monolithic Active Pixel Senson
technology, featuring an unprecedented low material budget, with the innermost
layers possibly positioned inside of the beampipe of the [Iil]

As these planes for the far future of ALICE are being made, there is an upgrade taking place
right now. In the currently ongoin%f the LH({, the ELICE‘ has been exchanged
with silicon based sensors, called ALPIDH, that feature a high spatial resolution,
fast readout rates and a very low material budget. A telescope of seven sensors
was used this past year at the Fiesellschaft fiir Schwerionenforschung GmbH (GSI) research
facility in Darmstadt, to record, track and study cosmic mons. For a period of about one
month, the setup was continuously taking data, resulting in nearly 300 000 particle events.
This data can be used to study the behaviour of the telescope under unconventional con-
ditions.

This thesis coveres the aspect of the mode of operation and method of particle tracking
and detector alignment, and serves as a foundation for further analysis strategies, while
the other theses [E] and [B] are concerned with theoretical calculations about the angular
distribution of cosmic particles, and a deeper understanding of the energy deposit and
charge creation in the sensors.
In the first chapter, the experiment and its studies of huark—gluon plasma, ( QGP)L
are briefly discussed, followed by an introduction to the interaction of radiation with mat-
ter. Next, the concept of particle detection with semiconductor detectors is discussed,
before characterizing the BLPIDEI sensor and the experimental setup. Finally, the particle
tracking approach is discussed in detail and the alignment results are presented.
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2 AlLargelon Collider Experiment (ALICE) at the
LHC
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Figure 1: The Standard Model of particle physics [4]

In the Standard Model of particle physics there are 12 elementary particles (and their
antiparticles), including six quarks, three charged leptons and three neutrinos, as well as
five bosons () It describes three of the four fundamental forcesl: The strong
force, the weak force and the electromagnetic force. The bosons are the mediators of these
forces. The up- and down quarks are called the first generation of quarks. These make up
hadrons, like protons and neutrons, and together with electrons they form atoms. The first
generation particles make up most of the visible matter of the universe. Higher generation
quarks and leptons are much rarer. They decay quickly into first generation particles
and can generally only be observed in high-energy particle physics experiments, or cosmic
radiation. As early as 1936 the muon has been discovered to be part of this cosmic radiation

(bubscetion 3.3).

2.1 The Large Hadron Collider (LHC)

The is currently the largest and most powerful particle accelerator. It primarily
collides protons with energies up to 7 TeV [§], and reaches proton velocities that are just

IThe fourth force is the gravitational force, which is negligibly small on the tiny scale of particle interac-
tions
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about 3 m/s short of the speed of light. When particles collide at such high energies,
they break apart into their elementary components, and occasionally, heavier particles
are produced, like the strange-, charm- or bottom quarks which can then bind into new
unstable matterH.
The goal of a collider experiment such as is to reconstruct and understand this
production of matter. This is achieved by the means of a variety of different detectors,
that among other things, measure momentum, position and charge information for each
and every particle. Only by reading out all this information it is possible to identify which
particles are created and where they originate from.
At the m there_are four main experiments dedicated to the research of high ener
article physics: ALICH, |/§ Toroidal LHC Apparatus (ATLAS), [Eompact Muon Solenoiﬁ

CMS) and [Large Hadron Collider beauty (LHCb).

2.2 The ALICE detector system

N\

TRACKING
CHAMBERS

ZDC = g //
c116mfrom P,

ZDC
116m from 1P,

ABSORBER

F@lre 2: The ALICE detector system. For the acronyms consult the list of abbreviations

(a.1) o

focuses on high-energy heavy-ion collisions. During a specific period of about
one month per year, the LH( provides p-Pb and Pb-Pb collisions with a center-of-mass
energy of up to 5.02 TeV per nucleon pair [B] This opens the possibility to investigate a

2The top quark is an exception, as it has a very short lifetime, too short to bind into a hadron, and is
therefore not detected
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new state of matter, to which the ollaboration has_dedicated years of intensive
(QGH

research to: the Quark Gluon Plasma ). To probe the , one has to reconstruct
the trajectory of as many particles coming out of the m as possible. For this, ALICE
uses an advanced detector system, which is specially designed to meet the challenge of
high particle multiplicities. A few detectors of special interest are detailed in the following
section.

2.2.1 The Inner Tracking System (ITS)

The new E which was implemented during the s , consists of seven concentrical
layers of the , discussed in this thesisé The task of the [T is to measure multiple
points of the particle trajectory of an ionizing particle, while minimizing the deflection of
the particle from its incident path. The E provides a spatial resolution of down to 4 pm
[ and is designed to minimize the material budget. in order to reduce particle scattering
() The sensors used are the sensors, which are very thin silicon
pixel sensors encapsulating a matrix of 512 x 1024 (row x column) ~ 28 x 28 pm? pixels
(Bection §).

2.2.2 The Time Projection Chamber (TPC)

The most important tracker of the central barrel is the ITime Projection Chamber (TPC)|.
It is capable of not only measuring many points along a particle track in three dimensions,
but also provides information about the specific energy loss dE/dz of that particle. The

is a large, gas-filled cylinder, with a thin high-voltage electrode at the center. When
a voltage is applied, an electric field along the beam axis is created. If an ionizing particle
enters the gas volume of the , it liberates electron-ion pairs. These electrons start
drifting along the electric field lines towards the endcaps of the cylinder, where they are
amplified by several layers of k}as Electron Multiplier ( GEMi foils before inducing a signal
in the pad planes. Two coordinates of the particle track are thus given by the signal on
the endcap readout, while the last coordinate is given by the drift time of the ionization
electrons. These spatial coordinates then allow for a full reconstruction of the particle
trajectory. The particle’s energy loss dE/dx is measured, if the amount of charge liberated
is considered. Together, this information can then be used for .
As well as the 2, the has been installed during the LS2 of the LH(], and has not
yet been operated inside ALICHE].

2.2.3 The Transition Radiation Detector (TRD)

The next layer from the central barrel is occupied by the rfransition Radiation Detector{
. It uses the principle of transition radiation, which is radiation produced by charged
particles when passing the boundaries of two materials with different indices of refraction,
to identify electrons and positrons, and separate them from heavier hadrons. It is made
up of six readout chambers in a stack, that each contain 3.2 cm thick polypropylene fibre
mats. This step is crucial for , since it solves some of the ambiguity of the @ While
the m handles the separation of different hadrons very well, it cannot reliably identify
electrons. This is due to their lower energy loss, which causes them to overlap with other
particles in the PID)| process (see Appendix B7).

3more on the functionality of semiconductor detectors in
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2.2.4 OQuter detection layers

Further out are a number of detectors to finalize the —process. Four methods based on
measurements of time of flight and ionization, transition radiation and Cherenkov radiation
are used. Time of flight measurements are handled by the identically named [Lime of Fligh
[(TOF) detector. It is a large-area detector based on multigap resistive plate chambers, with
a time resolution of about 100 ps, and, among other things, is able to reliably separate
pions from kaons [E] While @ identifies particles in the momentum range of around
1 — 4 GeV/c. high-momentum i)articles are measured in the |ﬁigh Momentum Pa M
dentification Detector (HMPID). It is a Ring Imaging Cherenkov Detector (RICH) used
to identify particles with sufficient velocities to produce Cherenkov radiationt.
Next are two different calorimeters responsible for energy measurements of photons and
electrons. They are designed for stopping electrons, positrons, as well as photons. The two
calorimeters installed in @ are the IElectro—Magnetic Calorimeter (EMCal)l and the
|@h0ton Spectrometer (PHOS), that among other things help reconstructing high-energy
jets.
The outermost layer is the IALICE Cosmic Ray Detector (ACORDEi. It consists of plastic
scintillator arrays and is used to measure cosmic muon events. It is also used to align the
other detectors.

2.2.5 Quark-gluon plasma

@
R R W R AR 72 o i
T > 10 fm/c
Hot Hadron Gas

6 <T <10 fm/c

—

time

Equilibrium QGP
2<T<6fmlc

Non-equilibrium QGP
03<T<2fmlc

Semi-hard particle production
0<T<03fmlc

“T"beam direction

Figure 3: Schematic of the space-time evolution of the created in heavy-ion collisions
at LHC energies. The vertical axis represents time and the horizontal axis the space
coordinate along the beampipe. Several stages of the m are denoted. 7 denotes the
time passed since the collision [11]

The % is an extreme state of matter that existed a few microseconds after the Big
g [12]

Ban, . The theory of Quantum Chromodynamics (QCD] explains, that at a certain

4The radiation a charged particle emits when passing through a medium with a velocity that is higher
than the speed of light in that medium. A comprehensive explanation of Cherenkov radiation can be found
in [L]
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temperature (T ~ 150 MeV) or baryon density (up ~ 0.5 fm~3), a new phase of matter
is formed, which manifests its physical properties in terms of nearly free dynamics of
practically massless gluons and quarks [L13]. This is because the coupling constant of the
strong force o will grow asymptotically weaker for larger and larger momentum transfers or
small distances between particles (asymptotic freedom of quarks). A simplified schematic of
the formation of m in a heavy-ion collision is illustrated in . When two heavy
ions collide at ultra-relativistic energies, the area in which they overlap allows for hard
collisions between partons (i.e. quarks and gluons). Their energy is sufficient to produce
higher flavour quarks, which are essential for probing the QGH, as they experience its full
evolution. The lasts only about 6 fm/c (210723 s) in which it constantly expands
and cools down. Shortly after, the chemical freeze-out is reached, a phase transition in
which hadrons begin to form. Their yield is now fixed, however, they are close enough
together to still be subject to elastic scattering. After about 10 fm/c, they stop exchanging
their momentum, referred to as kinetic freeze-out, as they make their way out towards the
surrounding detectors. There, some of them will either be detected, or decay further and
provide information about the properties of the QG
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3 Cosmic radiation and interaction with matter

3.1 Interaction of radiation with matter

Particles traversing matter interact with it in some way. The weak interaction gets its
name from its relative strength compared to the other forces. Because of the high mass of
its exchange particles, the W* and Z bosons, it is suppressed with respect to the other
forces.

In the relevant energy regimea, the strong force is about 10° times stronger than the weak
force. Only hadrons are affected by the strong force. Its exchange particle is the gluon,
which only acts on the small scale of single nuclei (= 10 fm). Thus, for the purposes of this
thesis, only the electromagnetic force is important. It is responsible for most important
interaction processes, that allow particle tracking in modern high-energy physics experi-
ments such as .

All modern detectors rely on the same principle for particle detection: the exchange of en-
ergy between some incident radiation and the detector material. Charged particles can de-
posit energy in a variety of ways, namely ionization, excitation, bremsstrahlung, Cherenkov
radiation and transition radiation, with ionization being predominantly used for particle
tracking. The goal of a tracking detector such as the E is to measure many
points of a particle trajectory while minimizing particle deflection. For charged particles,
this is a challenge, because as soon as they enter the electric field of e.g. the nucleus of
an atom, they will experience a force and change their direction. This can happen several
times along the detector material and is therefore referred to as multiple Coulomb scat-
tering (pubsubsection 3.1.34). This effect is important to be considered (especially at low
momenta), as it can result in non-linear tracks. This decreases the relative momentum res-
olution, which is why it is important to minimize scattering as much as possible. With the
sensor, this is mainly achieved by using only a very thin layer of silicon (50 pm)
to keep the number of interactions low.

3.1.1 Ionization

A lot of modern detectors rely on ionization for particle detection. In principle, ionization
is the process in which a formerly neutral atom aquires a charge by means of losing one
of its electrons. This effect is caused by an energy transfer between some kind of incident
radiation and the electrons of the ionized atom. Because of their charge, the particles
resulting from this reaction (one negatively charged electron and one positively charged
ion) can be seperated and accelerated by an electric field and collected by electrodes to
create a signal. This is in principle how most gas detectors work. Without an electric
field, the ionized particles remain free, and will usually quickly recombine under their own
electrical attraction. Complementary for semiconductors, like ‘, the principle of
ionization is very important, as can be seen in the next section (gection 4), though instead
of electron-ion pairs, in a semiconductor electron-hole pairs are created.

A particularly interesting value to consider is the number of electron-ion pairs created by

5The energy achievable with modern particle accelerators. There is a point at which the coupling constant
of the strong force reaches a value, which is smaller than that of the weak force. This energy is estimated
by various sources (for example [[14]) to lie somewhere around the order of magnitude of 10*® — 1017 GeV
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an incident particle per unit length. One can consider an average number created for a
given energy loss. Of course, this number is not equal to the energy loss divided by the
ionization potential, since there are other processes to be considered. It turns out that
for gases this average is in the order of 1 electron-ion pair per 30 eV, which means that
for a particle that deposits 15 keV, an average of 500 electron-ion pairs are created. As a
comparison, in a silicon semiconductor, the average energy required to create an electron-
hole pair is only 3.6 eV.

Another important factor to consider is the motion of electrons and ions. In the absence
of an electric field, most electron-ion pairs created will diffuse outward from their origin,
against the gradient of concentration. The diffusing products will then quickly lose energy
due to collisions with the atoms of the surrounding material, and eventually recombine.
In the presence of an electric field, the electrons and ions are accelerated along the field
lines until they reach a maximum velocity that is limited by collisions with the atoms in
the material. This velocity is known as the drift-velocity. Naturally, it is much higher for
electrons than for ions, because of their lower mass. For tracking primarily the signal of
the produced electrons is measured, as it can be read out much faster. One can define the
mobility of a charge as

j=u/E (1)

where u is the drift velocity and E the electric field. It is usually measured experimentally.
In semiconductors, electrons can generally reach velocities of around 3 - 106 cm/s [§], due
to the strong electric fields across the depletion zone.

3.1.2 The Bethe-Bloch formula

In each interaction generally only a tiny fraction of the particle’s total kinetic energy is lost.
However, in relatively dense matter (i.e. most solids or liquids), the number of collisions per
unit path length is so large, that this loss can be treated as a stochastic process. Although
no prediction for each individual ionization process can be made, one can consider an
average energy loss by ionization. This quantity is also referred to as stopping power, or
simply dE/dx, and is calculated for heavy charged particles by the Bethe-Bloch formula:

dE\ 9 oy Z 22 2Me B2 Winax 9 C
(@) —ortntods o (o= 002 @

with 27 N,r2me.c? = 0.1535 MeVem? /g

re : classical electron radius = 2.817 - 10712 cm : density of the absorbing material

me : electron mass = 9.109 - 10731 kg : charge of the incident particle in units of e

N : Avogadro’s number = 6.022 - 1023 1/mol

I : mean excitation potential

:= v/c of the incident particle

VIR

Z : atomic number of the absorbing material : density correction

QA 2 @™a o

A : atomic weight of the absorbing material : shell correction

Whax : maximum energy transfer in a single collision
A visual rendering of this equation for charged muons in copper can be found in
(a). In particle physics, the area in which the energy loss of the particle is close to the
minimum of the curve, is of special interest. This area is known as Minimum-Ionizing-

Region. Because of their low energy loss, ﬁ;iinimum—lonizing—Particles (MIPs) are used for

10
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For relatively thick absorbers, where the number of collisions is large, the energy loss
distribution takes the form of a Gaussian. This is because the bentral Limit Theorem
| states, that the distribution of N random variables that are pulled from the same
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%nre 4: (a) Stopping power for muons in copper as a function of the particle momentum
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statistical distribution will approach a Gaussian for the limit N — ooa. More complicated
is the calculation of the energy loss in thin absorbers. If the number of collisions N is
too small for the to hold (e.g. in a very thin detector), one has to consider large
energy transfers in a single collision. These events, add a significant tail to the high-energy
side of the energy-loss distribution, giving it an asymmetric shape. This distribution was
first calculated by Lev Landaul? [[18], and can be seen for different detector thicknesses in

(b).

3.1.3 Coulomb scattering

Electromagnetic interaction doesn’t only result in a change of energy of a particle, but also
its direction. At high energies, scattering angles are mostly small, but for relatively thick
detectors, one can consider an average deflection angle after many gaussian distributed
deflections. A statistical treatment of the process becomes possible (first described by
Moliere’s theory [19]). In order to simplify scattering calculations, Highland [20] derived
an elegant formula to calculate the mean deflection angle in a plane:

13.6 MeV x x
Orms = ———— "z | = (14+0.038In [ — (3)
Bpc Xo Xo
p : particle momentum z : particle charge
x : thickness of material Xy : radiation length of material

The radiation length X is a material-specific quantity that describes the mean distance
over which an electron loses all but 1/e of its energy. It depends mostly on the atomic
number A of the material. Because of its 1/v/Xo-dependence, to minimize the scattering
angle, light detectors should be used for particle tracking. Making them thinner (/-
dependence) further minimizes scattering.

3.2 Primary cosmic radiation

Cosmic radiation consists mainly of high-momentum protons and light atomic nuclei, which
move freely through space, until they either hit an object, or come in contact with Earth’s
atmosphere. Typically, the energy range of those particles spans from 0.1 to a few GeV [21]],
although some can carry tremendous energies. The typical energy of these particles lies
below the minimum-ionizing region of the Bethe-Bloch calculation [22], where the stopping
power rises very quickly (E iéure 4 a). This is why most of these particles usually don’t
reach far into earth’s atmosphere.

6This is only true, if one assumes that the energy loss processes are independent from each other and the
energy loss of the particle throughout the entire volume of the detecter is negligibly small compared to the
momentum, so that the velocity-dependent collision cross-section stays constant

7a more recent calculation has also been carried out by Hans Bichsel, using a convolution of a Landau
and GauB [L7]. It yields more accurate results and will be used for correction in this thesis.

12
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3.3 Secondary cosmic radiation and cosmic muons

Primary Cosmic Ray
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Figure 5: Secondary cosmic ray production in Earth’s atmosphere [@]

Once a cosmic particle leaves the vacuum of space and approaches Earth, it quickly interacts
with the atoms of the upper atmosphere. Nuclei are converted into secondary particles in
what is called a hadronic shower. This way, a variety of particles of different type, mass,
and charge are created () The charged pions and kaons created in this process
then mainly convert into muon-neutrino pairs, and the neutral ones into electron-positron
pairs and photons. M shows the cosmic flux per altitude. Muons and neutrinos are
(with a few exceptions) the only particles that are able to penetrate the entire atmosphere,
and even some of Earth’s surfacef. This is due to the fact that muons have a relatively
high lifetime compared to the lower lifetime mesons and a higher mass than the lower
mass electrons, and only lose a small fraction of their energy while traversing matter. In
fact, their minimum-ionizing region lies just inside of the typical energy range for cosmic
rays, (see [Figure 4 a) which makes them an excellent source for detector calibration. From
Fig g a rate of about 100 muons per square meter per second (100 m~2s7!) can be
estimated. This number is going to become important later, as it serves as a first estimate
of what to expect of the experimental setup.

8Neutrinos actually penetrate Earth entirely. In fact, it takes on average 250000 Earths to result in a
neutrino interaction. This is due to the incredibly low interaction cross sections of neutrinos. For a rough
calculation of this number see Appendix
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3.3 Secondary cosmic radiation
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rays in the atmosphere with £ > 1 GeV (estimated).
The points show measurements of negative muons with E,, > 1 GeV [23]
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4 SEMICONDUCTOR DETECTORS

4 Semiconductor detectors

Semiconductor detectors work on the principle of detection by ionization. However, instead
of a gas, as explained so far, the medium is a solid semiconductor material. Instead of
electron-ion pairs, electron-hole pairs are created, with the advantage, that only a very
little energy deposit in the order of a few eV is needed to generate one electron-hole pair.
This way the ionization yield (amount of charge created by the same energy deposit) is
about an order of magnitude higher than it is for gas ionization. This does not only result
in a higher energy resolution, but also creates the possibility of building very compact
detectors.

4.1 Basic semiconductor properties

r Conduction Band +

Conduction
~L Band
Ey = 6eV + Energy Gap + Ey = 1eV
T Valence
Band
r  Valence Band

Insulator Semiconductor Metal

Figure 7: Energy band structure of different types of solids

Semiconductors are crystalline structures, that have special electrical conductivity proper-
ties. Because of Pauli’s exclusion principle, there are only limited energy states in which
electrons can fall into. Electrical conductivity arises, when electrons are delocalized, and
can move freely through a material. On the other hand, insulation arises, when there are
no free electrons. In an atom, energy levels that are close-by can be bunched into bands.
The formation of bands is mostly a feature of the outermost electrons (valence electrons),
which are involved in chemical bonding. The band these electrons reside in is called valence
band. Higher energy electrons fall into the conduction band, and can move freely through
the lattice. In between these two bands, there is a gap of forbidden energy states. To
become delocalized, electrons have to be excited into the higher conduction band. In a
metal, the energy gap is nonexistent, so that through thermal excitation, there are a lot of
free electrons. In an insulator, the energy gap is very large, which means, that all electrons
reside in the valence band. It is still possible for the electrons to reach the conduction
band, e.g. when the material is heated up to very high temperatures, at which it becomes
conductive again. Semiconductors are materials with an intermediately sized gap. For
silicon, the gap is large enough for electrons to nearly completely reside in the valence
band at room temperature. They can be excited by other processes, for example when a
particle traverses the semiconductor, and ionizes the material. A schematic for the three
types of solids is shown in .

At 0 K all electrons in the valence band participate in covalent bonding between the lattice
atoms. If the temperature rises, electrons can be excited into the conduction band, leaving
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4.2  Doping 4 SEMICONDUCTOR DETECTORS

a vacancy behind in the lattice. Because the negative charge of electrons is balanced by the
positive charge of the atomic nuclei, the absence of an electron (referred to as hole) leaves
a net positive charge at the hole’s location. If an electric field is applied, it is naturally
very easy for a neighbouring valence electron to fill that hole. Repeating this process, the
hole appears to be moving, and because of its positive charge relative to the electron, can
be treated as a positive charge carrier. This means there are two sources of electric current
in semiconductors: electrons and holes (electron-hole-pairs).

Analogous to (ﬂ), the drift velocity of electrons and holes under the influence of an electric
field E, can be expressed as

= p.F (4)
Up = /J,hE (5)

where p. and pp, are the mobilities of electrons and holes respectively. In silicon they are
in the order of 1400 cm?/Vs for electrons and 450 cm?/Vs for holes [@]

4.2 Doping
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Figure 8: Silicon doping example with phosphorus (n-type) and boron (p-type)

Doping can be used to vary the conductivity of semiconductors by bringing in impurities
into the crystal. Intrinsic silicon does not conduct currents very well, due to a limited
number of free electrons. It has to be modified. The conductivity, or the inverse resistivity
p of a semiconductor is given by

1
o= = e(npie + ppn) (6)

where e is the elementary charge, and n and p are the negative and positive charge carrier
concentrations, respectively.
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4.3 The pn semiconductor junction 4 SEMICONDUCTOR DETECTORS

Silicon is tetravalent, so bringing in a pentavalent dopant (donor), adds an additional
valence electron which does not fit into the valence band, thus additional energy states
close to the conduction band are created. Electrons in these states can very easily be
excited and increase the conductivity of the semiconductor. These materials are called n-
type semiconductors. On the other hand, trivalent dopants (acceptors) bring in additional
holes, which create energy states close to the valence band. These materials are called
p-type semiconductors () Semiconductors with heavily concentrated impurities
(> 1% concentration or higher) are indicated by a ”+7-sign (n*-type / p*-type).

4.3 The pn semiconductor junction

To create a sensitive volume that can be used for particle detection, the formation of a pn
junction is necessary. This describes the zone in between an n-type and a p-type semi-
conductor, that have been brought together, which has some special properties. Because
of the different concentration of electrons and holes, an initial diffusion of holes towards
the n-region and free electrons towards the p-region occurs near the pn junction. Be-
cause during this process, ionized and immobile atoms are left behind in the lattice, an
equilibrium potential difference across the junction is created, which eventually halts the
diffusion. Any electron or hole created in this junction will be accelerated and swept out
by the electric field. This zone is called depletion zone and can be treated as an active
volume for a detector. Without an external electric field, this depletion region generally
only covers a fraction of the volume of the crystal. To increase its width, one can apply a
reverse bias voltage. By attracting the electrons of the n-region away from the junction,
and the holes towards the p-region, the depletion zone and sensitive volume of the detector
enlarge (d ~ +/V - p and the efficiency of charge collection increases () Therefore
using high resistivity silicon is advantageous for particle detectors, because larger depletion
regions (sometimes up to the entire crystal volume) can be achieved.

4.4 Hybrid sensors and MAPS

High Voltage

High Voltage

Electronics

(a) (b)
Figure 9: Schematic of a hybrid- (a) and a monolitic active (b) pixel sensor [@]
In many particle physics experiments, semiconductor detectors are part of a tracking sys-

tem. The two most common types used are hybrid pizel detectors and Monolithic Active
Pizel Sensors (MAPS). Hybrid pixel detectors consist of two seperate layers - one for
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4.4 Hybrid sensors and MAPS 4 SEMICONDUCTOR DETECTORS

electron-hole generation - as by-product of ionization from incoming particles - and col-
lection, and one that contains the electronics needed for signal processing. The hybrid
detectors have the advantage of two seperate layers, that can be developed seperately.
The readout electronics can be reused for different sensors and are well seperated from the
high electric field in the sensor. They have been used in the prior to the
[26] of the . This technology, however, has limitations in terms of material thickness
and pixel sized, which inevitably have a negative effect on the spatial resolution of the
detector.

A more modern, more complex method has been developed to include all the readout elec-
tronics directly on the pixel, and significantly reduce the sensor thickness. One example
for this is TowerJazz’s 180 nm CMOS Imaging Process™ which was chosen for ‘
Although since everything is fabricated onto the same wafer, there is a possible influence
of the sensor on the electronic circuitry and vice versa. Nevertheless have some
very important advantages, some of which are a higher spatial efficiency, and a reduction
in material budget, and therefore a reduction in multiple scattering.

@

9The bump bonds limit the achievable minimal pixel pitch to about 25 pm

104w, jazzsemi.com
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5 THE ALICE PIXEL DETECTOR (ALPIDE)

5 The ALICE Pixel Detector (ALPIDE)

The ALPIDE sensor is a silicon-based . Its design allows for all the circuitry used

for signal processing and read-out to be fabricated onto the silicon wafer and within each
pixel, without significantly penalizing the charge collection. An experimental setup was
used for the results presented in this thesis, which consists of a stack of Sensors,
with the goal of detecting and tracking muons.

5.1 ALPIDE architecture

NWELL NMOS PMOS
DIODE TRANSISTOR / TRANSISTOR
@
PWELL NWELL
PN . DEEP PWELL
deplelpon z0he - LN i L
h
h -
_____ -
W Hel/ias
h 5

Epitaxial Layer P-

Figure 10: A cross section of a MAPS pixel, consisting of a p-type epitaxial layer and an
NWELL-diode for depletion [@]

is a pixel detector, consisting of a matrix of 1024 x512 pixels. The pixel dimensions
are 29.24 pm x 26.88 pm (XxY) [@] With this, an estimate of the spatial resolution of the
sensor in the case of no charge sharing can be made [29]. This is called binary resolution
and in the case of |A [] turns out to be

pixel pitch in x/y
V12

Note, that the binary resolution is only the resolution in case the particle is only detected
by one pixel. If several pixels are involved in the particle detection, they form a so called
cluster, which improves the position resolution of ‘ up to 4 pm [é]

Each pixel comprises a 25 pm thick epitaxial layer, which serves as the active volume of
the detector, a heavily doped substrate P++ layer, and n-type and p-type implants on
top of the epitaxial layer called wells. The only N-well, that is exposed to the epitaxial
layer, acts_as the collection diode for electrons, while p-wells accomodate the in-pixel
circuitry (Figure 10). Based on the dlﬂerent tvpes of semiconductors, there are two tvpes of
transistors )-transistors and'N channel metall
Bxide—semlconducor (NMOS transmtors, In order not to be limited to the use of NMOS
transistors, (which can only be housed on p-type wells) features a deep p-well

RMShinary = ~ Spm (7)
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5.2 Threshold and noise 5 THE ALICE PIXEL DETECTOR (ALPIDE)

to shield the epitaxial layer and prevent charge collection from a second n-well. The
shielded n-well is then used to house PMOS-transistors. Signals collected by the collection
diode are amplified via the in-pixel circuitry and stored in a multi-event-buffer .
The Siﬁl shape and amplitude can be modified via on-chip [Digital-to-Analog Converterg
‘-DACS .

5.2 Threshold and noise

Certainly one of the most important parameters of most detectors is their threshold. The
threshold determines the minimum amplitude of a signal that is required to identify a
particle hit. Choosing a value that is too low, can result in fake hits, because of random
thermal and telegraph noise®d. On the other hand, setting a threshold that is too high will
result in the possibility of missing particles simply because the signal produced (i.e. the
amount of electron-hole pairs created by a traversing particle) is too low to overcome the
threshold. This can harm detection efficiency, and is why a careful consideration of the
detector threshold is indispensable for any experiment dealing with particle detection.
M can set an in-pixel threshold for the full matrix, which is controlled via a selection
of DAC values. One selection is common to all pixels, but might result in slightly varying
thresholds, due to slight differences in the material. It is possible to test the charge
threshold via analog pulsing. With this method, a test charge can be inserted into the
pixel through a pulsing capacitance Ci,; = 230 aF. One DAC value corresponds to a
voltage change of 7 mV, which considering the injection capacitance corresponds to ten
electrons.

During a threshold scan, multiple injections for the same charge are performed. This is
repeated for a number of charges up until a chosen limit is reached. This way, the detection
probability over the injected charge can be obtained. The resulting curve is ideally a step
function, which is smeared due to gaussian electronic noise, (Figure 11|). The threshold
can then be determined by finding the charge, at which the pixel will fire in 50% of the
cases.

Threshold = 297.9 _ Threshold = 335.21
n 40 - > 600
2 g
< 20 = aoor
& 20 -
(9]

3 & 200-

O T T Ty 0L L

190 210 230 250 270 290 310 330 350 370 390 0 80 160 240 320 400 480

Charge injected [electrons] Threshold in electrons
(a) (b)

Figure 11: (a) Threshold scan of a single pixel. The pixel starts firing after an injection of
around 290 electrons. The threshold is determined with an s-curve fit. (b) All thresholds
from a single threshold scan of a sensor, performed on random pixels of that sensor

thACé are systems that convert a digital signal into an analog signal. They mostly come in the form of
integrated circuits, and take the form of metal-oxide-semiconductor (MOS) chips.

12Random telegraph noise occurs in semiconductors and ultra-thin gate oxide films. It consists in sudden
transitions between discrete voltage or current levels, and is suspected to be the main source of fake-hits

]
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5.2 Threshold and noise 5 THE ALICE PIXEL DETECTOR (ALPIDE)

The two main used to modify the threshold are VCASN and ITHR. The threshold
increases with increasing ITHR and decreses by augmenting VCASN. (a) illus-
trates the behaviour for a set of parameters at 3V back bias. Threshold scans are required
to find the nominal operating point of a sensor, which lies around 100 electrons. There the

signal-to-noise ratio is highest, while the detection efficiency (Figure 19 b) is still around
100%.

Threshold in Electrons
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Threshold [electrons]
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Figure 12: (a) Charge thresholds for different configurations of the chip parameters
VCASN and ITHR. A value on the axis represents the DAC value of the parameter, which
corresponds to voltages applied to the respective cascode transistor. The charge is mea-
sured in electrons and is calculated via the pulsing capacitance Cin; (b) (Simulated) sensor
detection efficiency as a function of the charge threshold [g]

To investigate the fake hit rate of the chip, one can read out the multi-event-buffer a
fixed number of times in the absence of any external stimulation. This way, every hit
detected can be identified as a fake hit. Some of the hits will of course be actual particles
originating e.g. from cosmic radiation, but this number is small compared to the large
number of pixels tested simultaneously and can therefore be neglected. The fake hit rate
can then be calculated by

# of hits (8)
# of triggers - # of pixels’

shows the fake hit rate for the sensor for two different configurations
of the back-bias voltage Vgg (0V and —3V). It is clearly visible that the signal-to-noise
ratio can be expected to be much better over the entire range when the collection diode is
biased, than if no voltage was applied. The number of triggers limits the sensitivity of a
measurement, it can therefore never be 0&.

Applying a bias, one can clearly see an effect on the position resolution and efficiency on
the sensor, as the depletion region grows. This however, will saturate at some point, and

FHR =

13The sensitivity limit in a noise scan with 100000 triggers is in the order of 10~ 1!
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the increase will only be minimal [30]. At —3Vpp and thresholds in the nominal regime,
the fake hit rate lies below 1070 hits, meaning that for most pixels, less than one fake
hit per ten billion hits can be expected. Additionally, this method allows identifying noisy
pixels. These can be masked before measurements.

It is possible to plot the detection efficiency as a function of threshold, to determine the
operational margins of the sensors ( b).
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Figure 13: Noise occupancy without (top) and with (bottom) 3V back bias. Most of the
noise on the chip disappears for thresholds over 100 electrons. It is assumed that during
the measurement, cosmic radiation caused some pixels to fire, which explains the outliers
above the sensitivity limit at higher thresholds. Another source for these hits can be
random telegraph noise [g].
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6 Experimental setup

The measurement was conducted in an experimental laboratory at the GSI Helmholtzzen-
trum fiir Schwerionenforschung GmbH in Darmstadt. The setup consists of seven ALPID
sensors in a stack (telescope) with a 20 mm gap in between each plane (Figure 14).

Figure 14: (a) The ALPIDH telescope (b) A single ALPIDH sensor on a carrier board (c)

Sensors mounted inside of the case of the telescope

The telescope () holds all seven planes in place and shields the sensors from light.
Below the sensors lies the casing that contains the [Data Acquisition (DAQ) boards, which
provide the readout and control functionalities, as well as power for the sensors. The M
boards are connected to a PC, and are programmed from there. A remotely operatable
power supply is used for powering and biasing the chips.

The whole setup is rotated by 90° facing the sky, in order to detect cosmic muons, which
have an energy of around 1 GeV. For this, a reverse bias voltage of 3V is chosen, which
was proven to deplete a large part of the sensitive volume [§], and significantly improves
the signal-to-noise ratio and detection efficiency.

The telescope relies on an external trigger and a strobe to store events. A simplified layout
of the in-pixel circuitry is shown in. Optimally, this setup would require a
scintillator to serve as a trigger. However during the time of this experiment there were
no scintillators available at the lab. Additionally, the goal is to detect cosmic muons,
which are not as abundant as particles from a beam or collision experiment. It is actually
advantageous to run this setup without scintillators. This way, the angle of acceptance of
the telescope is vastly enlarged, since particles from every direction are accepted. Tracking
can already be done if a particle hits only three of the seven available planes.

For this, a |Nuclear Instrumentation Module (NIM* pulser with a period of about 96 ps is
chosen. When charge is collected, there is a fast potential drop at the input node of the
amplifying circuit ( a). The reset then slowly (O(100 ps)) restores the potential
to its nominal value. This potential drop is shaped into a shorter signal with a peak time
of up to 10 ps (Figure @ ¢). Additionally to the discriminator output, a strobe signal
is applied with the beginning of each trigger. The discriminator stays asserted while the
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Figure 15: Schematic representation of the in-pixel circuitry implemented in the ALPIDH
sensor [§]

signal is above the threshold. Only if the discriminator ouput is asserted at the same time
as the strobe, its output state is stored into a register (Figure c¢). Choosing a strobe
length of 90 ps, therefore yields a detector uptime of close to 100%, since the discriminator
output always overlaps with at least one of the strobes.

For a consideration of the threshold the amount of electron-hole pairs created will be

trigger

—
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V, rectio™ Vi . .
. narge € - ~1-2 us Peaking time 10 ps
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V777772
Wzzzzzz722222
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t to N t Discriminator signal
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Figure 16: Graphical illustration of the in-pixel circuitry response to charge collection [30].
(a) Signal at the input node (b) Signal after shaping at discriminator input (c) Strobe
and trigger signal

estimated for cosmic muons by using (E) The formula suggests that for muons close to the
minimum-ionizing region, the energy loss in 25 pm silicon is 10.49 keV. This corresponds
to roughly 2900 electron-hole pairs. However, Bichsel [[17] suggests a factor of around 0.5
for the energy loss in 32 pm silicon, which should pose as a good reference for the 25pm
thick epitaxial layer. This means that the most probable energy loss of 5.25 keV would
actually correspond to only 1450 electron hole pairs. Additionally, some of the charge
might escape the pixel due to diffusion and be collected in a neighbouring pixel. With a
few exceptions, this charge sharing can affect up to four pixels at a time, meaning that
depending on the impinging location, the minimum amount of charge deposited in a pixel is
about a quarter (360 electron-hole pairs) of the total charge. The threshold should lie well
below this value. Looking also at the fake-hit rate, the sensor in the center of the telescope
was chosen to be calibrated to a threshold of 127 electrons. The other planes were tuned
to different, higher thresholds. This way, one can investigate the effect higher thresholds
have on tracking, clustersize, and sensor efficiency, all with the same set of data. The low
particle rate makes measurements of comsics ratiation very time consuming to perform,
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6 EXPERIMENTAL SETUP

and this method opens up several new paths to be taken during the analysis. Nevertheless,
for most of these thresholds, an efficiency of close to 100% can be expected ( b)
and almost all of the muons should be detected.

Plane Threshold [electrons]

272 £6
313£6
228 £4
127+ 5
214£5
161 +£6
202£6

ST W N~ O

Table 1: Thresholds of all planes as configured in the expermental setup

To read out data from the detector, the data acquisition framework EUDAQ is used [31].
EUDAQ is designed to initialize, configure, stop and start the hardware, as well as read
out the data and write it to a disk. The data of the telescope is stored in a .raw file
format from which viable information has to be extracted. Usually, this is done by using
the Corryvreckan test beam data reconstruction framework [32], designed for testbeam
analysis. The large filesize however, makes it difficult to analyze the data in a normal
way. With only a handful of particle events per file, the tracking algorithms designed
for large datasets from testbeams fail. This opened the opportunity to do the tracking
and alignment by hand, using tracks from angles, that are not usually available during
a testbeam. Therefore, a simple translation from .raw to .txt was used, in which each
event (consisting of all pixels hit during each strobe period) was written to a file in a
readable format. Further analysis is then performed manually in Python [33]. In a single
measurement, every event has its own ID assigned, which is just an integer number that is
continuously incremented. To reduce filesize, and discard all the empty data, a loop over
all files is performed, in which each non-empty event is assigned a unique global ID. All
hits from each event are then stored into a Python object, and from there, the analysis
chain starts.

Access to the lab was nearly impossible for most of the time during the measurement
period, due to the COVID pandemic. Several issues during the measurement arose, and it
was difficult to make any adjustments to the setup. Instead, steps were taken to control
everything remotely, like a remotely operatable power supply.
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7 Analysis

7.1 Muon rate

To make estimations about the muon rate, one has to consider the angle of acceptance 6,
of the setup (i.e. the angle made by the normal vector of the planes of the telescope and
traversing particle). One plane events (1p.e.) can be found with an angle anywhere from
90° to 31°. If the angle was any lower, a 2p.e. would be observed. This calculation is
performed in detail in D. Schledewitz [2], who has been working on the same setup covered
in this thesis. The resulting estimation for the muon rate is dependent on the number n of
planes the particle traversed. The results can be found in . The calculated angles
are based on a circular detector geomrtry with the same surface area of the sensor, and
the center of the bottom most sensor defining the angle of acceptance.

n 0, expected muon rate [h™!]  measured muon rate [h!] + E:é;ation

1 90 731 +40 2621 10

2 30.96 349 + 18 379 1

3 16.7 80.0+4.3 82.8 - 'HE

4 11.31 245+14 25.4 =

5 853 8.89 +£0.47 9.07 &0 =

6 6.84 3.28+0.18 4.05 §

7 571 3.824+0.22 3.37 = al
Table 2: Estimated muon rates, taken from [2], for different ¢ &
plane configurations. The multiplicities (i.e. the fact that for =
example a 6-plane event can consist of the upper six, or the INEENED
lower six planes) has been considered. ! Nimser‘;f s.anis !

The measurement was conducted in periods of eight to 17 minutes. 361 runs were perfomed
in total, amounting to 93.6 hours of data taking. In total, 292582 events were recorded,
only 3919 of which were detected by four or more planes.

The measured muon rates show a deviation from the estimation for one-plane events (1p.e.)
and six-plane events (6p.e.). Other observations are contained within the uncertainty of
the estimations. The reason for the huge amount of 1p.e. is a "hot” double column of
pixels. On the uppermost plane, a bunch of pixels along a bus sometimes fired arbitrarily,
amounting to a large number of supposed 1p.e. However, the goal is to do particle tracking,
and since at least two planes are required to construct a track, the large number of 1p.e.
won’t have any effect on the rest of the analysis.

An explanation for the deviation of the rate for 6p.e. comes from the possibility that 7p.e.
could be registered falsely due to one of the planes not detecting a hit. An estimation of
the frequency of this error can be made by searching for all events where 6 planes were
hit, with the seventh plane (which did not detect a hit in this case), being one of the inner
planes. Since it is very unlikely, that two particles traverse the detector during the same
time interval, this can essentially be treated as a 7p.e. with a gap in between ()
It turns out, that these events cover 8% of all 379 6p.e.
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Figure 17: (a) 7p.e. disguised as a 6p.e. due to one of the planes not detecting a hit (b)
Number of gaps counted per plane, and plane threshold. The gaps were found by searching
for 7p.e., where one of the inner planes did not detect a hit. The high threshold of Plane
2 decreases the probability for that plane to detect a particle.

To find an explanation for the appearance of these gaps, one can look at the thresholds for
planes 2-6 and plot them into a graph together with the probability for a gap to appear
( b). The charge threshold for plane two is the highest across all planes. This is
where also the most gaps were found when searching for these 7p.e. The ability of a sensor
to detect a particle does not only depend on the threshold, but also on the amount of
charge sharing, which varies on an event-by-event basis, which might explain the fact that
the other planes do not exactly show the same phenomenon. Nevertheless, a clear trend
is visible, and if higher statistics were to be used, the relation between charge threshold
and detection efficiency is only expected to become more apparent. The fact that these
gaps appear at all, also confirms the earlier calculated minimum energy deposit ()
It was estimated to be around 360 electron-hole pairs, which is very close to the charge
threshold of plane two (313 electrons). In the end ~ 6% of all 7p.e. plane events were not
detected by this plane.

7.2 Clustering

The next topic of interest is the identification of so-called clusters. A cluster is a group
of fired pixels that lie close together. A particle that hits the detector creates charge
by energy loss. This charge may spread through several pixels, forming a cluster. The
particle trajectory can then be reconstructed with a higher resolution than the intrinsic
resolution (JH) Assuming that a particle, which crosses the pixel border, also activates
the neighbouring pixel, different sensor responses can be identified. If the particle hits the
pixel center, a single pixel fires. If it hits the border, two pixels fire, and if it hits the
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corner, three or four pixels fire. Considering the areas for these respones, the pixel pitch
is reduced, thus increasing the spatial resolution.

The aim of this thesis is to perform particle track reconstruction. To define a track, a
minimum of two points in space are required. To increase the quality of the tracks, during
the analysis, a minimum of four hit planes per particle event was chosen as basis for a
track. A look at [[able 9 reveals, that only 42 muons are detected by four or more planes
per hour. It is therefore very unlikely for two muons to hit the telescope during the same
trigger interval of 96 ps (), and cause confusion between two hits. For now it
can be assumed that all pixels, that fired during the same interval, come from the same
muon

In order to track the particle, it is necessary to find the point on the plane, which best
describes where the hit inside of a cluster might have occurred. For that, one needs to
identify a group of fired pixels, that belongs to the same particle event. This is rather
simple in the context of measuring cosmic muons. Due to the large time intervals between
two events, it can always be assumed, that all hits from one event belong to the same
particle. To find the impinging location of a particle, all pixel hit positions have to be
averaged. In the case of , which is a binary sensor, there is no hit weighting, and
the hit position is solely calculated by the arithmetic mean®d. illustrates, how
the cluster position and the position uncertainty is determined for different cluster sizes.
The area of uncertainty is calculated from the standard deviation of the arithmetic mean.

Size=1 Size =2 Size =4 Size =8
Size=5
Eu
[~
Size = 10 Size = 15 Size = 18 Size = 21

Figure 18: (a) Examples for clusters of different sizes, as they were detected during the
measurement. The red cross indicates the average calculated position of all pixel hits (in
blue) and the circle around it the uncertainty of the hit position. (b) Coincidental hit on
a faraway pixel, that causes a false cluster center position and a large uncertainty.

(b)

The cluster size distribution () shows that the majority of clusters consist of only
one or two pixels, and some fewer, larger clusters of three or four pixels. This has to do

14Except for a small amount of coincidental hits. resulting e.g. other surrounding radiation, which can be

easily identified. More about this in .

15Some sensors add a weighting to each pixel hit, for example, by measuring the the time, in which the
signal stays above the threshold [25]. This way a charge-weighted center-of-gravity approach can be used
to obtain a more precise cluster center
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with the tracking impinging point inside a pixel. If the particle hits the pixel in a small area
around the center of the pixel, the lateral diffusion is insufficient to allow charge sharing
and create a signal in the neighbouring pixels. If the hit occurs at the interface of two
adjacent pixels, the volume might not be depleted and charge can spread and activate one
or more neighbouring pixels. The number of two-pixel clusters nearly matches the number
of one-pixel clusters. The same goes for three- and four-pixel clusters. If a pixel is hit in
one of its corners, the charge may either spread to the two neighbouring pixels, or even
three, which creates a square cluster. A detailed analysis concerning the pixel area and
cluster probability is currently in preparation in [3].
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Figure 19: Cluster sizes for all events with four or more planes

Less likely cluster shapes, towards higher values of the clustersize appear when a particle
hits the plane at a larger angle. This way, it may traverse multiple pixels, and deposit
a lot more energy, increasing the cluster size. There are also some clusters that contain
gaps. This is however a very rare phenomenon, which is still being investigated. Analysis
on large angle particles are not easy to perform with this telescope setup. It is possible, for
another setup, to rotate the planes, and intentionally track particles that hit the sensors
in an angle, in order to further investigate the effect of charge sharing.

7.3 Initial alignment

In order to reconstruct and investigate the particle tracks properly, an alignment of the
planes has to be applied to the data. Due to imperfections in the calibration and mount-
ing, the planes have a slight offset relative to one another. The planes have to be shifted
and/or rotated® virtually, to increase the tracking quality. Usually, the first step to get
a feeling for the alignment of a telescope is a spatial correlation plot between the planes.
The correlation connects the impinging point of the particle on one plane (given by the

16Rotation is a second order effect. The sensors are encased in a rigid metal case with inserts
for planes milled by a high precision CNC machine, to ensure precise spacing between planes, and leaving
only little room for individual rotation. Test beam data indeed confirmed the rotation to be very small
(= 0.1°), so that rotation will be neglected for the scope of this thesis.
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cluster position) with the impinging point on the next plane. If then each time the dif-
ference of the position coordinates is taken, for the case of a perfectly aligned detector,
one expects a distribution that peaks around 0. Since a perfect alignment is impossible
to do mechanically, instead the peak will be offset in one direction. This offset reflects
the physical displacement of a detector plane in x and y with respect to all other planes.
This translational misalignment is then corrected in a prealignment stage, by applying the
correctional offset, to shift the distribution to zero, thus grossly correcting the mechanical
shifts that are present.

As one would expect, the above is valid for straight tracks. For inclined tracks, as it is the
case for cosmic muons, this method is less optimal, as the tracking data consists of mainly
4p.e. with a large angle, resulting in a wider spread distribution. Then, the low number
of tracks poses an issue. Instead, alignment data from previous testbeams with the same
detectors will be used for a coarse alignment of the setup.
In 2019 and 2020, the same telescope has been used at the lDeutsches Elektronen—Synchrotrod
DESY) testbeam facility to reconstruct electrons in order to characterize the sensor.
Testbeams are locations where beams of particles of well known energy are used to perform
various tests to determine e.g. the efficiency, durability or resolution of a detector. The
particles are usually directed orthogonally onto the sensor plane. Because of the large
number of particles, a high-precision alignment of telescopes like the telescope
becomes possible. The cosmic data has been recorded in between the two testbeam runs.
Consequently, the true alignment of the planes used for data taking with cosmic muons
lies somewhere in between the two testbeam alignments, as the displacement of the planes
happened most likely during transportation back from- and to the facility.
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Figure 20: (a) Cosmic particle events with the alignment from the 2019 and (b) the
alignment of 2020 testbeam data, before tracking. Plotted are three potential particle
tracks, marked with points for each plane. The 2019 alignment yields slightly non-straight
tracks, while the 2020 alignment seems to yield good straight tracks for different angles.

30



7.4 Tracking, residuals and x?-distribution 7 ANALYSIS

The data showed an offset of up to 1.8 mm of a specific plane between the testbeam
campaigns. This shows, that during transportation back from the testbeam, the setup is
slightly misaligned with respect to the testbeam data. Therefore a new alignment procedure
needs to be conducted. To start off, after the first visualization attempts ( lﬁ igure 2() it
was found that the alignment data from the 2020 testbeam (presented in [Table J) was in
best agreement with the alignment during the cosmics run. Therefore it serves as a decent
starting point and further corrections are applied from here.

7.4 Tracking, residuals and y?-distribution

Each cosmic muon event creates up to seven data points (hits) that can be used to construct
a track in three-dimensional euclidean space. This track never perfectly intersects with the
data points (unless only the minimum of two points is given), but rather approximates the
path of the particle. This is because of the limited precision of the telescope. The tracking
precision relates to the position resolution of the detector. Depending on several factors
such as multiple scattering or misalignment, some tracks will lie closer to the actual hits
than others, and some even seem to not fit the data points at all.

X

<

Projection along the track
.

i
. \
1

X;
T
\
|

Figure 21: Schematic illustration of the calculation of residuals. The residuals result from
position vector between the impinging location of the track (marked with a ” x ”) and the
particle hit location (marked with a "%”).

It’s important to characterize particle tracks based on on their ability to faithfully represent
the data. A procedure to control the quality of the tracks with respect to the actual hits is
the the goodness of fit. The first step, is to calculate the residuals of the hits. A residual of
a measurement is the difference between the measured value and the estimated value. In
this case, the measured value is the cluster position on the plane, and the estimated value
is the interpolated track intersept on the plane. An illustration of this calculation is shown
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Then, to obtain the goodness of fit of a track, a reduced x? statistic analysis is applied
2 _ X : 2 By 3 _A R
X, ="~ with x* = ; h and R; =C;—T,. 9)

x? is the weighted sum of squared deviations R (residuals). @ stands for the measured
cluster position per plane, and T the track intercept per plane i.e. the point where track
and detector plane intersect. illustrates, how residuals are calculated. Both the
cluster position and track intercept are not limited to the binary resolution of the tele-
scope, but can be even more precise. v = n—m is the number of degrees of freedom, and is
composed out of the number of measured values n minus the number of fitted parameters
m, and therefore depends on the number of planes that are included in the construction of
the track. This is the reason why a reduced x? statistic analysis is applied. For example,
if a 7p.e. is considered, there are seven data points with three coordinates each, so that
n = 21 degrees of freedom. The number of fitted parameters, i.e. the minimum variables
to define a straight line in three dimensions is 4 [34]. so that v =21 — 4 = 17.

Some examples for values of X2 can be seen in [Figure 23. A low yZ-value means, that
the track represents the data very accurately, and for the purpose of particle tracking, a
value of x2 = 1 is desired. A higher x2-value means, that the error is underestimated, and
represents a bad track quality, while a lower value means that the errors are overestimated.
Assuming that a particle track is constructed from seven hits, while each hit has a clus-
ter size of 1 (a single pixel), one can calculate back the mean distance from the track
impinging points to the cluster positions on all planes:

2 2
d= /X (10)

where o = 8.07 pum is the position uncertainty of a hit with cluster size 1 (which is equal
to the binary resolution, defined in pubsection 5.1|), and n the number of hits that were
involved in the creation of the track. Equation (ll (]) is just a reverse calculation of equation
(E) for the special case of clusters with size 1. Taking the first track from with a
X2 value of 7, the mean distance between track and each of the seven data points is only
31.43 ym. This means that per plane, the track is no further away than a pixel pitch from
the cluster position. The mean distance for the other tracks are 320.95 pm and 606.36 pm
for plot (b) and (c), respectively, which results in a significanlty worse track quality.

17since we are dealing with minimum_ionizing muons, this assumption is quite accurate, as most clusters
-i gure 19

aren’t larger than one or two pixels ()
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(a)xs =7 (b) x2 = 692 (c) x2 = 2470

Figure 22: Cosmic muon track examples for different values of x2. The black dots indicate
the measured cluster position, and are connected by a green line (as an eye-guide). The
red line is the interpolated track, an estimation for the particle path.

A look at the entire dataset reveals the alignment issue. (a) shows the different
x2-distributions for different numbers of planes involved in the particle event. For 7p.e.
only, the statistics are very low, which is why for a complete analysis, all events down to
4p.e. will be included. This way, a peak is visible at around x2 = 15, irregardless for the
number of planes involved. What is actually visible, are several different peaks at different
locations, that are overlaying on top of each other.
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Figure 23: (a) x2-distribution for all tracks that hit four or more of the seven planes. 4
planes in this context involves tracks that hit 4 or more planes. This includes all 5p.e.,
6p.e. and 7p.e. (b) x2 for five-plane events, separated into particles that hit the top five,
or bottom five planes
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To clarify what is meant by that, (b) shows only 5p.e. but for two different
configurations of planes. The orange distribution corresponds to events that only traversed
through the lower part of the telescope, while the blue distribution corresponds to those
that traversed the upper part. The meaning of this separation lies in the earlier mentioned
plane misalignment. The upper two planes, seem to be much more misaligned than the
bottom two. With this knowledge, an iterative alignment process can be conducted, by
finding the translational offset of each plane, correcting it, and then repeating the tracking
process, in an attempt to minimize the x2-distribution.

7.5 Alignment and event selection

Before taking further steps though, another problem needs to be addressed, which is the
random firing of pixels in some events.
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Figure 24: (a) Number of planes affected by a non-associated firing of pixels. (b) Cluster

uncertainty distribution of associated clusters (as illustrated in ). (c) Hitmap
of all hits related to a cluster with uncertainty above a certain threshold (o = 10 pixels)
- no specific region on the chips seems to be affected. Instead these occurrences happen
uniformly across all planes.

About 6% of all 4 or more plane events contain contaminant clusters. A contaminant
cluster is a bunch of pixels that fired during the recording of an event, and which usually
lie far away from the actual particle hit. This position seems to be random, and most of the
occurrences happen on one plane only () A correlation_between this effect and
the appearance of gaps in some of the 7p.e. earlier mentioned in could not
be found, as some of the tracks which contained a gap were following a linear trend, while
others seemed to deviate strongly from a straight line. It is believed for this effect to result
from stray cosmics, hitting the telescope on one plane while another event is registered in
the whole telescope. The probability that two particles traversed a plane in the same time
interval is very low, but has to be accounted for. During tracking, a weighted position of all
firing pixels on a plane is taken to construct the track. The tracks of these contaminated
events therefore have very large deviations from the particle trajectories (see e.g.
in the appendix). To exclude these events, a preliminary y2-cut is performed at x2 = 50
(or a distance from track to the data points by approximately 3 pixel pitches). Discarding
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any tracks with a higher x2 than this, should reduce the amount of tracks used to the ones
that lie inside of the peak of (a), but increase the quality of the tracks, as only
the straightest will be selected. Only a neglighle amount include contaminant clusters, so
that the remaining tracks can safely be used for alignment.

After tracking, the residuals of the remaining tracks () are calculated via a gauss
fit, and then used to do a translational alignment. The residuals serve as a direct measure
of the offset of each plane. Each residual distribution of the planes shows a slight offset from
0. A positive plane offset in one direction, results in a negative mean residual distribution.
By subtracting the residual mean from the position of the planes, a much more accurate
plane position is achieved. The error of the aligned position results from the standard
deviation o of the residuals.

Plane  Initial pos in x / y [pum] Residual mean in x / y [pm] Aligned pos in x / y [um]
1 0.0 / 0.0 65.9+22.1 / 332+ 17.7 —65.9 / —-33.2
2 3184 / —1261.5| —47.3+376 / —184+27.1 365.8 / —1243.0
3 1772/ 3164 | —20.2+£240 / -—-53.8+27.9 1975 / 370.2
4 —-12.0 / 186.0 | —12.3+26.4 / 57.4 +23.0 02 / 128.8
5 —757.0 / 215.0 57.0+239 / -104+22.1 —814.0 / 225.5
6 —-8204 / —917.1 | -28.0+20.1 / —15.6+18.1 -791.1 / —902.3
7 —2336.6 / —514.5 1.78 179 / 442+18.6 | —2339.4 / —518.1

Table 3: Plane position with initial configuration from testbeam data, residual means, and
plane position after alignment. In the testbeam alignment, plane 1 was used as a reference
plane (displacement = 0), and all other planes were aligned with respect to that.
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Figure 25: Residuals of all planes in x and y before alignment. A gaussian was fit to the
data and the vertical lines (red) denote the position of the fitted mean.
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Figure 26: Residuals of all planes in x and vy after alignment. A gaussian was fit to the
data and the vertical lines (red) denote the position of the fitted mean.
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Next, the entire tracking process is repeated. This significantly improves the y2-distribution
as can be seen in (a). A majority of the tracks now show a x2-value close to 1.
However, the width of the distribution can be further improved. By repeating the earlier
mentioned steps, one can _obtain an even more accurate alignment (E iéure 21 b), however,
returns are diminishing. [Figure 2§ shows, that after 3 iterations, only minimal differences
in alignment are achieved, and a convergence can be identified. After 5 iterations, the
alignment changes only by a hundreth of a pixel pitch (&~ 200nm).

= 4 Planes w0l = 4 Planes
EEm 5 Planes EEm 5 Planes
2501 == 6 Planes B 6 Planes

HmN 7 Planes

W 7 Planes

N
]
S

200 -

N
=1
]

# entries
-
&
3

# entries
=
o}
3

100 -

,4
1<
S

w
=}

Figure 27: (a) x2-distribution after one translational alignment and (b) after three itera-
tions
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Figure 28: Plane position as a function of the alignment iterations performed. It can be
observed that the alignment converges after only a few iterations, as there no visible change
in plane position.
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7.6 Further alignment improvements

The results of the alignment procedure show a clear improvement in track quality and a
fast convergence towards a fixed value. However, it is not yet determined, if these values
represent the actual displacement of the planes.

To test this method of alignment, a Monte Carlo model can be used to simulate a toy
detector. This simulation has been performed and documented in detail by V. Blobel, at
the Institut fir Experimentalphysik, Universitit Hamburg [35]). Blobel’s paper shows that
a purely residual-based iterative track fitting algorithm, as performed for the scope of this
thesis, does in fact not converge towards the real detector displacement (Figure 3 a). The
reason for this non-convergence is the fact that two degrees of freedom are yet undefined:
a rotation of the telescope and a simultaneous shift (shearing) of all planes.

Figure 29: An example for a simultaneous shift of all planes (shearing of the telescope).
Both alignments yield good track quality, but the right telescope has a strong bias and
does not represent the actual alignment

In the case of cosmic muons, where the particle angle is large compared to the rotiation
of the telescope, rotation should not have a significant effect. It will be assumed, that the
planes are parallel to the ground.

The second degree of freedom is illustrated in . The previously used algorithm
could converge to a sheared version (in either x- or y-direction) of the telescope. This
would yield the same track quality, but different values for the displacement of the planes,
and is therefore hard to identify. The amount of shearing depends strongly on the initial
conditions that are given to the algorithm. To address this issue, one can fix the displace-
ment of two planes, that are assumed to be carefully aligned externally, (setting it to 0)
during the entire alignment process. Only the remaining planes are aligned. Although
converging much slower, this approach actually converges towards the real misalignment
in the simulated toy detector case ([Figure 3(). This approach is in fact used by several
collaborations [B6]. From now on, this method is going to be referred to as fized-plane
approach, while the former method is going to be referred to as free approach.
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Figure 30: (a) Toy detector alignment with an iterative tracking approach including 10
planes. (b) Toy detector alignment using an approach, where two of the 10 planes are
fixed, "not allowing” these planes to be aligned, but considering the displacement fixed at
zero (for example, by assuming a careful external alignment). The red circles indicate the
true alignment (displacement) of the planes, and the blue circles represent the displacement
determined from the residual analysis. Both plots are the result of 30 alignment iterations.
(35]

150 - 600 - 1000 - 4 Planes

|
5 Planes
-
-

4 Planes )(;':*CUt 4 Planes

- - Y2-cut
HEm 5 Planes 500 - 5 Planes '

- -

- -

125 - L
800 6 Planes

7 Planes

6 Planes 6 Planes

100 - 7 Planes | 400 - 7 Planes

600 -

75 - 300 -

# entries

400 -

50 - 200 -

200 -

25 - 100 -

0 i 0 i 0 . . i
0 1000 2000 3000 4000 5000 600! o 1000 2000 3000 4000 5000 600C 0 1000 2000 3000 4000 5000 6000

X v x* v x*fv

(a) (b) (c)

Figure 31: (a) x2-distribution before alignment and after (b) one and (c) two iterations.

To apply this procedure to our data, plane 1 and 4 were chosen to be fixed, as their relative
displacement is the lowest across all other planes ([Table J). This time, the alignment is
not initialized with values from the testbeam, as it was in lsubsection 7.4. Instead, the
position of all planes is first set to 0 in both x and y. This way, no preliminary event
selection can be made, as all tracks have a really bad fit quality. The x? values, vary from
a few hundred to up to 4000 on average, which makes it difficult to identify contaminated
events (discussed in ) Then, after the first alignment iteration, a x2-cut at
1500 can be performed, and after the second iteration, a cut is performed at x2 = 1000,
and so on. With each step, more and more bad tracks are discarded, while the majority of
tracks is still preserved. The cuts have carefully been chosen in order not to discard too
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many good tracks. An evolution of the y2-distribution for the first few iterations can be
seen in [Figure 31. [Figure 32 shows, that the alignment process is much slower, with plane
7 only visibly converging after over 60 iterations. The first change is rather large, with
plane 7 being aligned over 440 pm in x-direction. In the second iteration, the difference is
much smaller already with 164 pm. Again, the errors on all alignment steps result from
the standard deviation of the residuals. As the planes are being moved closer and closer to
their real position, the residuals decrease in width, and so does the error. In the end, 80
iterations are chosen to be performed for the final detector alignment. The final alignment

is shown in [Table 4.
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Figure 32: Plane position in x and y as a function of alignment iterations performed, using
a fixed-plane approach. For improved visibility, only 60 of the 80 iterations performed in
total are shown in this diagram
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Plane Plane position in x / y [um]

1 0.0+0.0 / 0.0 £0.0
2 431.3+184 / —1255.1+23.9
3 236.3+£20.8 / 305.68 £+ 27.3
4 0.0+0.0 / 0.0£0.0
) —849.9+20.5 / 57.33 £ 20.2
6 —849.7+20.3 / -—1107.9+17.7
7 —2422.4+18.7 |/ —761.65+16.1

Table 4: Plane position after alignment with fixed-plane approach

Next, both methods will be compared by their y2-distribution. While it takes the fixed-
plane approach about 80 iterations to converge, the free approach converges much quicker=d.
Both methods result in a very similar y2-distribution, that peaks around 1, and therefore
reach an overall very good track quality ()
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Figure 33: (a) x2-distribution after 80 alignment iterations, using a fixed-plane approach,
and for a direct comparison: (b) y2-distribution after 3 iterations of the free approach

To directly compare the displacements of both methods to each other, the previous results
of the free approach () can be projected onto the alignment of the fixed-plane
approach. This is done by simply shifting the alignment resulting from the free approach
in a way, that both plane 1 and plane 4 will be positioned at 0. The shift of the other
planes Z can then simply be described by a linear equation:

An
#(z) = —A—j-z—fo 21, T] (11)

where AZ is the positional difference in x and y between the two chosen planes and Az
the distance between the planes. Zy describes the displacement of one of the planes. This

18Even if no initialization is used, the algorithm converges in less than 10 iterations. A demonstration of
this can be found in Appendix
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projection slightly increases the error, but should result in a more accurate alignment. The
result of this projection is presented in [Figure 34.
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Figure 34: Comparison of the two alignment approaches used. The results of the free
approach have been projected onto the results of the fixed-plane approach. The error of
the projection is based on standard gaussian error propagation.

Both methods result in a very similar displacement. However, due to the elimination of one
degree of freedom in the fixed-plane approach, the alignment can be assumed to be more
accurate. If no projection is performed on the free approach, the displacement of both
methods differ much stronger. and the effect of a simultaneous shift of all planes becomes
much more apparent () The (virtual) shearing of the planes should always be
accounted for. It depends heavily on the initial conditions of the alignment algorithm and
can only be accounted for with some sort of reference, like another high-resolution detector,
or a careful external alignment. For the analysis of cosmic particles it is important that the
real angle of the particle is reflected in the detector alignment. The fixed-plane approach
provides the best alignment achievable with this setup, without any external changes made
to the planes.

500 -

3
L 250 - 8 +
—_ 0-g = —
£ AL i o
2 g 0-% o
X =500 - -
£ £ -250-
S 000 5 L) S 3 free approach
= -t [ s -500- & fixed-plane approach 3
g g
o —1500 - o -750- o
c c
o o 3
& 2000 - & -1000 -
§ free approach ol
& fixed-plane approach S —1250 - ®
=2500 -, ) i | i i i | i | | | | |
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Plane Plane

Figure 35: Comparison of the two alignment processes used, this time without projection.
A clear deviation from the true alignment can be seen in the free approach.
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8 Conclusion and outlook

8.1 Summary

Within the scope of this thesis, a telescope of seven sensors has been used as
a cosmic muon detector at the GSI research facility in Darmstadt. For several days, the
setup was measuring muons with an angle of up to 11.3°, given by the geometry of the
setup. The measured data was compared with theoretical calculation of the muon rate.
Data evaluation was performed from scratch including event categorization, clustering, and
tracking. Two different alignment algorithms were developed, performed and compared,
based on a statistical y2-approach. 3000 particle tracks have been used to achieve an
accurate detector alignment for the ALPIDE telescope. With this step, a foundation has
been set, to further conduct studies for a better understanding of many of the effects
mentioned in the analysis, and thus to increase their informative value, several proposals
of supplementary experiments are given in the following.

8.2 Comparison of measured muon rates with theoretical estimations

In order to examine, if the measured events reflect the expected mean rate of incoming
cosmic particles, the data was compared to theoretical calculations. It was found that for
all measured events except those including only a single plane, the data fit well within the
uncertainty of the experiment. A detailed analysis was performed by D. Schledewitz [2].
The very high rate of 1p.e. results from noisy pixels (pixels that registerd a large amount of
fake hits), specifically a single double-column of pixels along the same bus, that randomly
fired during the measurement. The overall impact of these events on the analysis, however,
is very small, since 1p.e. cannot be used for particle tracking, and are therefore excluded.
They did, however reduce the total number of usable tracks, as many tracks were discarded
in the x2-cut.

The angle of acceptance of the setup is high, and therefore tracks with an angle of up to
11.3° can be reliably tracked. The actual maximum angle that can be detected with this
setup is actually 29.2°, considering the rectangular shape of the detector. However, these
events are rather unlikely, as the particles would have to cross the planes from one corner
of the uppermost plane, to another corner of the plane, through which the particle exits.
While it is advantageous to have a large angle of acceptance for cosmic muons in a setup like
this (because the angle between the telescope and the ground is close to 90° and therefore
only adds a negligible uncertainty), the operation without scintillators complicates the data
evaluation drastically. Another approach would be to use scintillators to trigger the setup.
Not only would this increase the track quality, it would make the setup able to run for
longer periods of time, as less data is written to the disk (resulting in fewer crashes of the
data acquisition software). The angular acceptance would be strongly decreased, so that
instead for an analysis of muon angles, the entire telescope has to be rotated. Because this
has to be done by hand, it would add an additional uncertainty to the measurement, but
close to every possible particle angle could be measured. It is also to note, that a triggered
setup would detect a much lower rate of particles, essentially making the experiment a lot
more time-consuming.
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Nevertheless, it has been proven [2], that the telescope can be used to measure the angular
dependence of the rate of cosmic muons in good agreement with the estimation.

8.3 Cluster size and shape analysis

A particle can deposit charge which can laterally diffuse into other pixels. On each plane,
the pixels that registered a hit form a cluster. The clustersize can reveal information about
the angle, type and energy of the particle. A detailed cluster analysis of this experiment
is currently in preparation by F. Franke [3]. Overall, the clustersizes agree with the ex-
pectation of cosmic muon clusters, ranging from 1-4 for most events. Only few events
show strong deviations, and result usually from particles, coming in at large angles. Some
clusters were found to contain gaps. This behaviour is currently not understood, but can
be neglected for the scope of this thesis, as the occurrence of these clusters is very low.
shows examples for most observed cluster shapes.

To do a more extensive study on cluster formation and charge diffusion, the statistics of
this experiment would have to be vastly increased. Using only a low number of tracks,
makes it difficult to reliably make statements about the formation of clusters, as less than
2000 clusters made of 3 or more pixels has been observed. Considering a plane has about
half a million pixels, the number of clusters provided for an analysis should be around the
same order of magnitude. This is where a scintillator would come in handy. Being able to
measure consistently for long periods of time would simplify the acquisition of high quality
tracks. Additionally, all planes could be rotated by a specific angle to increase the distance
the particle traverses the epitaxial layer, essentialy increasing the total energy deposit and
number of electron-hole pairs, leading to the creation of larger cluster shapes.

8.4 Tracking and alignment results

For particle events, consisting of four or more planes, a tracking algorithm is implemented
to analyze both particle angle, and the displacement of planes. It was found, that the
planes of the telescope were shifted by up to 1.8 mm with respect to an earlier measure-
ment performed at a testbeam. In an attempt to align the telescope with the cosmic data,
two different iterative alignment approaches are performed, each based on a reduced x?2
statistic. Initially, these x2 values are very large, as some of the planes show a strong
misalignment, easily exceeding x?2 values of a few hundred. A large number of tracks show
extreme values of 10000 or higher, which is due to coincidental hits on one or more planes,
registered during a cosmic particle event. These tracks however, are rejected, as they do not
contribute to the detector alignment. The remaining tracks undergo an iterative alignment
procedure, until an accurate alignment of the telescope is reached. The x?2 distribution is
minimized until it peaks as close to 1 as possible. Two different alignment algorithms are
used, one of which aligns every plane individually during each iteration, which converges
quickly until the telescope is reasonably well aligned. The second approach fixes two of
the seven planes (i.e. setting their displacement to 0), before aligning the other planes.
As outlined in ‘ the fixed-plane approach yields more accurate results, as a
potential (virtual) shearing is prevented. The large track angles make a really efficient
alignment possible with less than 3000 tracks available after the event selection.
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8.5 Outlook

Now, that a good alignment of the setup is provided, there are several new interesting pos-
sibilities for the ALPIDH telescope. Apart from the above mentioned analysis strategies,

there are several characteristics of the sensors that can further be investigated upon.

One of them is the sensor efficiency, which could be investigated by defining one of the
planes as a device under test (DUT), and using the other six planes as a reference telescope.
This way, the efficiency of the DUT can be measured as a function of charge threshold.
Applying the now well-known alignment to the reference telescope, the DUT could also be
exchanged with other sensors. This way, the effect of neutron irradiation on the silicon
could be studied with cosmic particles in order to identify damages to, or loss of efficiency
of the sensor. This is usually done at testbeam facilities, with the testbeam commissioning
carrying a large price tag. Cosmics however, are free, and constantly available.

46



A.1 Acronyms

A.1 Acronyms

Appendices

A.1 Acronyms

ACORDE ALICE Cosmic Ray Detector. E
ALICE A Large Ion Collider Experiment. E, @, B
ALPIDE ALICE Pixel Detector. [, [

ATLAS A Toroidal LHC Apparatus. E

CERN European Organization for Nuclear Research. E
CMS Compact Muon Solenoid. E

EMCAL Electromagnetic Calorimeter. E
EMCal Electro-Magnetic Calorimeter. E

HMPID High Momentum Particle Identification Detector. E
ITS Inner Tracking System. E, H, H

LHC Large Hadron Collider. E, H, H
LHCb Large Hadron Collider beauty. E

MAPS Monolithic Active Pixel Sensor. E
MRPC Multigap Resistive Plate Chamber. E

PHOS Photon Spectrometer. E
PID Particle Identification. 57 B

QGP quark-gluon plasma. H
RICH Ring Imaging Cherenkov Detector. B

TOF Time of Flight. ]
TPC Time Projection Chamber. E, B

TRD Transition Radiation Detector. E

Al
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Figure 36: Contaminated event with x2 value of 24430
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Figure 38: Alignment by the free approach, without first initializing the alignment with the
help of testbeam data. The convergence is still much quicker than it is for the fixed-plane
approach. However, the initiial conditions add a strong virtual shearing to the alignment,
as the algorithm converges to seemingly completely different values of the sensor position.

A.6 Neutrino Interaction

(A.6 ) Different sources claim that the neutrino interaction cross section for neutrinos with
energies from 1 MeV to 1 GeV is at most o = 5.6- 10738 cm. Assuming an average density
of p = 5.5 g/cm?® and an average atomic number of A = 56, one can calculate the mean

free path
1 A
A= = =3.01-10"” m
o N o-p-Ny

of neutrinos traversing Earth, with N, being the Avogadro Number and n; the nuclear
density of Earth. Divided by Earth’s diameter dg = 1.2 - 107 m this yields one neutrino
interaction in an average of 250833 Earths.
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