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Zusammenfassung

Im Zuge des High-Luminosity LHC-Upgrades wird der Inner Detector des ATLAS Experi-
ments von einem reinen Siliziumdetektor, dem Inner Tracker (ITk) ersetzt, welcher den ITk
Pixel und den ITk Strip Detektor enthéalt. Die Anforderungen an diesen neuen Detektor
sind, eine bessere Leistung als der vorige zu haben bei der grofieren Strahlenbelastung
durch die erhohte Luminositét. Dies gilt vor allem fir den Tk Pixeldetektor, da dieser am
nahesten zum Interaktionspunkt liegt. Der [Tk Pixeldetektor wird eine neue Generation an
Modulen besitzen, die auf Loaded Local Supports (LLS) in Serial Powering (SP) Ketten
angeordnet sein werden. In der Outer Barrel (OB) Region des [Tk Pixeldetektors gibt es
zwei Arten von LLS, die Longerons und die geneigten Halbringe. Ein Demonstrator des
ITk Pixeldetektors wurde fiir Systemtests gebaut in der finalen Priifphase. Das Detektor-
kontrollsystem (DCS) ist ein Werkzeug zur Uberwachung und Kontrolle des Demonstrators
sowie des finalen Detektors. WinCC OA, eine SCADA Software, wird als Software des
vernetzten Systems verwendet. Diese Masterarbeit stellt meine Arbeit vor, die im Zuge
des I'Tk Pixel OB Demonstrator DCS ausgefiithrt wurde.

Abstract

In the scope of the High-Luminosity LHC-upgrade, the Inner Detector of the ATLAS
experiment will be replaced by the all-silicon Inner Tracker (ITk), which includes the ITk
Pixel and the ITk Strip detector. The requirements on the new detector will be to perform
even better than its predecessor while withstanding the harsher radiation arising from the
increased luminosity. This is especially true for the Pixel detector since it is closest to the
interaction point. The I'Tk Pixel detector will have a new generation of modules mounted
on the Loaded Local Supports (LLS) in Serial Powering (SP) chains. In the Outer Barrel
(OB) of the ITk Pixel detector, there are two types of LLS, the longerons and the inclined
half-rings. An ITk Pixel OB demonstrator was built for system tests in the final design
review phase. The Detector Control System (DCS) is a tool for the monitoring and control
of the demonstrator as well as the final detector. It uses WinCC OA, a SCADA software,
in a distributed system. This master’s thesis presents my work carried out in the scope of
the ITk Pixel OB demonstrator DCS.
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1 Introduction

Humans have the drive to explain the world around them. Particle physics takes this quest
to the extreme in discovering the laws of nature on the most fundamental level possible.
Matter was found to be made up of molecules, which were found to be made up of atoms,
which were found to be made up of protons, neutrons and electrons. Afterwards came
the development of modern high energy particle physics in the 20th century with particle
colliders at energies high enough to investigate quarks, the constituents of neutrons and
protons. It was found that the new fundamental constituents of matter were fermions,
with particles called bosons as force carriers between particles. Fermions, bosons and their
interactions in the form of the electromagnetic, weak and strong force are described in the
quantum field theory of the Standard Model (SM) of particle physics.

At low energies, the SM is well understood. Particles of a high mass are unstable, since it
is energetically advantageous for them to decay into lighter particles. The study of high
mass particles requires large enough energies to produce them in a controlled environment.
Such high mass particles can be produced in particle collisions, if the centre-of-mass energy
is equal or higher than the energy equivalent to the particle mass.

Modern high energy physicists accelerate particles and collide them in detector experiments
in order the study the properties of the collision products. These detectors are highly
complex, with collaborations of physicists dedicated to their development, maintenance,
and the analysis of the acquired data. One such experiment is the ATLAS detector
[1] at the Large Hadron Collider [2] at CERN, the European Organization for Nuclear
Research in Geneva. The ATLAS collaboration consists of over 3000 physicists from over
180 different institutions. The ATLAS detector and the CMS detector [3] are the two
general-purpose experiments at the Large Hadron Collider. The experimental discovery of
the Higgs boson by these two collaborations in 2012 [4, 5] is one of the most important
achievements of modern particle physics.

New parts of the ATLAS detector are in development in preparation for the High-
Luminosity LHC upgrade. The Inner Detector of the ATLAS detector will be replaced by
the all-silicon Inner Tracker [6]. The Inner Tracker (ITk) is in the phase of its final design

review, with different prototypes such as the Outer Barrel demonstrator located in the SR1



1 Introduction

lab at CERN. An important tool for the monitoring and control of the final detector is
the Detector Control System. The Detector Control System is also in the process of being
upgraded, with different versions for the system tests of the Inner Tracker demonstrators.
During my master’s thesis, I worked on the Detector Control (DCS) for the Outer Barrel
demonstrator of the I'Tk.

Chapter 2 will give an overview of the background information necessary for my projects.
It contains a short introduction of the Standard Model, the Large Hadron Collider, the
ATLAS experiment, the High-Luminosity Large Hadron Collider upgrade, and the Inner
Tracker with the Outer Barrel demonstrator. Chapter 3 will explain the Detector Control
System, both in general for the ATLAS experiment and more specifically for the system
tests of the Outer Barrel demonstrator.

In Chapter 4, I will present the monitoring panels I created for the temperature and
voltage monitoring of the modules mounted on the support structures of the ITk. There
are two types of local support structures, longerons and half-rings. Both have their own
type of monitoring panel. I also implemented the archiving of monitored data in the Outer
Barrel demonstrator DCS. This is presented in Chapter 5. The procedure of archiving
data with the respective configuration is shown as well as the different panels I created
to facilitate this process. Lastly, I implemented several calibrations for the voltage and
temperature monitoring in the DCS of the Outer Barrel demonstrator. They are presented
in Chapter 6. These calibrations include a new conversion for temperature monitoring
via temperature-dependent resistances and correction for the conversion of analog to
digital signals. Parts of these calibrations are based on climate chamber measurements I
conducted in the SR1 lab at CERN. In Chapter 7, the results of my work are summarised.



2 The LHC and the ATLAS

Experiment

2.1 The Standard Model of Particle Physics

The theoretical framework of particle physics is provided by the Standard Model [7-9]
of particle physics. It is a theoretical model of the particles and their interactions and
has been shown to yield accurate experimental predictions. The particles in the SM are
categorized into fermions, particles with a spin of %, and bosons, with integer spins. All
elementary particles of the SM can be seen in Figure Each particle has a corresponding
anti-particle in the SM with the same internal quantum numbers but opposite electric
charge. The particle interactions included in the theoretical framework of the SM are the
weak, strong and electromagnetic interaction.
The fermions are themselves classified into quarks and leptons. Quarks occur in the
flavours of up-type quarks u, ¢, t with a charge of +§e and down-type quarks d, s, b with a
charge of —%e. For the three generations of quarks, only the first one is stable, since the
other two are progressively heavier and therefore it is energetically favourable to decay
into the lighter particles. Quarks, along with gluons, are the only fundamental particles
that carry a colour charge, which is a prerequisite for interacting via the strong force.
The leptons, as the second type of fermions also occur in three generations of progressively
heavier particles. The charged leptons €7, U™, T~ have a charge of —e, while the lepton
neutrinos Ve, Vy,, V¢ have a charge of 0.
The bosons consist of the massless photon (y) as the force carrier of the electromagnetic
interaction, the massless gluon as the carrier of the strong interaction, the Z boson (Z°)
with a mass of 91.1 GeV as the carrier of the neutral weak current, the W (W=*) boson
with a mass of 80.4 GeV as the carrier of the charged weak current, and the Higgs boson
(H) with a mass of 125 GeV. The Higgs boson has a spin of 0 and is called a scalar boson
while the other four have a spin of 1 and are called vector bosons.

The mathematics of particle interactions with electromagnetic, strong and weak forces

can be represented in Feynman diagrams. A possible Feynman vertex for each force can
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three generations of matter
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Figure 2.1: The particles in the SM with some of their properties, such as the mass or
the electric charge. © Wikipedia

be seen in Fig. 2.2 The photon as the gauge boson of the electromagnetic interaction
couples to all fermions except neutrinos, the gluon as the gauge boson of the strong force
only to quarks, since it only couples to particles with colour charge, and the W* and Z°
bosons couple to all fermions.

Colour charge in the model of the strong interaction is similar to electrical charge, only
instead of plus and minus, there are the red (r), blue (b) and green (g) charges. Single
quarks have one of the three possible colours as their colour charge, while anti-quarks
have an anti-colour. Hadrons, composite particles that consist out of two or more quarks
held together by gluons, must be colourless. The gluons always carry one colour and one
anti-colour charge in eight possible combinations.

The neutral current Z° is not flavour-changing at leading order perturbation theory,
meaning that it does not change a quark into a different quark or a lepton into a different
lepton. The charged current W= is both always flavour-changing and the only interaction
in the SM that changes the flavour of fermions. The probabilities of changing the flavour
between different generations of quarks can be found in the Cabibbo-Kobayashi-Maskawa

matrix [10], an U(3) matrix with four free parameters that are determined experimentally.
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The weak charged and neutral currents are also the only interactions in the SM to violate

parity symmetry and charge-parity symmetry. In contrast to the gauge bosons of the other

two interactions, the gauge bosons of the weak interaction have signi cant masses, which
is explained in the SM with the Brout-Englert-Higgs mechanism [11 13].

f q

f q |+

Figure 2.2: Feynman diagrams of examples for the electromagnetic, strong, and weak
interaction

The SM can be modelled in terms of quantum eld theory, where the three interactions are
understood as local gauge symmetries. Quantum chromodynamics (QCD) [14, 15] has the
SU(3)c group as its local gauge symmetry. The electromagnetic and the weak interaction
are described in the quantum eld theory of the SM as one interaction in the form of
the electroweak uni cation [16 18]. At low energies the two interactions are observed
separately from each other, with the photon as the gauge boson of the electromagnetic
interaction and the Z° and W as the gauge bosons of the weak interaction. At energies
above the vacuum expectation value of the Higgs eld of = 246 GeV, the two neutral
interactions merges into a single one. This gives an overall local gauge symmetry described
by the SU(2). U(1)y group, where the rst term refers to weak isospin and the second
one to hypercharge.

While it provides good predictions for experimental results, the SM is limited in its
scope. It does not cover all particle interactions, since the gravitational force is not part of
its model. One example for its limited scope is the phenomenon of dark matter [19]. Dark
matter is assumed to exist due to observed rotational speeds of galaxies and anomalies
in the measurements of gravitational density. The SM is not yet able to explain these
experimental observations.

Another problem that the SM is not able to explain is the hierarchy problem [20]. The
hierarchy problem is the name for the phenomenon of the gravitational force beia@*
times weaker than the weak interaction. This discrepancy between scales has no explanation
in the SM. Tied into this problem is the previous expectation of the Higgs boson to have
been heavier than the one discovered in 2012. The reason for that was that if the SM
were valid up to extremely high mass scales, quantum loop corrections contributing to the
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Higgs boson mass would have been very large. Since the Higgs boson was lighter than
expected, the SM is therefore believed not to be valid to these high mass scales.

Further research in the eld of high energy particle physics is necessary to nd answers to
these problems. One of the all-purpose experiments where this research is being conducted
is the ATLAS experiment at CERN.

2.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [2] is the world's largest and highest-energy particle
accelerator and collider. The European Organization for Nuclear Reserach (CERN) built
it from 1998 until 2008 in Geneva. It is located in an underground tunnel underneath
the France-Switzerland border with a circumference &7 km. It collides hadrons at a
centre-of-mass collision energy as high 48.6 TeV. The two general purpose experiments
of the LHC are ATLAS and CMS. Aside from these experiments there is also LHCb for
b-quark physics and ALICE for heavy ion experiments.

The accelerator chain of the LHC can be seen in Fig. 2.3. It starts with linear accelerator
the Linac4 [21], which was put into operation in 2020. In Linac4, negative hydrogen
ions are accelerated to an energy of 160 MeV in preparation of them entering the Proton
Synchrotron Booster (PSB). There, the electrons are stripped from the hydrogen so only
protons are left and accelerated to 2 GeV. Afterwards the protons are injected into the
Proton Synchrotron (PS) and boosted up to 26 GeV, and in the last step before entering
the LHC they are accelerated in the Super Proton Synchrotron (SPS) up to 450 GeV. The
injection from the SPS into the LHC beamline happens at two points, where the clockwise
and anti-clockwise circulating protons are injected, respectively.

In the four experiments along the LHC, protons from the clockwise and anti-clockwise
beamline are collided. These collisions are called events or interactions. The rate of events
generated by LHC collisions is given by:

dNevent
dt

=L event: (2.1)

with the instantaneous luminosity L and cross-section of the underlying eventgen:. In
order to obtain the total amount of events generated over a set time, we need to integrate
Eg. 2.1, with the cross-section being independent of time:

Z
Nevent = Ldt event = Lint event: (2-2)
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Figure 2.3: Layout of the LHC accelerator chain.© CERN

Li is the integrated luminosity. The instantaneous luminosity of the LHC depends on
the number of protons being collided. Protons are inserted in bunches of approximately
1:15 10" protons per bunch and there are 2808 bunches in the beamline of the LHC. This
leads to a spacing of 25 ns between the crossing of two bunches at set points in the LHC.
Data-taking takes place at the LHC over long periods of time, between which upgrades
and maintenance work are done. Run 1 of the LHC started in March 2011 at a beam
energy of 3.5 TeV, which was later increased to 4 TeV. The integrated luminosity of Run 1
was approximately 30 fo! when it ended in 2012. After the rst Long Shutdown (LS),
Run 2 took place from 2015 until 2018 at a beam energy of 6.5 TeV. In Run 2, the peak
instantaneous luminosity of2 10** cm 2s ! was reached with an integrated luminosity of
190 fb 1. Run 3 was started in 2022 at 6.5 TeV and is planned to last until 2024, with a
predicted integrated luminosity of 350 fb! and a beam energy of 7 TeV.
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2.3 The ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) experiment [1] is a general-purpose patrticle
detector at the LHC at CERN. The experiment involves about 3000 physicists from over
180 di erent institutions. Its purpose is to observe high energy particles collided by the
LHC in order to probe the SM of particle physics at new energy scales and search for
new physics beyond the Standard Model. ThA&TLAS collaboration has made many
important contributions to the eld of particle physics, one of the most important being
the experimental discovery of the Higgs boson together with CMS in 2012 [4, 5]. Its
general layout with the main components can be seen in Fig. 2.4.

Figure 2.4: Layout of the ATLAS detector [1]

The ATLAS detector is 25 m high and 44 m long in the form of a cylinder that is
forward-backward symmetric with respect to the collision point in its middle, where the
two beamlines of the LHC cross. At its core is the inner detector, which is divided into
the pixel detector, the semi-conductor tracker, the transition radiation tracker. Outside of
the inner detector, the calorimeters are located, rst the electromagnetic and then the
hadronic one. The outer shell of the detector houses the magnet system and the muon
spectrometer.

The beamline of the LHC is located along the-axis, with the collision point as the origin
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of the coordinate system. The positivec-axis points to the center of the LHC and the
positive y-axis points upwards in a right-handed system. The coordinates can also be
expressed in terms of cylindrical coordinates with the radius, the azimuthal angle , the
angle around the beam axis and the polar angle the angle from the beam axis. The
pseudorapidity = In(tan( =2)) is often used to describe the coverage of the detector.
Inner Detector The layout of the Inner Detector [1] of the ATLAS experiment can be
seen in Fig. 2.5. Its subsystems are the pixel detector, the semi-conductor detector (SCT)
and the transition radiation tracker (TRT). It provides pattern recognition, momentum
resolution and primary as well as secondary vertex measurements for tracks of charged
particles with a minimum transverse momentunpr of 0:1 to 0:5 GeV. Its overall coverage
isj J < 2:5. The inner solenoid applies a magnetic eld oB = 2 T, in which the ID is
immersed, which directs charged particles onto a curved trajectory. From the direction
and the radius of this trajectory, the mass and charge of particles can be inferred. The res-
olution of the transverse momentum of the Inner Detector isp. =pr = 0:04 pr [GeV][22].

Figure 2.5: Layout of the ATLAS Inner Detector [1].

Directly around the collision point of the ATLAS detector is the pixel detector. It
consists of three cylindrical layers and possesses a high granularity in order to allow
high-resolution pattern recognition using space-points from its silicon sensors. The pixel
detector was built with FE-I3 chips [23] readout chips with 2880 pixels per chip with an
active area of 0.58 crh This corresponds to a minimum pixel size 050 400 m? in
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the R-  z plane. 26 FE-I3 chips are grouped together in a module with 1744 modules
overall. During the LS from 2012 until 2014, the innermost layer of the pixel detector
up to a radius of 3.3 cm was replaced with the Insertable B-Layer (IBL) [24] in order to
improve the performance of the tracking system after its decline due to radiation damage.
With the IBL upgrade the Inner Detector contains over 92 million readout channels, which
is more than half of the total readout channels of the ATLAS detector. It contains the
newer generation of readout chips, the FE-14 [25], with 26 880 pixels in an active area of
3.36 cnf. The IBL consists of 14 carbon bre staves with 32 FE-I4 chips each stave.

The SCT is located around the pixel detector. It is a silicon microstrip detector with four
layers of radii from 299 mm to 514 mm in the barrel region and nine disks in each end-cap
region. It has four rectangular silicon-strip sensors [26] grouped together in a module
with a second pair of sensors glued back-to-back at a stereo angle of 40 mrad with 4088
modules overall. One module has 768 strips with each about 12 cm in length. The two
silicon detectors are cooled down at5to 10 C in order to reduce thermal noise after
radiation damage.

The outermost part of the inner detector is the TRT. It is made out of gaseous straw
tubes interspersed with transition radiation material. It makes use of the phenomenon
of transition radiation, which takes place when a charged particles propagates through
a boundary between materials of di erent dielectric constants and emits radiation. The
intensity of this radiation is proportional to the Lorentz factor = % of the particle.
The TRT is especially suited to identifying electrons, since they tend to have high Lorentz
factors due to their small mass.

Calorimetry ~ The calorimetry of the ATLAS detector is located outside of the solenoidal
magnet of the inner detector. Its layout can be seen in Fig. 2.6. Calorimeters measure the
energy of particles in a destructive process, where the particles enter the calorimeter, initiate
a particle shower and the energy of the shower particles is measured. The calorimeters of
the ATLAS detector provide good containment for hadronic and electromagnetic showers
due to their size. This means that only muons and neutrinos tend to leave the calorimeters
and reach the outer parts of the detector.

The ATLAS calorimeter consists of the Electromagnetic Calorimeter (ECal) located
just outside the inner detector, followed by the Hadronic Calorimeter (HCal). Both are
sampling calorimeters with alternating layers of materials for absorption and detection.
The calorimetry covers a range of j < 4:9. Inthe 0< j j < 2:5 region, the granularity of
the ECal is adjusted for precision measurements of electrons and photons. The rest of the
calorimeter has a coarser granularity and is used for jet reconstruction and measurements
of the missing transverse energgm'ss,

10
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Figure 2.6: Layout of the ATLAS Calorimetry [1].

The ECal uses liquid argon (LAr) as the active material and lead as the absorbing
material. Its accordion geometry provides complete coverage in the azimuthal angle
without gaps. It covers a pseudorapidity range of j < 3:2 with an energy resolution of
e=E=10%= E 0:7%[GeV] for electromagnetic showers.

The HCal consists of the Tile Calorimeter, divided into barrel and end-cap regions, the
LAr hadronic end-cap calorimeter and the LAr forward calorimeter. The HCal uses
steel as the absorber medium, with the active medium as scintillator tiles for the Tile
Calorimeter and liquid argon for the LAr calorimeters. The Tile Calorimeter covers a
range of] j < 1:7 while the LAr end-caps coverl:5 < j j < 3:2. Both have an energy
resolution of g=E = 50%:IO EL 3% [GeV], with the resolution for the HCal being valid
for pion showers. The LAr forward calorimeter covers a range 8f1 < | j < 4:9 with an

energy resolution of ¢=E = 1OO%=IO E- 10% [GeV].

Muon System  The layout of the ATLAS muon system can be seen in Fig. 2.7.
It is located in the outer part of the detector and detects charged particles exiting the
calorimeter in a pseudorapidity range of j < 2:7. These particles are almost all muons,
since other charged particles are absorbed by the calorimeters beforehand. With separate
trigger and high-precision tracking chambers, the muon tracks are de ected in the large
superconducting toroid magnets. The chambers in the barrel are arranged in three
cylindrical shells around the beam at di erent radii, while the end-cap region chambers
form wheels perpendicular to the beam axis. In the range pfj < 1:4, the barrel toroid

11
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provides magnetic bending with a magnetic eld of 0.5 T for the central regionand 1 T
for the end-cap region. Betweend:6 < j j < 2.7, tracks are bent via the smaller end-cap
magnets. In the transition regionl:4 < j j < 1.6, muons are magnetically de ected via
a combination of barrel and end-cap magnets. This results in a magnetic eld mostly
orthogonal to the trajectory of the muons, while minimising the degradation of resolution
arising from multiple scattering. The magnetic eld forces muons onto curved trajectories,
which are detected via Monitored Drift Tubes (MDTs). These tubes occur in higher
granularities in the innermost plane oveR < j j < 2:7 in order to withstand the high rate
and background conditions.

Figure 2.7: Layout of the ATLAS Muon System [1].

The high precision-tracking chambers are complemented by a trigger system that covers
the pseudorapidity range of j < 2:4. The trigger chambers serve three purposes: providing
bunch-crossing identi cation, providing well-de nedpy thresholds and measuring the muon
coordinate in the orthogonal direction to the track as determined by the precision-tracking
chambers.

In the LS before Run 3, the Small Wheels at the end-caps were upgraded to the New
Small Wheels in preparation for the increased luminosity. The two 10 meter diameter
wheels replace the rst muon stations in the high-rapidity regions of ATLAS and will each
cover more than 1200n? of active area [27].

The relative pr resolution of the muon system is approximatelyl0% for tracks with a

12
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minimum pr of 1 TeV.

Trigger System  The ATLAS experiment employs a two-level trigger system to reduce
the rate of recorded events [28]. Starting with a proton-proton interaction rate of 40 MHz
due to the maximum instantaneous luminosity ofl(®** cm 2s !, the recorded collision data

is reduced to an average rate of 1 kHz.

The Level-1 (L1) trigger is hardware based and uses custom electronics in order to trigger on
information from the calorimeter and muon detectors. The L1 selects events by considering
guantities such as the energy deposited in the calorimeter or the transverse momentum of
a muon and reduces the accepted event rate down to 100 kHz. The second stage of the
trigger, the High Level Trigger (HLT), is software-based. Fast trigger algorithms provide
early rejection which is followed by more precise algorithms similar to o ine reconstruction

in order to make the nal selection.

2.4 The High-Luminosity LHC Upgrade

The High-Luminosity LHC upgrade is currently in development [29]. This will improve the
instantaneous luminosity of the LHC approximately by a factor of ve and therefore greatly
increase the data sample produced by the collider. Following ve years of design study
and R&D, ten further years of developments, prototyping, testing and implementation are
planned. The current state of the schedule can be seen in Fig. 2.8. It can be seen that at
the end of 2023, radiation damage limits Run 3 of the LHC. Starting in 2024 during the
third long shutdown (LS3), the HL-LHC will be installed while other parts of ATLAS and
CMS will be upgraded as well.

With this upgrade, the HL-LHC will produce data of up to an integrated luminosity
of 4000 fb ! by 2038. The higher instantaneous luminosity means that the radiation
damage will be higher. The upgraded detectors need to re ect that and are also required
to perform at the same level or even better than before. Additionally, the amount of data
accumulated necessitates an signi cantly larger bandwidth than before. This improvement
in statistics will yield better precision measurements for known processes as well as give a
higher chance to study rare processes that occur at the current centre-of-mass energy.

13
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Figure 2.8: Schedule of the HL-LHC Upgrade, updated February 2022. [29]

2.5 The ATLAS Inner Tracker (ITk) Pixel Detector

The higher instantaneous luminosity provided by the HL-LHC upgrade means that the
radiation damage to the detector will also increase. The detector needs to be able to
withstand this for the duration of its operation time of more than ten years. This needs
to be taken into account for the upgrades of the detectors themselves. Another criterion
is that the tracking performance should be as good or better than before. For this, the
current ATLAS inner detector will be replaced by a new all-silicon Inner Tracker (ITk)[30].

A schematic cross section of a quadrant of the ITk detector can be seen in Fig. 2.9 (a). It
consists of two subsystems: the pixel detector [6] and the strip detector [31]. Fig. 2.9 (b)
shows a cross section of a quadrant of the ITk pixel detector. It can be seen that the pixel
system is itself divided into the three regions of the outer barrel (OB), the outer endcaps
and the inner barrel and endcaps. The strip system will have a coverage up to an absolute
pseudorapidity ofj j = 2:7 and the pixel system up toj j = 4.

Supports structures of the ITk pixel detector need to be light, rigid and thermally
conductive. Materials used include carbon bre laminates, pyrolytic graphite and other
carbon based composites. A small diameter titanium pipe is embedded in the structure
for heat extraction via a CQO, cooling system. The modules are then mounted on the local
supports which are then called Loaded Local Supports (LLS).

The modules mounted on the support structures are arranged in serial powering (SP)
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(@) (b)

Figure 2.9: a) Layout of a quadrant of the ITk detector with the strip system (blue)
and the pixel system (red) and b) layout of the pixel system showing the
three regions outer barrel (green), outer endcaps (blue) and inner barrel and
endcaps (orange) [30].

chains of up to 14 modules supplied by a single current source. All sensors will be biased
with the same high voltage (HV) of up to 200 V, while the modules will be operated with a
low voltage (LV) of 1.2 V. Using SP chains reduces the material in a sensitive detector and
reduces the number of cables necessary. Using this setup is challenging, as the modules
will need to work with constant current input, and due to the nature of serial powering,

the whole chain will be non-operational in the case of a single module failure.

The OB has two types of local supports. The rst are longerons parallel to the beamline

at di erent radii. As can be seen in Fig. 2.10, one longeron has four SP chains and is
symmetric to the interaction point located at the middle of it.

Figure 2.10: De nition of the modules in an OB longeron. The central SP chains feature
six modules each, while the outer chains comprise twelve modules each
[32].

The inclined half-rings are the second type of local support found in the OB. They have
acoverageofl j j 3and are inclined to the beam line at an angle of 56 Half-rings
have two SP chains with 8, 11 or 14 modules in layer 2, 3 or 4 respectively. A half-ring of
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