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Abstract

Um das Atlas Experiment auf das Upgrade des Lhc am Cern hin zu gréferer Strahlin-
tensitat (High Luminosity-Lhc) vorzubereiten, wird ein komplett aus Silizium Halbleit-
erdetektoren bestehender InnerTracker (ITk) im Inneren eingebaut werden. Der Pixelde-
tektor Teil von I'Tk umfasst neuartige Technologien, so beispielsweise das serielle Pow-
ering. Die rund 10.000 Detektormodule werden in einer weltweiten Produktion gebaut
und anschlieBend getestet, insbesondere auf ihre elektrischen Eigenschaften. Im Rahmen
dieser Arbeit wurde der SLDO Scan als einer der Tests, die die elektrischen Eigenschaften
priifen, erweitert. Auflerdem werden die Stromspiegel im Shuntstromkreis vermessen
und die Verstarkungen des Shuntstroms und deren Abhéngigkeiten, die in Verbindung
mit dem seriellen Powering stehen, untersucht. Als néchstes wird der Modulbau im
deutschen Produktionscluster analysiert und die Kompatibilitat der im deutschen ITk-
Pixel-Produktionscluster eingesetzten Werkzeuge sowie die Produktionsqualitat der
gebauten Pixel Module systematisch iiberpriift. Die bisher erzielten Ergebnisse werden
zusammengefasst und préasentiert, und redundante Tests sowie Qualitatskontrollkriterien
(QC) werden identifiziert. Am Schluss zeigt eine Analyse der Ergebnisse des elektrischen
Kaltstarts der Pixel Module, dass diese fiir den Einsatz im Atlas Experiment geeignet
sind.

Stichworter: Atlas, ITk, Pixel Detektoren, Modulbau, Elektrische Qualitatskontrolle,
Deutsches Produktionscluster

Abstract

To prepare the Atlas experiment for the upgrade of the Lhc at Cern toward higher
beam intensity (High Luminosity-Lhc), a completely silicon-based Inner Tracker (ITk),
consisting of semiconductor detectors, will be installed in the inner region.

The Pixel detector component of the ITk incorporates novel technologies, such as serial
powering. Approximately 10,000 detector modules will be produced worldwide and sub-
sequently tested, particularly with respect to their electrical properties.

Within the scope of this thesis, the SLDO scan, one of the tests used to evaluate electrical
characteristics, has been extended. In addition, the current mirrors in the shunt current
circuit are characterised, and the gains of the shunt current, along with their dependencies
related to serial powering, are investigated.

Furthermore, the module assembly within the German production cluster is analysed, and
the compatibility of the tools used in the German ITk Pixel production cluster, as well
as the production quality of the assembled Pixel modules, are systematically evaluated.
The results obtained so far are summarised and presented, and redundant tests as well as
quality control (QC) criteria are identified.

Finally, an analysis of the electrical cold-start results of the Pixel modules demonstrates
that they are suitable for operation in the Atlas experiment.

Keywords: Atlas, ITK, Pixel Detector, Assembly, Electrical Quality Control,
German Cluster
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1. Introduction

Hadron collider experiments such as the Atlas experiment, further treated in Chapter [3]
located at large-scale accelerator facilities, play a leading role in breaking the energy fron-
tiers. Such experiments lead to numerous particle-physics discoveries and are currently
the main tool for exploring TeV-scale physics.

The current Run 3 of the Large Hadron Collider (Lhc) will deliver an unprecedented
wealth of data at a higher energy than previous runs and with improved detector capabil-
ities, which promises a future-oriented success of the Lhc physics program. The contin-
uous research at the European Organisation for Nuclear Research (Cern) paves the way
for novel explorations of new physics, conducting precise measurements like those of the

Higgs boson properties, and performing in-depth analyses of the flavour sector.

To fully exploit its physics potential, the Lhc will undergo an upgrade to the High-
Luminosity Lhc (HL-Lhc). According to the current schedule (Fig. [I.1)), Cern aims to
begin data-taking with the HL-Lhc in 2030. The most important advancement of the HL-
Lhc is the increase in luminosity, which is achieved by more powerful focusing magnets,
advanced beam optics and an increased pileup M. The large amount of data will benefit
the statistical uncertainties of ongoing measurements, such as the Higgs boson properties

and will also divulge rare events, permitting access to new and exciting physics.

The HL-Lhc promises an exciting physics agenda for the next decades, driving scientific
progress but demanding the experiments at Cern to operate in extreme circumstances.
The increase in luminosity comes along with an intensified amount of radiation, especially
in the innermost part of the experiments. This causes more radiation damage in the de-
tector. Moreover, the detector readout capabilities need to be increased significantly to
cope with the intensified particle flux and the high hit rates that produce a large amount
of data.
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Figure 1.1.: Longterm schedule for the operation of Lhc/ HL-Lhc ©Cern.

To prepare the Atlas experiment for the new and enhanced requirements, it is upgraded
during the upcoming long shutdown (LS3). A pivotal component for the upgrade is the
replacement of the current Inner Detector by an all-silicon Inner Tracker (ITk). The
ITk, a project currently in the production phase, consists of silicon Strips and Pixel De-
tector modules. The Pixel Detector modules feature a hybrid module design, meaning

that the sensor is read out via frontend readout chips that are bump-bonded to the sensor.

The actual production and assembly of such modules is spread among numerous physics
institutes around the globe and is structured into national clusters. The German cluster,
further discussed in Chapter [7], will produce a total of 1,800 Pixel modules for the ITk.
To secure high production standards and quality of the ITk Pixel modules, presented in
Chapter [5] each of the Pixel modules faces multiple electrical QC check-ups between every

major production step on top of non-electrical tests and metrology of the components.



2. Theoretical Background

The Standard Model of Particle Physics (SM) encompasses the current theoretical know-
ledge base of elementary particles. It is the framework for high energy physics and the
currently most successful theory to describe the fundamental interactions of particles in
the universe.

2.1. The Standard Model

The SM is a quantum eld theory (QFT) that describes the elementary particles and
their interactions based on a Lagrangian [1 13]. It delivers a uni ed description of three
out of the four fundamental forces in the universe: the strong force, the weak force and
the electromagnetic force. Only gravity is not (yet) described within the SM. Each of the
forces is associated with an underlying symmetry. Following the combined symmetries of
the forces, the SM's underlying symmetry is SU(3) SU(2) . U(1) vy, where C stands
for the colour charge, L for left-handedness and Y for the hypercharge. Noether's theorem
[14] connects the symmetries with conserved quantities such as the electric charge.

The SM consists of 17 elementary particles. Among those particles, there are 12 par-
ticles with half-integer spin, called fermions. The fermion sector of the SM can be divided

into two classes: the 6 quarks and the 6 leptons. Together, the 12 fermions make up the
matter particles. Both the quarks and the leptons come in 3 generations arranged in weak
isospin doublets. Up-type particles have a third weak isospin component £ + % and

down-type fermions have a weak isospin component of & % . The up-type quarks

(u,c,t) carry an electrical charge of Q = +§ e, down-type quarks (d,s,b) have a charge of
Q= 1e[15, 16].
The up-type leptons are the 3 neutrinos,, and . They are massless according to

the SM and electrically neutral. Since they are the up-type leptons, their third weak

isospin component is ¥ = + % Neutrinos interact exclusively via the weak interaction.

The down-type leptons are the charged electron, and , which increase in mass with
generation; the charge of -1 e is equal for all of them.
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On top of that, there are integer spin particles called bosons. Spin-1 vector boson particles
are the mediators of the forces. The photon () is the mediator of the electromagnetic
force that is described by quantum electrodynamics (QED). It is massless and has no
charge [17 24].

The weak force is mediated by either charged or electrically neutral bosons. The charged
W* and W bosons only couple to left-handed particles. The Zalso couples to right-
handed particles and has a di erent coupling strength to the vector and to the axial-vector
component of particles. Both mediators of the weak force, the W as well as th& Hoson,
are massive particles. The weak interaction does not conserve parity, nor CP, unlike the
other interactions [3 5].

The weak force and the electromagnetic force can be uni ed by de ning the electroweak
hypercharge Y =2 (Q | 3).

Next, the gluon mediates the strong force that is described by the quantum chromo-
dynamics (QCD) [15, 16]. Gluons are massless and do not carry an electrical charge.
However, they do carry colour charge, which also enables gluon-gluon self-interactions.
In comparison to the electromagnetic force, which has an in nite range, the strong force
is short-ranged because gluons themselves carry colour charge, leading to self-interaction
and con nement.

Finally, the scalar Higgs boson, the latest addition to the SM [25, 26], has spin-0 and is
electrically neutral. The Higgs boson results from the Brout-Englert-Higgs mechanism,
that describes how particles acquire their masses [27 32].

The SM describes 3- and 4-point interactions of the elementary particles based on a
Lagrangian. The interactions within the framework of the SM are conceptualised and
visualised using Feynman diagrams.

For every particle there is an anti-particle, with opposing additive quantum numbers
such as the electrical charge, which exists as the negative energy quantum state solution
of the Dirac equation. Certain particles are their own antiparticle, like the Higgs boson,
since it is a scalar boson and electrically neutral.

Figure 2.1 provides an overview of the 17 elementary particles of the SM with their
corresponding masses, charges and spins.



2.1. The Standard Model

Figure 2.1.: Overview of the SM content [33]. The data are from Particle Data Group
[34].

The SM is one the most successful theories in the history of physics and has been probed
to extreme limits. So far, the theoretical predictions match the experimental results.
Nevertheless, the Standard Model has certain limitations, such as its inability to explain
dark matter, neutrino masses, or a quantum theory of gravity. These open questions drive
the global search for new physics, for example with the Atlas experiment at Cern in
Geneva.






3. Experimental Particle Physics
with the ATLAS Experiment

3.1. LHC

Cern, the European Organisation for Nuclear Research, is home to the Large Hadron
Collider (Lhc), the largest and most powerful particle accelerator in the world. Located
more than 100 m underground, the Lhc can accelerate protons or heavy ions up to nearly
the speed of light, giving rise to a centre of mass energy of up to 13.6 TeV. The tunnel of
the Lhc has a circumference of approximately 27 km. The synchrotron particle accelerator
consists of a dual ring with two counter-rotating beams of protons or ions. The beams
are not continuous, but they are partitioned into bunches of protons, with a nominal
bunch population of 1:2 1&' protons in each bunch [35]. Along the roughly 27 km of
the Lhc, there are multiple points where the counter-rotating proton beams are brought
to collision. Around each collision point, there is a major particle physics experiment.
There are 4 main experiments at the Lhc: ALICE, Atlas, CMS and LHCb. The collision
frequency is 40 MHz, meaning that the time between two bunch crossings is 25ns.

Figure 3.1.: Number of interactions per bunch crossing [36].
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Figure 3.2.: Acceleration chain at Cern ©Cern.

The mean number of interactions per bunch crossing is given by the expectation value of
the Poisson distribution describing the number of interactions per crossing, evaluated for
each bunch. The distributions for the di erent data-taking periods are shown in Figure
3.1. To achieve the record-breaking collision energy of 13.6 TeV, the particles run through
a complex chain of di erent pre-accelerators, before they get injected into the Lhc ring
as illustrated in Figure 3.2. The acceleration of the particles inside the Lhc ring happens
in high-frequency cavities that have a longitudinal component of the electric eld in the
direction of motion. The electric wave in the cavities also corrects for potential deviations
of the orbital energy and causes a uniform proton energy. Strong, cryogenic magnets keep
the particles on their orbit and correct for deviations from the optimal circular movement.
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Figure 3.3.: One of the new magnets built by Berkeley Lab, Fermilab, and Brookhaven
for the HL-Lhc ©Marilyn Sargent/Berkeley Lab.

3.1.1. High-Luminosity LHC

The High-Luminosity Lhc (HL-Lhc) project will start with Run 4 in 2030. It will secure
Cern's predominant role in high energy physics, leading both, the energy frontier as
well as the hadron collider luminosity peak with an instantaneous luminosity of up to
7:5 16*cm? s! . The HL-LHC, which will serve as a Higgs factory, will give rise to the
full physics potential the Lhc has to o er. The main motivation and namesake of the
HL-Lhc is the increased instantaneous luminosity by a factor of 5-7, which results in a
targeted integrated luminosity of 4000f3 over 10 years of operation. This increase in
luminosity means an unprecedented wealth of data, which will bene t the statistics and
will unveil further insights into rare events and phenomena such as H'! * . The
centre of mass energy will also be increased to 14 TeV.

There are numerous hardware and technology upgrades that together realise the increase
in luminosity. Firstly, new and stronger focusing magnets will be installed near the
interaction points of Atlas and CMS, made from Nb 3Sn. Figure 3.3 shows one example
of such improved magnets. The new magnets provide a stronger eld gradient of up to
140%. The novel sophisticated beam optics near the collision points reduce the beam
spot size, fostering head-on collisions. Moreover, a Helium cryogenic plant is installed
to provide the cooling power needed for the superconducting magnet systems. On top
of that, also the beam instrumentation, monitoring, for example, the new crab cavities
and the advanced focusing magnets, is upgraded to provide precise diagnostics and beam
position monitoring [35, 37].
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Figure 3.4.: Overview of the Atlas experiment ©Cern.

3.2. ATLAS

The Atlas experiment, shown in Figure 3.4, is the largest experiment at the Lhc. The
multi-purpose detector consists of numerous cylindrical layers and endcaps as shown in
Figure 3.5, which in emergent combination allow for high precision reconstruction, track-
ing and energy and momentum resolution.

Figure 3.5.: Cross-section of the Atlas experiment ©Cern.
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3.2. ATLAS

Figure 3.6.: Atlas magnet system and resulting magnetic eld [38, 39].

3.2.1. Magnet System

The heart of the Atlas experiment and the namesake is the magnet system. Atlas
stands for A Toroidal Lhc ApparatuS, which indicates that the large magnet system is
a toroidal magnet. The toroids cover the barrel and endcaps in a magnetic eld of 3.5T
eld strength, which is used to de ect muons.

On top of that, the central part of Atlas features a solenoid magnet system including 4
superconducting solenoids with a magnetic eld strength of up to 2 T. The solenoids yield
a nearly homogenous magnetic eld along the z-axis, so in the beam direction [38, 39].
Figure 3.6 shows the Atlas magnet system and the magnetic eld lines.

In general, magnetic elds are crucial to determine the momentum of charged particles,
since they follow a bent trajectory due to the in uence of the Lorentz force [40].

3.2.2. Inner Detector

The Inner Detector (ID) is the innermost, central part of the Atlas experiment. The ID
environment is characterised by a high track and hit density and intense radiation, de-
manding the ID to be fast in terms of readout and at the same time particularly radiation
hard.

Moreover, the ID has a high spatial resolution, allowing for the exact measurement of ver-
tices and interaction points, which is mandatory for the identi cation and reconstruction

of particles [41]. The ID consists of 3 sub-systems: the Pixel Detector, the SemiConductor
Tracker (SCT) and the Transition Radiation Tracker (TRT) as shown in the schematic
overview in Figure 3.7.
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