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CHAPTER 1

Introduction

The Standard Model (SM) of particle physics is the best available description of the fundamental
particles and forces in the universe [1]. It incorporates the elementary particles that constitute matter
as well as the gauge bosons that mediate the strong, weak, and electromagnetic interactions. To
investigate these particles’ properties, their interactions, and possible theoretical frameworks extending
the SM, experiments require an environment of high-energy particle beams and precise measurement
systems.

For exactly this purpose, the Large Hadron Collider (LHC) was constructed at CERN in a tunnel
with a circumference of 26 7 km originally built for LEP (Large Electron—Positron Collider) [2]. The
LHC currently operates at a centre-of-mass energy of 13 6 TeV for proton—proton collisions during its
third operational phase, also known as Run 3 [3]. In this two-ring superconducting hadron collider,
proton beams are accelerated to near the speed of light and brought into collision at four specific
interaction points.

At one of these four interaction points at the LHC, ATLAS is one of the two general-purpose
detectors designed to probe these high-energy collisions [3][4]. It is the largest particle detector by
volume ever constructed at a particle accelerator, measuring about 44 m in length and 25 m in height,
with a total weight of approximately 7000t. The ATLAS detector uses a cylindrical, onion-shell-like
layout of concentric layers consisting of the inner detector (ID), the calorimeters, and the muon
spectrometer. The discovery of the Higgs boson in 2012 by the ATLAS and CMS experiments marked
a major milestone in particle physics, confirming the Higgs mechanism and completing the particle
content of the SM [5][6].

To further extend the discovery potential in the future and to study even rarer physics processes
beyond the current LHC’s capabilities, the collider will undergo a major upgrade in the years after
finishing Run 3, starting July 2026, to become the new High-Luminosity LHC (HL-LHC) [7]. The
overall LHC/HL-LHC schedule is shown in Figure 1.1. With this upgrade, the instantaneous luminosity
will reach 5-75 10**cm 2s !, delivering an integrated luminosity of 3000 —4000 fb U over a
decade of operation. Challenges introduced by this upgrade are increased pile-up in the detector, with
up to 200 proton—proton collisions per bunch crossing, and increased radiation levels in the innermost
detector regions.

The current ID was not designed for high radiation levels and large data rates expected at the HL-LHC.
It will be replaced with a new all-silicon Inner Tracker (ITk) to maintain tracking performance in the
HL-LHC environment [8]. The ITk system will consist of two primary components, a high-granularity
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pixel detector in the innermost region and a large-area strip detector surrounding it. The pixel detector
will increase the number of layers and significantly extend tracking coverage up to a pseudorapidity of
j[j = 4 0 in comparison with the current ID coverage of j[j =2 5.

Constructing a tracker of this magnitude with over 10000 hybrid pixel modules requires a
geographically distributed production model involving multiple industrial partners and institutes [9].
As one of these specialised production and testing sites, the University of Siegen is actively involved
in the assembly and quality control (QC) of pixel modules. This work ensures that the modules meet
the ATLAS detector requirements for operation at the HL-LHC.

During the electrical testing of both, pre-production and production ATLAS ITk pixel modules,
characteristic inefficiencies referred to as core column (CC) issues have been identified in those
modules [10]. This failure mode, which can cause chips to continuously send faulty data or to stall the
readout system, affects approximately 20 —25 % of ITk pixel modules.

In this thesis, dedicated studies of pixel modules affected by core column issues are presented. The
goal is to develop an optimised workflow to deal with affected modules and thus improve the module
yield during production and electrical testing.
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Figure 1.1: Overview of the LHC schedule, including the current upgrade plan to go from the LHC to the
HL-LHC [11].



CHAPTER 2

The ATLAS ITk pixel detector

2.1 The current ATLAS detector

The ATLAS detector at the LHC is located in its underground experimental cavern at Interaction
Point 1 [3]. The apparatus is a large-volume particle detector, measuring approximately 44 m in length
and 25 m in height with an overall weight of around 7000t [4]. With respect to the interaction point,
the detector is nominally forward—backward symmetric. A right-handed coordinate system can be
defined with its origin at the IP at the centre of the detector [3]. The I-axis is aligned with the beam
pipe, the G-axis points from the IP to the centre of the LHC, and the H-axis points upward. In the
transverse plane, cylindrical coordinates (A, g) are used, where q describes the azimuthal angle around
the l-axis. The polar angle \ is measured from the beam axis, which is typically expressed in terms of

the pseudorapidity, defined as
[= In [tan (%)] 2.1

The spatial arrangement of the detector components is closely linked to the magnetic field configuration
required for particle tracking and momentum measurement.

The ATLAS detector comprises a hybrid system of four large superconducting magnets. These
magnets extend up to 22 m in diameter and 26 m in length [4]. The central solenoid is aligned with
the beam axis and surrounds the ID cavity. It provides a 2 0 T axial magnetic field for momentum
measurement within the tracking volume. The toroid magnets are used to measure muon momenta
within the large volume of the muon spectrometer. They consist of one barrel toroid and two end-cap
toroids. The barrel toroid provides a field of approximately 0 5 T, while the end-cap toroids produce a
field of approximately 1 OT for the outer muon system. This composition of magnets serves as the
framework for the subdetector layers, which are placed in distinct regions between and inside the
magnetic system.

The cylindrical, onion-shell-like layout of the ATLAS detector is shown in Figure 2.1. The ATLAS
detector consists of three concentric subdetectors: the ID, the calorimeter system, and the muon
spectrometer [3]. As the primary tracking device, the ID is designed to reconstruct the trajectories
of all charged particles, measure momenta, and identify vertices. The ID is integrated within a
cylindrical envelope measuring 7 02 m in length and 1 15 m in radius. It covers the pseudorapidity
range j[j 2 5. The innermost system, the pixel detector, performs high-granularity measurements
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for vertex reconstruction. It consists of three barrel layers of pixel modules, each with a pixel size
of 50 “m 400 “m. An additional layer, the Insertable -Layer (IBL), was installed close to the
beam axis between LHC runs 1 and 2. Silicon sensors in the IBL are located at a nominal radius of
33 5mm. The pixel size in the IBL is 50 “m 250 “m. All four layers together result in a total of
92 million pixel readout channels in the ID. The second component of the ID is the semiconductor
tracker surrounding the pixel detector, utilizing silicon microstrip technology to provide typically
eight measurements per track. As the outermost component of the ID, the transition radiation tracker
uses gas-filled straw tubes for continuous tracking and enhanced electron identification. Located
outside the solenoid, the calorimeters are designed to absorb charged and neutral particles. Particles
initiate electromagnetic or hadronic showers in the calorimeters, depositing part of their energy in the
active material. Only this fraction of the total energy is directly measured. The particles’ energies and
positions are then reconstructed from the calibrated detector response. The calorimeter system uses
two different technologies. It utilises liquid Argon (LAr) technology for electromagnetic measurements
covering j[j 3 2. For hadronic calorimetry in the barrel, scintillating tile technology is used, with
coverage j[j 1 7. In the hadronic end-cap calorimeters, LAr technology is also used. The muon
spectrometer (MS) is the outermost detector system and is designed to detect muons exiting the
calorimeters. Their momenta are measured via their deflection in the toroidal magnetic field. The MS
covers the range j[j 2 7.

Under the challenging conditions of run 3, the technical design and arrangement of these subdetectors
allow the ATLAS experiment to maintain excellent physics performance. The LHC currently operates
at a centre-of-mass energy of 13 6 TeV [3]. An instantaneous luminosity of 2 10**em s ! is
sustained with an average of up to 60 proton—proton collisions per bunch crossing. After including
the IBL inside the ID for run 2, a significant improvement in vertex reconstruction was achieved.
While the ATLAS detector continues to perform well, the current peak luminosity of the LHC is
approaching its operational limits. These are primarily set by luminosity-induced heating of the inner
triplet magnets. They focus the beams before they reach the interaction point. The current ID is
affected by cumulative radiation damage to its silicon sensors over its years of operation. It was not
designed to withstand the upcoming radiation levels and data rates of the future HL-LHC. Given these
limitations, the current ID will be replaced by an all-silicon ITk for the HL-LHC era.

44m
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Figure 2.1: Cut-away view of the current ATLAS detector, showing its different components and their scale [4].
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2.2 The ATLAS detector at the HL LHC

The HL LHC is planned to start operation in June 2030 [12]. The project aims for an instantaneous
luminosity of7+5 10%*cm? s [8]. This corresponds to an integrated luminosito00 4000 fb*

over a runtime of approximately 10 years. A further operational challenge is the resulting large pile-up
in the detector. About 200 proton proton interactions are expected per bunch crossing.

The ITk system will consist of a high-granularity pixel detector surrounded by a large-area strip
detector. Figure 2.2 shows a schematic 3D layout of the ITk. The extended tracking coverage up
to a pseudorapidity gfj = 4+0 improves detector performance, particularly in the forward region.
The geometric coverage is illustrated in the techricéllayouts in Figure 2.3(a). The pixel detector
consists of a barrel and end-caps. The barrel comprises ve cylindrical layers, complemented by
end-cap rings. Due to the expected large cumulative radiation damage at small radii, the innermost
two layers are designed to be replaceable during the detector lifetime [13].

The successful operation of the ITk pixel detector depends on approximately 10 000 individual
hybrid pixel modules [9]. These modules constitute the fundamental mechanical and electrical building
blocks of the detector. The production of these hybrid pixel modules is distributed among multiple
industrial partners and research institutes, depending on the production step. At the University of
Siegen, at least 200 quad pixel modules for the Outer Barrel (OB) of the pixel detector will be produced.
The OB comprises the outer three layers of the ve-layer pixel barrel illustrated in Figure 2.3. A
specialised module design and a high-bandwidth readout architecture are essential to handle the large
data rates expected in these layers [13]. The following section details the general structure of these
pixel modules and the specialised logic governing their readout.

Figure 2.2: A schematic 3D longitudinal view of the ITk system, illustrating the nested barrel and end-cap
structures for both the pixel (green) and strip (blue) subdetectors [14].
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@ (b)

Figure 2.3: TechnicaA | layouts of the ITk detector, illustrating the extended tracking coverage jliptat«0.
(a) Schematic view of one quadrant, showing the active elements of the pixel and strip subdetectors. (b) Detailed
view of the pixel detector quadrant, highlighting the ve-layer barrel layout [14].

2.3 Pixel modules for the ITk detector

2.3.1 General structure

The hybrid pixel module serves as the fundamental mechanical and electrical tracking unit in the 1Tk
pixel detector. It consists of a high-resistivity silicon sensor and several front-end (FE) chips [9].
Production focuses on two primary types: triplet modules ( chips) for the innermost layer and

qguad modulesZ 2 chips) for the remaining layers [15]. Quad modules, which utilise a single planar

4 4cm? sensor tile, constitute approximately 95% of the modules. The University of Siegen is
responsible for the assembly and testing of at least 200 quad pixel modules for the OB. To connect the
sensor to the FE chips, the ip-chip bump-bonding technique is used. It connects the two components
using AgSn solder bumps, which establish an electrical connection for each individual pixel cell. The
combination of the sensor and FE chips is referred to as a bare module (BM). As a production site for
the assembly and QC of pixel modules, the University of Siegen receives the BM and a exible printed
circuit board (PCB) as separate components. The exible PCB is glued to the sensor's backside and
wire-bonded to the FE chips. It provides the interface for power, including both low-voltage and
high-voltage supplies, as well as clock and data signals. Passive components, such as decoupling
capacitors and a negative temperature coe cient (NTC) thermistor, are populated on the exible
PCB. After module assembly and initial electrical testing, the modules are coated with a thin layer of
parylene to ensure electrical isolation and environmental protection. A schematic of this vertically
stacked layout and a photograph of a pixel module assembled in Siegen are shown in Figure 2.4. While
this physical assembly establishes the mechanical and electrical integrity of the module, the functional
performance is driven by the response of the silicon sensor to traversing charged particles.

The detection process begins when charged particles traverse the high-resistivity silicon bulk and
lose energy through inelastic collisions with electrons. The speci ¢ energy ©38G ) through
ionisation of these particles is described by the Bethe Bloch formula as a function of the particle's
velocity and charge and of the material properties of silicon [16]. This energy transfer results in the
creation of electron hole pairs along the particle's trajectory through the silicon sensor. In silicon,
the average energy required to produce a single electron hole pair is approxir@séelg\/ A
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