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CHAPTER 1

Introduction

The European Organization for Nuclear Research (CERN) operates the Large Hadron Collider (LHC),
the world’s highest-energy particle accelerator, designed to investigate the fundamental constituents of
matter and their interactions. At the LHC, protons are accelerated to near-light speed and collided
at centre-of-mass energies of several TeV, enabling the study of processes at the smallest accessible
length scales. One of the major experiments at the LHC is ATLAS (A Toroidal LHC ApparatuS),
a general-purpose detector designed to explore a broad range of physics topics, including precision
measurements of Standard Model processes and searches for physics beyond the Standard Model [1].

The ATLAS detector is composed of several subsystems arranged in a layered cylindrical geometry
around the interaction point. Closest to the beam line, the Inner Detector is responsible for reconstructing
the trajectories and momenta of charged particles, providing precise vertexing and tracking information
that is essential for nearly all physics analyses. Since the start of LHC operation in 2009, the Inner
Detector has delivered reliable performance under increasingly demanding conditions. However, the
planned upgrade of the LHC to the High-Luminosity LHC (HL-LHC) will significantly increase the
instantaneous luminosity and, consequently, the number of simultaneous proton–proton interactions
per bunch crossing. These conditions impose stringent requirements on detector granularity, radiation
hardness, and data throughput, necessitating a complete replacement of the current Inner Detector
by the all-silicon Inner Tracker (ITk). The ITk is designed to maintain high tracking efficiency and
precision in an environment with up to around 200 overlapping interactions per event, ensuring the
continued physics performance of the ATLAS experiment under HL-LHC conditions [2, 3].

The production and qualification of ITk pixel modules constitute a large-scale international effort, in
which the University of Siegen participates as an assembly, testing and quality assurance site. Within
this framework, electrical characterisation of modules is performed using standardised Full Quality
Control (Full QC) procedures. These measurements are sensitive to subtle effects arising from both
the detector hardware and the experimental setup, requiring careful control of systematic influences.

One focus of this thesis is the investigation of a grounding-related issue observed in the multi-module
testing setup at the University of Siegen. When operating several modules simultaneously on a shared
high-voltage channel, the default grounding configuration was found to be susceptible to the formation
of ground loops, potentially affecting measurement stability. A modification of the grounding scheme
was implemented by electrically separating different ground references at the data adapter card level.
The impact of this modification is evaluated through a comparative analysis of Full QC measurements,
with the aim of verifying that the altered configuration mitigates ground loop effects without degrading
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Chapter 1 Introduction

measurement quality.
The main focus of this thesis is the analysis of noise and threshold behaviour in ITk pixel modules

based on threshold scan data obtained during different stages of the Full QC procedure. Threshold
scans provide pixel-resolved information on discriminator thresholds and electronic noise by measuring
the response of each pixel to injected calibration charges. The study presented here investigates
correlations between noise and threshold values and examines spatial patterns across the front-end
chips, with particular emphasis on edge regions where variations in pixel geometry are expected to
influence the noise characteristics.
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CHAPTER 2

The ATLAS Inner Tracker Upgrade

2.1 Current Inner Detector Layout

The ATLAS Inner Detector (ID) is a key component of the ATLAS experiment at the LHC, responsible
for reconstructing the trajectories and momenta of charged particles emerging from proton–proton
collisions. Since the start of LHC operations in 2009, the ID has operated reliably under increasingly
demanding luminosity conditions [2, 3].

The Inner Detector is designed as a hybrid tracking system composed of three sub-detectors, each
optimised for a specific radial region around the beamline:

1. Pixel Detector – providing the highest granularity and spatial resolution, located closest to the
interaction point. It consists of multiple barrel layers and end-cap disks of silicon pixel sensors
that enable precise vertex reconstruction and efficient identification of secondary decay vertices.

2. Semiconductor Tracker (SCT) – based on silicon micro-strip technology and covering inter-
mediate radii. It provides precise tracking measurements over a larger detector volume and
contributes significantly to momentum resolution.

3. Transition Radiation Tracker (TRT) – a system of gas-filled straw tubes interleaved with
radiator material, offering continuous tracking at the largest radii and providing additional
particle-identification capabilities via transition-radiation detection.

Together, these subsystems form a cylindrical detector shown in Fig. 2.1 inside a 2 T solenoidal
magnetic field, covering a pseudorapidity range of j[ j � 2�5 and ensuring precise tracking over the
entire solid angle relevant for ATLAS physics analyses.

After more than a decade since the beginning of operation, the Inner Detector faces limitations
due to radiation damage and high data rates expected from future LHC luminosity upgrades. With
integrated doses already reaching several 1014 neq/cm2 in the innermost layers, the performance of
silicon sensors and front-end electronics is gradually degrading [5].
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Figure 2.1: Computer generated three-dimensional view of the current ATLAS Inner Detector [4].

2.2 Motivation for the ITk Upgrade

The upcoming High-Luminosity phase of the LHC (HL-LHC) represents the next major step in the
accelerator’s evolution. Following nearly two decades of successful operation, the LHC will be
upgraded in order to significantly increase its instantaneous and integrated luminosity. The HL-LHC
aims to reach an instantaneous luminosity of up to „5–7�5” � 1034 cm�2s�1, corresponding to an
integrated luminosity of approximately 3 ab�1 over its operational lifetime [6, 7].

The motivation for this upgrade lies in the goal of enhancing the physics reach of the ATLAS and
CMS experiments. A higher luminosity directly increases the number of proton–proton interactions,
thereby improving the statistical precision of measurements and enabling rare processes, such as
Higgs boson pair production or potential signatures of new physics beyond the Standard Model, to be
observed with sufficient significance. However, the higher instantaneous luminosity will also result in
much more challenging experimental conditions.

At the HL-LHC, each bunch crossing will produce up to around 200 simultaneous proton–proton
interactions. This extreme particle density places heavy demands on the detector’s spatial resolution,
radiation hardness, and readout speed. The existing ATLAS Inner Detector, designed for an order
of magnitude lower luminosity, would experience excessive occupancy, signal degradation, and data
losses under such conditions [8].

To ensure efficient and precise tracking in this new environment, ATLAS will replace its current
Inner Detector with a completely new all-silicon tracker known as the Inner Tracker (ITk). The ITk
is designed to maintain high tracking efficiency and low fake rates, even in the presence of very
high particle multiplicities. Key design objectives include improved granularity, enhanced radiation
tolerance, and faster, low-noise readout electronics [8].

In addition, the ITk will play a crucial role in enhancing vertexing and flavour-tagging performance,
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both of which are essential for Higgs and heavy-flavour physics at the HL-LHC. The combination
of higher granularity and reduced material budget will ensure superior momentum resolution and
long-term stability throughout the high-radiation conditions expected over the HL-LHC’s projected
ten-year running time.

2.3 Detector Concept and Design Goals

The ITk represents a complete redesign of the ATLAS inner tracking system to meet the demands of
the HL LHC. Building on the experience of the current ID, the ITk adopts an entirely silicon-based
architecture that combines pixel and strip technologies within a unified, lightweight mechanical
structure. The system is optimised to provide precise tracking, excellent vertexing, and robust pattern
recognition even under the high particle densities expected at the HL-LHC [8].

The overall layout of the ITk consists of five concentric barrel layers complemented by a series of
ring-shaped end-cap disks on each side. The pixel detector occupies the innermost region, ensuring
high spatial resolution close to the interaction point, while the outer regions are covered by the silicon
strip detector, which provides larger area coverage with fewer readout channels [8]. Fig. 2.2 depicts
a schematic view of the ITk layout. Together, these two subsystems offer continuous coverage over
a pseudorapidity range of j[ j � 4, significantly extending the tracking acceptance in the forward
direction compared to the current ID.

Figure 2.2: Schematic layout of the ITk for the HL-LHC phase of ATLAS. The horizontal axis corresponds to
the beam line, with the interaction point at zero, and the vertical axis represents the radial distance from the
interaction region up to the inner radius of the barrel cryostat [9].

As with any detector, a central design objective of the ITk is the reduction of the material budget
to minimise multiple scattering and improve momentum resolution. This goal is achieved through
lightweight mechanical supports, carbon-fibre composite structures, and the extensive use of low-mass
electrical and cooling components. The cooling system employs two-phase CO2 circulation, chosen
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for its high e�ciency and radiation tolerance, enabling stable operation at low temperatures while
minimising added mass [8].

To handle the high radiation doses anticipated at the HL-LHC, the ITk sensors and front-end
electronics have been developed with enhanced radiation hardness, capable of withstanding �uences
up to2 � 10 16 neq/cm2 in the innermost pixel layers. The readout architecture features serial powering
and high-bandwidth data transmission to accommodate the increased hit rates while maintaining low
noise and power dissipation [8].

Mechanically, the ITk is designed for long-term stability and modular integration. In the barrel
region, the strip modules are mounted on staves, while the pixel modules are integrated on longerons.
In the end-cap regions, the modules are arranged on ring and inclined-ring structures. These support
structures provide precise alignment, mechanical stability, and e�cient thermal coupling. The overall
mechanical design ensures that the ITk can deliver sustained performance throughout the HL-LHC's
decade-long operation period, maintaining the tracking precision and e�ciency required for the
ATLAS physics programme.

2.4 Implementation and Production Work�ow

The production and integration of the ATLAS Inner Tracker (ITk) modules are organised as a global
e�ort across several collaborating institutions. The work�ow begins with the fabrication of the silicon
sensors, which are then interconnected with readout electronics through bump-bonding. Individual
modules are subsequently assembled and undergo rigorous quality assurance (QA) and quality
control (QC) procedures, including electrical characterisation, noise measurement, and mechanical
inspection [8].

After successful module validation, the components are integrated onto staves and longerons in
the barrel region or onto rings and inclined rings in the end-cap regions. These integrated structures
are again tested in dedicated system tests to verify alignment, thermal stability, and full readout
functionality. The standardised QA/QC protocols ensure that modules produced at di�erent sites meet
identical performance speci�cations, a process referred to as Site Quali�cation [8].

The ITk production is distributed among several quali�ed institutes, including Siegen, each
responsible for de�ned tasks such as module assembly, electrical testing, and stave or ring integration.
The global collaboration ensures e�cient work�ow management, allowing the detector to be produced
in parallel across multiple sites while maintaining uniform quality standards.

A simpli�ed timeline for the ITk project is as follows:

ˆ 2020�2022: Prototyping and design �nalisation

ˆ 2023�2025: Pre-production and site quali�cation

ˆ 2025�2027: Full production and integration

ˆ 2028: Installation during the third long shutdown (LS3) of the LHC

This structured work�ow, combining module-level QA with system-level integration tests, is
designed to guarantee that the ITk will meet the stringent performance requirements under the
challenging HL-LHC conditions.
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2.5 Role of the University of Siegen

The University of Siegen is an active member of the German Pixel Community within the ATLAS
collaboration. Siegen contributes primarily to the assembly, testing, and quality assurance of the ITk
pixel modules [8].

The responsibilities of the Siegen group include module assembly, which encompasses both the
mechanical integration and wire bonding of sensors and readout electronics. In addition, the group
performs electrical testing and full QC procedures, including applied-voltage (IV) and capacitance-
voltage (CV) characterisation, noise measurements and source scans to ensure that each module meets
the stringent performance speci�cations of the ITk.

Siegen carries out full QC measurements according to standardised ITk protocols. The results of
these measurements are uploaded to the central ITk Production Database (PDB), which allows the
collaboration to track the performance and yield of modules produced at di�erent sites.
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CHAPTER 3

Module Architecture

The fundamental building blocks of the ATLAS Inner Tracker (ITk) pixel detector are the 9,164
silicon pixel modules, which convert the passage of charged particles into electrical signals. For the
majority of the ITk pixel detector layers, the design known as the quad module is employed (8,266 quad
modules in total). The discussion of the module architecture is particularly relevant for understanding
spatial variations in pixel response, such as the noise and threshold behaviour analysed in subsequent
chapters [10].

3.1 Overview of Quad Modules

A quad module consists of a single planar silicon sensor tile onto which four identical front-end
(FE) readout ASICs are bump-bonded. Each FE chip, based on the ITkPix design developed for the
HL-LHC upgrade, measures approximately 20 mm� 20 mm and comprises a matrix of 400 columns
and 384 rows of individual pixel cells, resulting in 153,600 readout channels per chip. The four chips
are arranged in a2 � 2 array on the sensor tile, forming an actively instrumented area of roughly
40 mm� 40 mm per module. The planar sensor itself is produced using radiation-hard n-in-p silicon
technology [10].

The FE chips are wire-bonded to a �exible printed circuit (�ex) that provides power, data links, and
control signals, creating a fully functional module ready for electrical testing and integration into the
detector support structures [10].

Fig. 3.1 depicts a quad module with power and data pigtails connected to it.

3.2 Pixel Cell Organisation and Edge E�ects

Within each sensor tile, the individual pixel cells are arranged in a regular grid with a nominal pitch of
50 µmin each of the two in-plane dimensions. This �ne segmentation ensures high spatial resolution
for particle tracking and high hit density operation under the High-Luminosity LHC (HL-LHC)
conditions. The uniform pixel matrix covers the majority of the sensor area under each FE chip, and
this structure is repeated for all four chips on the quad module.

However, a quad module necessarily comprises regions where the active sensor area spans the gap
between adjacent FE chips. To avoid dead zones in the sensitive area and maintain full coverage in what
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Chapter 3 Module Architecture

Figure 3.1: This is an image of the readout side of a quad module as described in Section 3.1 [11].

is referred to as the inter-chip regions, sensor pixels that lie across chip boundaries are fabricated with
slightly modi�ed geometries. This results in two additional e�ective pixel sizes: Larger100 �100 µm2

pixels and elongated100 � 50 µm2 pixels (see Fig. 3.2). The elongated pixels bridge the gap where
two FE chips meet by having, on each side, two sensor pixels in the inter-chip region connected to
the outermost pixel of one FE chip. This leaves the sensor pixel under the outermost FE-chip pixel
unmatched, which is solved by connecting it to the closest FE-chip pixel in the second row of FE-chip
pixels � in addition to the sensor pixel under the second row FE-chip pixel, thus forming a second
row of e�ectively elongated100 � 50 µm2 pixels. This layout, shown in Fig. 3.2, can be repeated
except for the centre of the module, where all four FE chips meet, and therefore the largest inter-chip
region forms. Here, a4 � 4 array of100 � 100 µm2 pixels is utilised, where the four larger sensor
pixels of each quadrant of the4 � 4 array are connected to the respective readout pixels at the corner
of the FE chip.
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Figure 3.2: Interchip region of a quad module showing the di�erent pixel sizes necessary to maintain full
coverage. The typical distance between the chip edges of two FE chips is approximately 90-100 µm [10].

3.3 Implications for Noise and Threshold Measurements

Because the noise performance of a pixel cell depends on its capacitance and coupling to the readout
electronics, the larger sensor area per readout pixel in the inter-chip regions typically results in a
higher noise level compared to standard pixel cells. This e�ect in�uences threshold measurements,
particularly in scans where the threshold is varied and noise is extracted from the S-curve response
of each pixel. In threshold scans, an increased noise contribution broadens the S-curve explained in
Section 4.4, potentially resulting in a systematic shift and a larger spread in the threshold values for
pixels in inter-chip regions. The di�erent pixel sizes inform the interpretation of the observations of
the threshold and noise data investigated in Chapter 6.
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CHAPTER 4

Testing Procedure

This chapter describes the electrical testing procedures applied to ITk pixel modules at the University
of Siegen. It establishes the experimental context for the investigations presented in the following
chapters. Chapter 5 examines a modi�cation of the standard testing setup motivated by observations
made during Full QC measurements, while Chapter 6 analyses data obtained from threshold scans
at di�erent tuning stages. The focus of this chapter is placed on the Full Quality Control (Full QC)
work�ow, with particular emphasis on threshold scans performed at di�erent stages of the tuning
procedure. The basis is an internal document of the ATLAS collaboration on electrical speci�cations
and QC procedures for ITk Pixel modules [12].

4.1 Overview of Electrical Tests Performed at the University of Siegen

The University of Siegen performs electrical quality control measurements on fully assembled pixel
modules. The local testing programme follows the centrally de�ned ITk Pixel electrical QC procedures
and is designed to verify that each module meets the electrical speci�cations required for operation in
the ATLAS detector.

The tests conducted at Siegen include visual inspection, electrical functionality checks, HV
characterisation, calibration measurements, pixel performance tests, and detailed pixel and module
tuning procedures. These measurements are performed using standardised hardware, readout systems,
and analysis tools built on site or partly provided by the collaboration to ensure consistency across all
production and testing sites. The results are uploaded to the central ITk Production Database and
contribute to the overall module grading and acceptance process.

4.2 Experimental Setup

Electrical tests are carried out using a dedicated test stand consisting of low-voltage and high-voltage
power supplies, a power adapter card, a readout adapter card, power and data pigtails, a90Sr radioactive
source and precision multimeters for voltage and current measurements. The module under test is
connected to a data adapter card with a readout via DisplayPort cables and is controlled using the Yet
Another Rapid Readout (YARR) data acquisition framework [13, 14].
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