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Abstrakt
Diese Arbeit untersucht die Durchführbarkeit und Leistungsfähigkeit der Parallelisierung
der elektrischen Qualitätssicherungstests (QS-Tests) von RD53B Modulen, mit besonde-
rem Fokus auf die Tests im Rahmen des YARR-Software-Framework’s. Erste Tests zeigten
vielversprechende Ergebnisse. Anschliessende Arbeiten am Aufbau erweiterten die Kapa-
zität für gleichzeitige Tests von zwei auf vier Module. Die Analyse umfasste verschiedene
elektrische Charakterisierungstests, insbesondere die IV-Messungen, die aufgrund dedi-
zierter Hochspannungsquellen ein erhebliches Parallelisierungspotenzial aufwiesen. Die
übrigen elektrischen QC-Tests hingegen sind, aufgrund der zugrunde liegenden Softwa-
rearchitektur sowie des Einzelinstanz-Betriebsmodells von YARR, lediglich sequentiell
durchführbar. Darüber hinaus wurde eine systematische Bewertung der Parallelisierbar-
keit der auf YARR basierenden Funktionstests durchgeführt, wobei die Ausführungseffizi-
enz verschiedener Scan-Typen betrachtet wurde. Die Ergebnisse zeigten, dass bestimmte
Scan-Routinen wie MHT, TUN und PFA zwar von einer parallelen Ausführung profitieren
können, die erzielten Zeiteinsparungen jedoch nicht ausreichten, um eine vollständige Par-
allelisierung aller Module zu rechtfertigen, da dies einen synchronen Fortschritt in allen
weiteren Prozessphasen vorher und nachher erfordert hätte. Diese Arbeit zeigt, dass zwar
bestimmte Tests effektiv parallelisiert werden können, jedoch grundlegende Änderungen
an der bestehenden Software notwendig wären, um eine vollständige Parallelisierung aller
Tests - insbesondere der elektrischen Charakterisierung - zu ermöglichen.

Stichwörter: Physik, Bachelorarbeit, YARR, ITk, Atlas Experiment, Pixel Detektor

Abstract
This thesis investigates the feasibility and performance of parallelizing the electrical
quality control (QC) tests of RD53B modules, with a focus on the testing within the
YARR software framework. Initial tests demonstrated the potential for parallel execu-
tion, prompting subsequent upgrades that expanded the capacity for simultaneous testing
from two to four modules. The analysis included various electrical characterisation tests,
notably the IV measurements, which indicated a significant degree of parallelisation poten-
tial, owing to dedicated high-voltage power supplies. Conversely, the remaining electrical
QC tests were determined to be inherently sequential in nature, primarily due to the
software architecture and the single-instance operational model of YARR. Furthermore, a
systematic evaluation of the parallelizability of YARR based functionality tests was per-
formed, looking at the execution efficiencies of different scan types. The results revealed
that while the MHT, TUN, and PFA scan routines could benefit from parallel execution,
the overall time savings did not justify running all modules simultaneously, as it required
synchronised progress throughout all testing stages. This work highlights that while cer-
tain tests can be effectively parallelised, major revisions to existing software would be
necessary to enable parallelisation of all tests - specifically the electrical characterisations.
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1. Introduction

The Lhc’s upcoming upgrade to the High-Luminosity (HL-) Lhc will significantly enhance
its capabilities with a planned instantaneous luminosity of 7.5 · 10−34 cm−2 s−1 and a
planned center of mass energy

√
s = 14 TeV [1]. This promises increased statistical

precision and more frequent observation of rare phenomena at even higher energies than
before, possibly opening the door to newly discovered physics. The upgrade however
also poses significant challenges for the experiments and detectors such as Atlas due to
the ever increased data rate and radiation exposure among others. To mitigate this, the
Atlas inner detector is being replaced by an all-silicon Inner Tracker (ITk), designed to
withstand the increased radiation levels and data rates for the upcoming run. The sensor
modules at the heart of the upgrade are crucial to the continued operation of the Atlas
detector which is why they have to be characterised and tested meticulously beforehand
and stringent standards for quality control be set in place as to prevent premature sensor
failures as the hardware can not be replaced during operation [2].

This thesis will focus on precisely these quality control tests at an attempt to automate
these processes in order to adequately process the ≈ 1800 modules assigned to the German
ITk-Pixel cluster for testing [3]. The feasibility and degree of parallelisation of these
quality control tests is to be assessed as part of an overall effort to streamline and optimize
the quality control process for a higher throughput.
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2. The Standard Model of Particle

Physics

The Standard Model of particle physics (hereafter: SM) represents the most compre-

hensive theoretical framework for elucidating the fundamental principles that govern the

universe, and by extension, life itself. This model o�ers a detailed account of the el-

ementary particles that constitute matter and the forces through which they interact,

with the notable exception of gravity among others. The SM is not only a cornerstone of

contemporary physics but also a testament to humanity's enduring quest to comprehend

the deepest workings of nature. The Standard Model categorises particles into two pri-

mary classes: bosons and fermions, distinguished by their intrinsic spin and represented

in Figure 2.1 [4].

2.1. Bosons

Bosons are force-carrying particles characterised by an integer spin (S = 0 or S = 1).

These particles mediate the fundamental forces that govern interactions between matter

particles [4]. The SM encompasses three types of gauge bosons and one scalar boson, each

associated with a speci�c quantum �eld theory:

ˆ Photon ( 
 ) : The mediator of the electromagnetic force, responsible for electro-

magnetic interactions, commonly observed in phenomena such as chemical bonding

and light emission. This force acts between charged particles, with photons being

charge-neutral. It is described by Quantum Electrodynamics (QED).

ˆ W and Z Bosons ( W � , Z ) : Mediators of the weak nuclear force, crucial in

processes such as radioactive decay and matter-antimatter asymmetry. They are

described by Quantum Flavourdynamics (QFD) [6].

ˆ Gluon ( g) : The mediator of the strong nuclear force, binding quarks within pro-

tons and neutrons through a threefold colour charge. It is described by Quantum

3



2. The Standard Model of Particle Physics

Figure 2.1.: Illustration of the known particles comprising the Standard Model. Illustra-
tion from [5].

Chromodynamics (QCD) and explains phenomena such as con�nement, whereby

single quarks cannot be observed independently, necessitating a bound state of at

least two quarks [7�9].

ˆ Higgs Boson ( H ): An excitation in the Higgs �eld. The corresponding Higgs

mechanism, which endows elementary particles with mass through their interaction

with the Higgs �eld ( H ), is a crucial component of the SM, providing masses to the

W and Z bosons as recently discovered by Cms and Atlas [10, 11].

2.2. Fermions

Fermions are matter particles characterised by a half-integer spin (S = 1
2). They include

leptons and quarks, which can be further subdivided into three generations. The SM

comprises six types of quarks, organised into three generations. Each generation consists

4



2.2. Fermions

of an up-type quark with a charge of+ 2
3 and a down-type quark with a charge of� 1

3

[4]. The mass of quarks increases progressively across generations [12]. Bound states of

quarks (hadrons) can be further classi�ed based on the total spin of the bound state, with

baryons having a half-integer spin and mesons having an integer spin.

Similarly, the six leptons are divided into three generations, each comprising a charged

particle and its neutral neutrino counterpart. Charged leptons carry a weak isospin of

� 1
2 , while their neutral counterparts (neutrinos) have a weak isospin of12 . The masses

of charged leptons increase with each generation, whereas neutrinos, once considered

massless, are now understood to possess very small but non-zero masses [12].

The intricate mathematical formalism underlying the description of interaction pro-

cesses involving two or more of the aforementioned particles can be represented visually

using Feynman diagrams. These diagrams serve as a shorthand for calculating the matrix

elements that determine the probability amplitudes of particle interactions. Ultimately,

these theoretical predictions can be implemented in Monte Carlo simulations and com-

pared with experimentally measured cross sections to test the validity of the Standard

Model and similar models.
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3. Detectors

Detectors are at the heart of every high energy particle physics experiment. They are what

physicists see the interesting microcosm of fundamental interactions through. Generally

a detector is used to track and or identify speci�c particles within a collision experiment.

Hereby only being able to detect the collision products, out of which the actual collision

partners can be reconstructed. The sheer variety of particles and observables requires a

set of di�erent detector types with varying goals and measurement paradigms.

3.1. The LHC

Testing the predictions of the SM and peering deeper into the fundamental principles of

the universe than ever before, the Large Hadron Collider (Lhc ) allows for groundbreak-

ing discoveries at energies never seen before. Located at Cern (the European Centre

for Nuclear Research) near Geneva, Switzerland, the Lhc is an approximately 26:7 km

circumference circular particle accelerator colliding beams of protons and heavy ions at a

centre of mass energy up to
p

s = 14 TeV [13, 14]. A multitude of experiments are set up

around these collision points including Atlas , Cms, Lhc b and Alice , the focus of this

project being the Atlas Detector.

3.2. The ATLAS Experiment

The Atlas (A Toroidal L hc ApparatuS) detector is one of the experiments set up at

the Lhc to research elementary particles and their interactions as to further our under-

standing of the universe, such as was the case in July 2012 when it, along with the Cms

collaboration, claimed the discovery of the Higgs boson [10, 11]. It is constructed in a

discrete layered, onion like fashion with di�erent detector shells responsible for identify-

ing di�erent key aspects of the collision products, as illustrated in Figure 4.1 making it

a general purpose detector [15]. The Inner Detector with unique tracking capabilities is

followed by an electromagnetic and a hadronic calorimeter to determine energy scales as

well as a �nal outermost muon detector to measure their respective energies.
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3. Detectors

Figure 3.1.: Schematic cross-section of the ATLAS detector, illustrating its layered struc-
ture and typical penetration depths of di�erent particles. Image by the AT-
LAS Collaboration [16].

Most notable and eponymous are the magnets built into the detector setup. The Atlas

detector utilizes two distinct magnets to alter the path of charged collision products in

order to calculate the respective energies. One being a Solenoid magnet surrounding the

inner detector core reaching �eld strengths of up to2 T causing trajectories of charged

particles to bend in the cross sectional plane, orthogonally to the particle beam [17]. The

outer most magnet being composed of a central barrel toroid and two end cap toroids

provide a �eld strength of up to 3:9 T allowing for measurement of momenta of muons

[17]. The magnet system is illustrated in Figure 3.2.

3.3. The Bethe-Bloch Formula

The Bethe-Bloch Formula (sometimes also referred to as just the Bethe Formula) describes

the mean energy loss per distance travelled of a speci�ed charged particle in the presence of

matter [19, 20]. The formula and its associated functional dependencies are of signi�cant

interest in the �eld of particle physics, as the detectors commonly used in such experiments

rely on the precise measurement of energy loss to identify and characterise particles.

8




	1 Introduction
	2 The Standard Model of Particle Physics
	2.1 Bosons
	2.2 Fermions

	3 Detectors
	3.1 The LHC
	3.2 The ATLAS Experiment
	3.3 The Bethe-Bloch Formula
	3.4 Gaseous detectors
	3.5 Semiconductor detectors
	3.6 Tracking & Vertexing
	3.7 Calorimeters

	4 The ITk Upgrade
	4.1 General Structure
	4.2 ITkPix Quad Modules

	5 Module Quality Control (QC)
	5.1 QC Process Overview
	5.2 Electrical QC Tests & Procedure
	5.2.1 Electrical Characterisation
	5.2.2 YARR Scans


	6 Test Setup
	6.1 Hardware
	6.1.1 Climate Chamber
	6.1.2 Sensors & Labremote
	6.1.3 Database and Grafana
	6.1.4 Interlock Systems
	6.1.5 Mounting Plate

	6.2 Software
	6.2.1 Module QC Tools
	6.2.2 YARR


	7 Feasibility and Performance of Parallelised Module QC
	7.1 Electrical Characterisation
	7.1.1 IV Measurement
	7.1.2 Further Electrical QC Tests

	7.2 YARR-Based Functional Scans
	7.2.1 Initial Tests and Software Verification
	7.2.2 Scan Runtime
	7.2.3 Front-End-Wise Scan Times
	7.2.4 Scan Routines


	8 Discussion
	8.1 Electrical Characterisation
	8.1.1 IV Measurement
	8.1.2 Remaining Electrical Characterisation Tests

	8.2 YARR Scans
	8.2.1 Version Comparison
	8.2.2 Parallelizability


	9 Conclusion
	10 Outlook
	A Scan durations
	B Fit Functions

