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Kurzzusammenfassung

Ab dem kommenden Datennahmezeitraum wird die innerste Endkappe des Muon Spektrometers
des ATLAS Experiments durch das “neue kleine Rad” (New Small Wheel, NSW) ersetzt. Im NSW
werden die beiden Technologien Micro-Mesh Gaseous Detectors (Micromegas) und small-strip
Thin Gap Chambers zum Einsatz kommen, um sowohl die Selektion von physikalisch interessan-
ten Ereignissen als auch die Rekonstruktion der Teilchenspuren zu verbessern. Dies ist notwendig,
da im Rahmen des Ausbaus des LHCs zum High-Luminosity LHC stark erhohte Teilchenraten er-
wartetet werden. Der Fokus dieser Dissertation liegt auf der Rekonstruktion von zu erwartenden
geneigten Teilchenspuren mit den Micromegas Detektoren im NSW. Der erste von zwei Teilen
dieser Arbeit beschéftigt sich mit der Charakterisierung der Rekonstruktionsleistung eines der er-
sten Micromegas Module aus der Serienproduktion in einer dedizierten Teststrahl Kampagne. Fiir
die Rekonstruktion von geneigten Teilchenspuren wurden zwei Methoden untersucht: die micro
Time Projection Chamber (¢TPC) und die Cluster Time Projection (CTP) Methode. Wahrend
das temporéar hohe Hintergrundrauschen im verwendeten experimentellen Aufbau einen negativen
Einfluss auf die Ergebnisse der yTPC Methode, insbesondere auf die Rekonstruktionseffizienz,
hatte, konnte mit der CTP Methode eine Prazision von 212 ym bei einer Rekonstruktionseffizienz
von 90 % und mehr erreicht werden. Im zweiten Teil dieser Arbeit wurde die Simulationsoftware
der Micromegas Detektoren innerhalb des ATLAS Software Frameworks erheblich verbessert, und
mehrere Parameter der Detektorsimulation wurden optimiert, um die Signale der echten Detek-
toren bestmoglich nachzubilden. Des Weiteren wurden verschiedene Rekonstruktionsmethoden fiir
geneigte Teilchenbahnen in die Software integriert. Deren Leistung und Genauigkeit wurde fiir
verschiedene Detektorkonfigurationen, basierend auf simulierten Detektordaten, untersucht. Auch
in diesen Studien stellte sich die CTP Methode als die beste heraus. Daher wird sie in Zukunft
fiir die prazise Rekonstruktion von Myon-Spuren eingesetzt werden, welche einen entscheidenden
Anteil am &ufserst erfolgreichen Physikprogramm der ATLAS Kollaboration haben.
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Abstract

For the upcoming data taking period, the innermost end-caps of the ATLAS Muon Spectrometer
will be upgraded with the New Small Wheels (NSWs), deploying Micro-Mesh Gaseous Detectors
(Micromegas) and small-strip Thin Gap Chambers for improved tracking and trigger capabilities
at increased collision rates introduced by the High-Luminosity LHC upgrade. This dissertation
focuses on the reconstruction of inclined tracks with the Micromegas detectors, as they will be
present in the NSW. The first of two parts of the thesis covers a dedicated test beam campaign,
where the position reconstruction performance of one of the first Micromegas modules from the
series production was investigated. Focus was laid on the reconstruction of clusters from inclined
tracks, employing two different reconstrution algorithms, the micro Time Projection Chamber
(uTPC) and the Cluster Time Projection (CTP) methods. While the performace of the uTPC
method, especially in terms of the reconstruction efficiency, suffered from the exceptionally high
noise levels observed temporarily in the test beam, the CTP method was able to reconstruct
clusters with a precision of 212 ym at efficiencies of 90 % and above. In the second part of this
thesis, the simulation of the Micromegas detectors inside the ATLAS offline software, athena,
has been significantly improved and several parameters have been optimized in order to better
mimic the response of the actual detector. Furthermore the reconstruction algorithms for inclined
tracks have been integrated into athena, and their performance was studied for different physics
scenarios obtained from the detector simulation. The CTP method showed the most promising
results and will therefore be used for the precise reconstruction of muon tracks in ATLAS, which
is of key importance for the physics program of the collaboration.
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Contributions by the Author

This thesis work was carried out within the ATLAS New Small Wheel (NSW) collaboration.
Contributions were made in, amongst others, two major fields of the project, which are discussed
in the following:

The author participated in two test beam campaigns. A short first one took place in April 2018
and was targeted at the validation of the final readout chip deployed in the NSW, the VMM3a,
mounted on a small Micromegas prototype detector. The second test beam, the results of which
are reported in this document, took place in summer 2018 and lasted over five weeks. In both
test beam campaigns, the author took a leading role in both the operation of the detectors during
data taking and the subsequent data analyis. In the analysis, especially for inclined tracks, the
author was one of two main analysers, and all results presented in part II, other than figure 8.2,
were exclusively produced by him based on an almost entirely self-written analysis software. The
results were presented in various ATLAS internal meetings and as a poster at the Micro-Pattern-
Gaseous Detector Conference 2019 (MPGD19) in La Rochelle, France, which was followed up by a
proceeding [1|. Furthermore several public plots summarizing the test beam results were created
and can be found on the public results page of the NSW [2].

Also the contributions to the ATLAS offline software, athena, described in part III of this thesis
were made almost exclusively by the author, including the different improvements to the event
digitization and the development of the constrained ' TPC method, as well as the adaptations of
the other cluster reconstruction methods for the use in athena. The production and analysis of all
samples of simulated events needed for the studies presented in this document were also done by
the author, while making significant contributions to dedicated analysis tools developed in collab-
oration with the NSW software working group. The author conceptually developed the correction
of the magnetic field and the calibration of the raw data, leaving the technical implementation
to other members of the collaboration. The results from the cosmic ray test stand used for the
comparison of the digitization output to data were provided by the corresponding working group,
in which the author contributed to the not-yet-finished analysis of the time resolution. For the
simulation itself, a set of public plots regarding the results of the optimization of the digitization
and the performance of the reconstruction methods was prepared as part of this thesis and is
published in [2].

vii






Contents

1.

Introduction

Theoretical and Experimental Foundations

Muon Physics
The Standard Model of Particle Physics . . . . . .. .. ... ... ... ... ...
Content of the Standard Model . . . . . . .. .. ... ... ... ... ...
2.1.2. Phenomena Not Described by the Standard Model . . . . . .. .. ... ..

2.1.

2.2.

Muon Detection with Gaseous Detectors

2.1.1.

The Muon

3.1. Interaction of Charged Particles with Matter . . . . .. .. .. ... .. ... ...
3.2. Motion of Charged Particles in Electromagnetic Fields . . . . ... ... ... ...
3.2.1. Drift Velocity . . . . . . . .
3.2.2. Diffusion. . . . . ..
3.3. Charge Avalanche . . . . . . . . . . ..
3.3.1. Townsend Coefficient . . . . . . . . . . . . .. ...
3.3.2. Raether Limit . . . . . . . . . . ...
3.3.3. Gain Fluctuations . . . . . . . . . . ...
3.3.4. Operation Regions of Gaseous Detectors . . . . . . . . ... ... ... ...

The Large Hadron Collider and the ATLAS Detector

4.1.
4.2.

The Large Hadron Collider
The ATLAS Detector

4.2.1.
4.2.2.
4.2.3.
4.2.4.
4.2.5.
4.2.6.
4.2.7.

Coordinate System . . . . . .
Inner Tracking Detector . . .
Calorimeters . . . . ... ..
Muon Spectrometer . . . . .
Magnets . . . . ... ... ..
Data Acquisition System . . .

The ATLAS Offline Software

11
11
13
13
14
15
15
16
17
17

19
19
22
23
23
24
25
27
27
28

1X



Contents

Upgrade of ATLAS: The New Small Wheel

5.1. Physics Motivation for the New Small Wheel . . . . . . .. ... ... ... ....
5.1.1. Trigger Motivation . . . . . . . . . . .. ..
5.1.2. Tracking Motivation . . . . . . . . .. ..

5.2. Detector Technologies of the NSW . . . . . . . . ... ... ... ... ... ....
5.2.1. small-strip Thin Gap Chambers . . . . . . .. .. .. ... ... ... ....
5.2.2. Micromegas Detectors . . . . . . . . . . L

5.3. Mechanical Structure of the NSW . . . . . . . .. .. ...

5.4. Local Coordinate System of the NSW in Athena . . . . ... ... ... ... ....

Micromegas Detectors

6.1. Setup of Micromegas Detectors . . . . . . . . . . . . .. ... ...

6.2. Operating Gas . . . . . . . ... e
6.2.1. Drift properties . . . . . . . .
6.2.2. Amplification Properties . . . . . . . . .. ...

6.3. Position Reconstruction with Micromegas Detectors . . . . . . . ... . ... ...
6.3.1. Centroid Method . . . . . . . . .. ..
6.3.2. Cluster Time Projection Method . . . . . ... ... ... ... ... ....
6.3.3. Micro Time Projection Chamber Method . . . . . .. ... ... ... ...
6.3.4. pTPC with a Constrained Angle . . . . . ... ... ... ... .......

Micromegas Performance in the Test Beam

Setup and Calibration

7.1. Mechanical Setup . . . . . . . . . e
7.1.1. The H8 Beamline . . . . . . . . . . . . . . . . e
7.1.2. SM2 Chamber under Test . . . . . . . . . . ... ... ... ... ......

7.2. Readout Electronics . . . . . . . . . . . .

7.3. Calibration of the VMM . . . . . . . . . . ...
7.3.1. Time Measurements with the VMM . . . . . . ... .. ... ... .....
7.3.2. Time Calibration of the VMM . . . . . . . .. ... .. ... ... .....
7.3.3. Noise Levels and Thresholds of the Test Beam Setup . . . . . . ... .. ..

Reconstruction Performance

8.1. Definition of Reconstruction Quantities . . . . . . . . ... ... ...
8.1.1. Event Selection and External Tracking . . . . . ... ... ... ... ....
8.1.2. Resolution . . . . . . . . . . e
8.1.3. Efficiency . . . . . . .

8.2. Performance for Perpendicular Tracks . . . . . .. ... ... ... ... ......

31
31
32
34
34
34
36
38
38

41
41
43
43
43
43
45
46
47
49

53

55
95
95
o7
o7
99
60
61
65




Contents

8.3. The yTPC Method for Inclined Tracks . . . . . .. ... ... . ... ...

8.3.1. Selection Criteria and Corrections Applied in the pTPC Analysis

8.3.2. Typical Quantities of yTPC Clusters . . . . . .. .. .. ... ...
8.3.3. Measurement of Charge Sharing . . . .. .. ... .........
8.3.4. Performance of the yTPC Method . . . . . . ... ... ... ...
8.4. The Cluster Time Projection Method for Inclined Tracks . . . . . . . . ..

9. Summary for the Test Beam Studies

I1l. The Micromegas Detectors within the ATLAS Offline Software

10. Micromegas Digitization

10.1. Introduction to the Micromegas Digitization . . . . . . . . . .. .. ... ... ...
10.1.1. Simulation of the Detector Physics . . . . . . .. ... .. ... ... ....
10.1.2. Simulation of the Electronics Response . . . . . . . . ... ... ... ....

10.2. Improvement of the Micromegas Digitization . . . . . . .. ... ... ... ....
10.2.1. Implementation of the VMM Shaper . . . . . . .. ... ... ... .....
10.2.2. Strip-Length-Dependent Threshold . . . . . . .. .. ... ... ... ....
10.2.3. Charge Sharing between the Strips . . . . . . . . .. ... ... ... ....
10.2.4. Improvement of the Technical Performance . . . . .. ... ... ... ...

98

10.3. Optimization of the Micromegas Digitization Towards a Realistic Detector Response 99

10.3.1. The Micromegas Cosmic Ray Test Stand . . . . . . . .. .. ... ... ...
10.3.2. General Setup of the Simulation . . . . . .. ... ... ... ... .....
10.3.3. Default Parameter Settings of the Micromegas Digitization . . . . . . . ..
10.3.4. Optimization of the Gas Gain . . . . . . . . . . . ... ... . ... .....
10.3.5. Dependence of the Cluster Width on Digitization Parameters. . . . . . . . .
10.3.6. Dependence of the Drift Time Distribution on Digitization Parameters . . .
10.3.7. Dependence of the Time Resolution on Digitization Parameters . . . . . . .
10.3.8. Modeling the High Voltage Map with the Digitization . . . . . ... . ...
10.3.9. Verification of Charge Sharing . . . . . . . . ... ... ... .. .. .....
10.4. Summary of the Work on the Digitization . . . . . . ... ... ... ... .....

11.Reconstruction with the Micromegas Detectors

11.1. Calibration of the Raw Data . . . . . . . . ... .. ... ... ... ... ...
11.2. Technical Implementation of the Clusterization Algorithms. . . . . . . . .. .. ..
11.2.1. Centroid and Cluster Time Projection Methods . . . . . . . ... ... ...
11.2.2. uTPC Method . . . . . . . . . o
11.2.3. Constrained pTPC . . . . . . .. ..
11.2.4. Outlook: Preclustering and Combination of the Different Methods . . . . .

100

117
117
118
119
119
121
121

X1



Contents

11.3. Performance of the Single-Layer Position Reconstruction . . . . . . . ... ... .. 122
11.3.1. Definition of Resolution and Efficiency . . . . . . . ... .. ... ... ... 123
11.3.2. Performance of the Centroid and the yTPC Methods for the Default Digi-

tization Settings . . . . . . . .. 124

11.3.3. Performance Depending on Charge Sharing and the VMM Settings . . . . . 126

11.3.4. Performance with Time Smearing . . . . . . . . . . ... ... ... .. ... 131

11.4. Correction of Magnetic Field Effects on the Cluster Position . . . . . . . .. .. .. 133
11.5. Summary of the Work on the Reconstruction . . . . . ... ... ... ... .... 136
12.Summary for the Software Part 139
13. Conclusion 141
IV. Additional Material 145
A. Additional Material for the Software Part 147
A.1. Parameters of the VMM Shaper Response Function . . . . . . ... ... ... ... 147
A.2. Centroid Reconstruction Performance with Charge Sharing . . . . ... ... ... 148
A.3. uTPC Reconstruction Performance with Charge Sharing . . . . . . ... ... ... 149
Bibliography Vi
List of Figures XI
List of Tables X
Acknowledgements XVI
Declaration XVl

xii



Glossary

ADC analog-to-digital converter

ASIC application-specific integrated circuit
BCID Bunch Crossing 1D

CERN European Organization for Nuclear Research
CKBC Bunch Crossing Clock

CMS Compact Muon Solenoid

CS charge sharing

CTF clock and trigger generation and fanout
CTP Cluster Time Projection

DUT device under test

ENC equivalent noise charge

FPGA field-programmable gate array
HL-LHC High-Luminosity LHC

HT Hough transform

HV high voltage

ID Inner Tracking Detector

IP interaction point

LHC Large Hadron Collider

LHCb Large Hadron Collider beauty

LS2 Long Shutdown 2

xiii



Glossary

MIP minimum ionizing particle
Micromegas Micro-Mesh Gaseous Detector
MS Muon Spectrometer

NL neighbor logic

NSW New Small Wheel

PCB printed circuit board

SM Standard Model

SPS Super Proton Synchrotron
sTGC small-strip Thin Gap Chamber
SW Small Wheel

TAC time-to-amplitude converter

#TPC micro Time Projection Chamber

Xiv



1. Introduction

The progress of humanity has always been driven by the curiosity to explore the phenomena
observed in nature, leading to a better understanding of its fundamental principles and underlying
structures. In modern particle physics, the underlying structure of all forms of matter discovered
so far and the interactions among them is explained by the Standard Model (SM). In the past
century the SM was tested in a variety of experiments, many of them located at particle colliders.
The success of those experiments is outstanding and lead to the discovery of all elementary
particles predicted in the current formulation of the SM, the most recent one being the Higgs boson
discovered in the year 2012 by the ATLAS and CMS experiments [3,4]. These two experiments
are analyzing the proton-proton collisions happening in the Large Hadron Collider (LHC) at the
European Organization for Nuclear Research (CERN).

The success of collider experiments was and will always be driven by pushing the accelerator
equipment to the technological limit and beyond. Achieving higher and higher magnetic fields
strengths, e.g. by inventing superconducting magnets, allows for higher beam energies while other
innovations assist the increase of luminosity in the colliders. In order to keep up with the improving
particle accelerators, many groundbreaking developments are also present in the field of particle
detection. While historically information about particle tracks was reconstructed by analyzing
photographs of particles passing through so-called bubble chambers, today’s state-of-the-art de-
tectors are read out fully automatically with an ever-improving precision and rate, withstanding
more and more extreme environments due to, e.g., the high rate of ionizing radiation or increased
magnetic fields inside experiments.

Although the discovery of the Higgs boson filled the last vacant position in the SM, many ob-
servations, which cannot be explained by it yet, impose the need to conduct further, even more
detailed measurements of the SM. In order to achieve an increased sensitivity, the LHC is un-
dergoing several successive upgrades mostly targeting a higher luminosity. The final stage of the
upgrades leading to the High-Luminosity LHC (HL-LHC), are scheduled for the year 2027. In
the light of the forthcoming HL-LHC also the experiments located at the interaction points of the
LHC, need to undergo continuous improvement. One such upgrade already being installed for the
upcoming data taking period starting early 2022, is the replacement of the innermost end-cap of
the ATLAS Muon Spectrometer by the New Small Wheel (NSW). Micro-Mesh Gaseous detectors
(Micromegas) and small-strip Thin Gap Chambers are deployed in the NSW in order to maintain
an excellent muon track resolution at the increased particle rates expected from the HL-LHC, and
also to improve the ability to select scientifically relevant collisions with high momentum muons
in the final state in real time.




1. Introduction

This dissertation is dedicated to the characterization of the tracking performance of the Mi-
cromegas detectors employed in the NSW, especially for the case of inclined tracks. The thesis is
divided into three parts. Part I serves as an introduction and also contains a description of the
methodologies deployed later. Chapter 2 gives a short overview of the SM with a focus on the
muon. Then the theory of gaseous detectors, which are widely used in the detection of muons,
is briefly described, followed by an overview of the LHC and the ATLAS experiment. Chapter 5
then introduces the NSW. First the motivation for replacing the current Small Wheel is given,
followed by a short discussion of the deployed detector technologies and the overall mechanical
structure. Chapter 6 discusses Micromegas detectors in more detail. Then the working principles
of several algorithms to reconstruct the position of strip clusters created by the ionizations of a
charged particle track in the Micromegas gas volume are described. Special focus is put on the
case of inclined particle tracks, where the drift time information, obtained for each Micromegas
strip, needs to be exploited in order to guarantee a precise position reconstruction.

In part II, the study of the performance of one of the first Micromegas chambers from the series
production is presented. The investigations had two major goals: the validation that the VMM
front-end chip works well on a full-size Micromegas chamber and the characterization of the mod-
ule for inclined particle tracks. Chapter 7 first introduces the overall test beam setup and the
readout system, including the VMM front-end chip and its calibration which was carried out in
the scope of this thesis. The results of the performance studies are discussed in chapter 8, while
chapter 9 summarizes the test beam studies.

Part III describes the contributions that were made to the ATLAS software in connection to
the integration of the Micromegas detectors. Chapter 10 focuses on the improvements developed
for the simulation of the detector and the electronics response of the Micromegas, referred to as
digitization. In the second half of that chapter, studies are presented which compare quantities
of strip clusters, between simulated events and data obtained with the final detectors. Those
comparisons aim at optimizing the physics configuration of the Micromegas digitization in order
to get a simulated response corresponding to the real detector as close as possible. Other than the
simulation of events, the ATLAS software is also used to reconstruct the properties of final state
particles emerging from the proton-proton collisions. Major contributions have been made to the
Micromegas part of the reconstruction software. They are described in chapter 11 and include
the technical implementation and optimization of the cluster reconstruction algorithms, studies
of their performance, and finally the procedure to calibrate the cluster positions as a function of
the magnetic field. Chapter 12 provides a summary of the software part.

Chapter 13 recapitulates the entire thesis and puts the results in context with the requirements
on the detector performance as imposed by both the HL-LHC scenario and the ATLAS physics
program.




Part |I.

Theoretical and Experimental
Foundations

In this part a brief introduction is given to the theoretical and experimental framework this thesis
is embedded in. First, the Standard Model of particle physics is introduced in chapter 2, high-
lighting the importance of muon detection in modern-day particle physics experiments, which is
what this thesis is centered around. In chapter 3, the theoretical concepts of gaseous detectors,
widely deployed in muon reconstruction, are discussed. Since this dissertation was carried out
in the context of the New Small Wheel upgrade of the ATLAS detector, the experiment itself is
introduced in chapter 4, with a particular focus on the Muon Spectrometer and the event simula-
tion and reconstruction software. The discussion of ATLAS is preceeded by a short description of
the LHC and its upgrades. Chapter 5 is dedicated to the New Small Wheel upgrade of the Muon
Spectrometer of ATLAS, including its motivation, a description of the detector technologies de-
ployed, and an overview of its mechanical structure. Finally chapter 6 describes the Micromegas
detector technology in detail. The second part of that chapter discusses different reconstruction
algorithms used to reconstruct strip clusters in Micromegas detectors, especially focusing on drift
time based methods which are critical in order to precisely reconstruct inclined particle tracks.
The study of the performance of those methods is the main focus of this thesis.







2. Muon Physics

This dissertation is dedicated to the study of the detection and reconstruction of muons which are
elementary particles belonging to the category of leptons. All observable particles are described
by the Standard Model (SM) which serves as the theoretical backbone for modern particle physics
research and is introduced in this chapter. Furthermore the second part of this chapter discusses
the properties of the muon and its special role within the SM, making it an ideal tool for high
energy experiments.

2.1. The Standard Model of Particle Physics

The SM of particle physics, e.g. see [5], is a renormalizable [6] quantum field theory with underlying
gauge groups SU(3)cxSU(2),xU(1)y that describes all known elementary particles and all known
fundamental forces except gravity. In this section, a short overview of the elementary particles
included in the SM is presented, followed by a discussion of observed phenomena that cannot be
explained within the framework of the SM.

2.1.1. Content of the Standard Model

Figure 2.1 shows the elementary particles contained in the SM, which come in two main groups.
The first class of particles, called fermions, are characterized by having half-integer spin, while
particles belonging to the second class, referred to as bosons, have an integer number as spin. The
role of the elementary bosons inside the SM is to mediate the interactions between all particles,
while all matter discovered so far is made out of fermions, lending them the name matter particles.
The three fundamental interactions, also referred to as forces, that are explained by the SM are
the electromagnetic, the weak, and the strong force. The strong (electromagnetic) interaction is
described by the theory of quantum chromodynamics (QCD) (quantum electrodynamics (QED))
based on the SU(3) (U(1)) symmetry group, while the understanding of the weak force follows
the SU(2) symmetry in the framework of quantum flavor dynamics (QFD). While the strong
interaction couples to so-called color charge, the electromagnetic (weak) force couples to electric
charge (weak hypercharge). The strength of the different interactions corresponds to the different
coupling constants and varies by multiple orders of magnitudes. The coupling strength of the weak
(electromagnetic) interaction is of the order 103 (10?) times smaller compared to that of the strong
force [8], taking into account the properties of the mediator particles. It needs to be noted that
Glashow, Salam and Weinberg were able to unify the description of the electromagnetic and the
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Figure 2.1.: Fundamental particles of the standard model. Modified from [7].

weak force into one common gauge theory with the underlying symmetry SU(2);,xU(1)y [9-11],
referred to as the electroweak force.

There are 12 so far discovered, elementary fermions contained in the SM which can be split into two
groups: quarks and leptons. So-called up-type quarks carry an electrical charge of +1/3e, where
e stands for the elementary charge, as opposed to down-type quarks whose electrical charge is
—2/3e. Both types of quarks come in three so-called generations, where the first (third) generation
of quarks has the lowest (highest) mass. The six instances of quarks are called flavor, and changes
between the different flavors are mediated by the weak charged force exclusively. All flavors of
quarks carry color charge and, hence, are subject to the strong interaction. Also the leptons
come in three generations. There are three flavors of leptons that carry an electric charge of
—1le, namely the electron e, the muon g, and the tau lepton 7. The other three lepton flavors,
called neutrinos, are electrically neutral and according to the current formulation of the SM do
not have mass. The latter stands in contradiction to observations which will be discussed in
the next section. All types of leptons carry a weak hypercharge but no color charge, therefore
neutrinos only interact via the weak force while the remaining lepton flavors are also subject to
the electromagnetic interaction.

As discussed above, three of the four fundamental interactions can be described by quantum
field theories, where the excitation for these fields are known and referred to as the mediators of
the corresponding interaction. Since all of them are spin-1 particles, they are also called vector
bosons. For QED, the mediator particle is the photon. It is massless and carries no electric charge,
therefore it does not couple to itself, and the coupling strength of the electromagnetic interaction
decreases with 1/72. In QCD, the interactions are mediated by gluons. They are massless and
also do not carry electrical charge but unlike all other vector bosons, gluons do not only couple
to particles with color charge but carry color charge themselves, resulting in self-interactions. In




2.1. The Standard Model of Particle Physics

contrast to QED, the interaction strength in QCD does not decline with the distance, but increases
with 7. This has two consequences: the first one is called confinement. It describes the fact that at
low energies, corresponding to large distances, quarks cannot be observed on their own but only in
composite states referred to as hadrons. There are two categories of hadrons, mesons and baryons,
defined by a baryon number of 0 and 1 respectively, where (anti-)quarks have a baryon number
of +1/3 (—1/3) respectively. One prominent example for a baryon is the proton, a composite state
of two up and one down quark. The second consequence of the interaction strength increasing
with distance is the effect of asymptotic freedom. At large energies, equivalent to small distances
between quarks, the coupling strength of the strong force gets small and quasi-free quarks can be
observed. This allows the investigation of the substructure of hadrons and is therefore the basis
of many modern-day high energy physics experiments by relying on deep inelastic scattering of
hadrons. The first experiments based on deep inelastic scattering were conducted at SLAC in the
late 1960s [12,13].

The situation is different for the weak interaction whose three exchange particles, the W+ and
the Z bosons, do not only carry the weak hypercharge, but in case of the W*, also electrical
charge. Additionally, they are also very massive compared to the proton where the mass of the W
bosons is 80.4 GeV while the Z boson weighs 91.2 GeV [14]. When understood as excitations of an
underlying locally gauge-invariant quantum field based on the SU(2) symmetry group, one would
have expected the three aforementioned bosons to be massless. Since this is in clear contradiction
to the experimental results, the common theory of the electroweak force needs to be amended. In
an intuitive understanding, this was done by imposing the breaking of the SU(2)xU(1) symmetry
via random interactions of the electroweak fields with a yet unknown scalar field, a process called
spontaneous symmetry breaking. The process of spontaneous symmetry breaking itself was first
proposed by Yoichiro Nambu [15] in 1960, based on his work on superconductors. Two years later
three independent research groups almost simultaneously published an exact formulation of the
mechanism explaining how the spontaneous symmetry breaking introduces masses in the SM [16—
18]. Tt is called the Englert—Brout—Higgs—Guralnik—Hagen—Kibble (BEH) mechanism named after
the authors. The mechanism requires the presence of a new scalar field with a massive excitation,
which has been discovered by the ATLAS and Compact Muon Solenoid (CMS) collaborations in
2012 [3,4]. The boson corresponding to the excitation of the new field is called the Higgs boson
(H) and according to the latest measurements it has a mass of (125.25 £0.17) GeV [14]. The
BEH mechanism does not only explain the masses of the heavy vector bosons but also allows
fermions to obtain mass via the so-called Yukawa coupling to the Higgs field.

2.1.2. Phenomena Not Described by the Standard Model

The SM is one of the most tested theories of modern science. It is able to describe the known
matter extremely well, but some empirical observations remain unexplained by the theory in its
current form. Three of the most prominent of these are briefly discussed in the following.
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Neutrino Masses: The mathematical formulation of the SM is based on the assumption that
neutrinos are massless, but in multiple experiments the so-called neutrino oscillations were ob-
served [19]. The term refers to the effect that neutrinos periodically change their flavor, e.g. an
electron neutrino becomes a muon neutrino, as a function of time, oscillating between all three
generations of leptons. This is only possible if the neutrinos have mass. Measurements of the
absolute neutrino mass are ongoing and an upper limit of 0.8eV could be determined [20]. Due
to these almost negligible masses the predictions of the SM are still accurate within the precision
of current experimental measurements. Several proposed extension of the SM are available aim-
ing at an explanation of the neutrino masses, many of them are based on the so-called seesaw
mechanism.

Cosmological Phenomena: The observed velocity of constituents of galaxies, e.g. stars, as a
function of the distance to the galactic center does not match with the theoretical expectation.
Since most of the visible matter is located close to the center of the galaxy, one should presume
a decline of the rotation velocity with increasing radius. But it was observed that the velocity
is actually constant or even increases at larger radii [21]. This indicates that there must be
some form of heavy matter that barely interacts with the known particles, the so-called dark
matter. Another hint for the existence of dark matter is that, e.g., gravitational lensing cannot
be explained because the visible matter is not sufficient to bend the light and create the patterns
that are observed. Cosmological measurements suggest that the visible matter, explained by the
SM, only makes up about 5% of the total matter and energy content of the Universe, while the

rest is accounted for by dark matter and another concept called dark energy.

Unification of Forces and Gravity: The SM contains the description of three of the four fun-
damental forces: the electromagnetic, the weak, and the strong force. The fourth yet missing
interaction is gravitation. As discussed above, it was already possible to unify the electromag-
netic and the weak forces into the common electroweak interaction, meaning that their coupling
strengths become equal at higher energies. However a unification of all four forces and thus a
consistent formulation including a quantum theory of gravity was not yet successful.

In order to explain these shortcomings of the SM a variety of theories beyond the SM were
developed, most of which include the introduction of new and heavy particles. A lot of effort has
been made in the past years in order to search for and hopefully find any signs of new physics phe-
nomena by many experiments scanning a large energy range. Furthermore the various parameters
of the SM are re-measured with an ever improving precision in order to detect any inconsistencies
that may indicate the existence of new particles.
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2.2. The Muon

The muon is a second generation lepton with a mass of 105 MeV [14]. Its charge is —1e and its
lifetime is 2.2 us. [14]. It was discovered in 1936 by Carl Anderson and Seth Neddermeyer [22]
studying ionizing particles from cosmic rays, i.e. the particle flux we receive from outer space.
Further studies carried out in reference [23] confirmed the existence of the new type of particle
as suggested by Anderson and Neddermeyer. In the cosmic radiation muons are created as the
product of a two-step process. First incoming ionizing radiation from space, mostly protons,
interacts with the gas molecules of the Earth’s atmosphere creating a type of light mesons that
are called pions. Those then further decay into muons. Due to time dilation and their long
lifetime, muons are able to reach the surface of the Earth without decaying beforehand. They
arrive at the surface with a rate of about 1/(cm?min) and given this abundance, cosmic muons
are often used for tests of detectors which require ionizing particles. While their mean energy is
4 GeV they offer a very wide energy spectrum that is useful in these kind of measurements.

Due to its high mass, the muon loses much less energy per travelled path length compared to lighter
charged particles like the electron. Details on this will be given in section 3.1. Together with its
long lifetime, the limited energy loss lends the muon a very unique signature in modern particle
physics experiments. It is able to travel through huge amounts of material, e.g. calorimeters, while
the long lifetime makes it possible to reconstruct the trajectory of muons over a long distance.
Together with a magnetic field this allows a very precise momentum measurement, given the huge
lever arm.

Both its low energy loss and its lifetime make the muon an important tool in searches for unknown
particles and the precision measurements of SM parameters. An example is the discovery of the
Higgs boson [3,4] which relied on, amongst others, the decay into two Z bosons which subsequently
produced four muons that could be detected in the experiments. Muons also played a role in the
discovery of the Z itself in 1983 [24]|. One example where the muon is used to precisely determine
SM parameters is the study of the decay of a B meson, i.e. a composite state of a b quark and
a u or d quark, into a lighter meson called a Kaon and two leptons. In the current formulation
of the SM this decay should take place at an equal rate (up to a mass correction) for both
electrons and muons, however, there is evidence obtained by the Large Hadron Collider beauty
(LHCD) collaboration that the process yields more decays into electrons than into muons [25].
This precision measurement involving muons could open the door for future discoveries.







3. Muon Detection with Gaseous Detectors

Gaseous particle detectors are deployed in a broad range of applications since they offer excellent
particle detection properties while being cheap, compared to other technologies, and having a
low material budget. The latter property is important since, in contrast to, e.g., calorimeters,
gaseous detectors are mainly used to track particles where as little distortion of the particle track
as possible is desired. In particle physics experiments located at colliders, the main use for gaseous
detectors is the detection of muons which requires the precise tracking of particles in large volumes
of magnetic fields and therefore huge detector volumes. Gaseous detectors are ideal in this case
since they offer good tracking performance, short dead times, and also good time resolution for
fast event preselection.

This chapter introduces the basic theory of gaseous detectors. It mostly follows [26]. First it
discusses the primary and secondary ionizations of the active gas by a charged particle passing
through the detector, followed by a description of the motion of electrons in electromagnetic fields.
Finally the process of charge amplification is introduced.

3.1. Interaction of Charged Particles with Matter

The dominant processes of energy loss for low-energetic, charged particles passing through matter
are the ionization and excitation of atoms or molecules. For particles that are heavier than the
electron, the mean energy loss dE per path length dz due to ionization and excitation is described
by the Bethe-Bloch formula [26]:

L 6(Bv) C(Bv,1)
ar |~ AP B2 2

2 Z ’

-2 - (3.1)
where z is the charge of the incoming particle in units of the elementary charge and S is its
velocity divided by the speed of light. All other quantities depend on the detector medium: Z is
its atomic number and A its mass, I is the mean ionization energy, § a correction for the density,
and T4, the maximum energy that can be transferred to the orbital electron. C(57, I) is a shell
correction that is relevant for low 8 values. The last three terms in the bracket are relativistic
and quantum mechanical corrections to the energy loss. They can be considered small compared
to the logarithmic term.

Figure 3.1 shows the mean energy loss per path length of an anti-muon in copper versus its
momentum. For slow muons, the energy loss is dominated by the 1/82 pre-factor while for faster
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Figure 3.1.: Energy loss of anti-muons in copper. For a wide range of muon momenta between a
few MeV and a few 100 GeV, the dominant energy loss mechanism is ionization and
excitation of the copper atoms. The mean energy loss in this region is described by
the Bethe-Bloch formula. Particles at 5+ = 3.5 are called minimum ionizing particles
due to the large plateau of low energy loss. Above a momentum of a few hundred
GeV the radiation becomes the dominant process where the energy loss rises linearly
with the muon momentum. Figure taken from [27].

ones the In(7y) term takes over. In between, there is a region of minimal energy loss, with only small
dependence on the momentum. Particles in this region are therefore called minimum ionizing
particles (MIPs). A prominent example of MIPs are muons created in interactions of charged
particles from outer space with the atmosphere of the earth, referred to as cosmic muons. At
muon momenta above a few hundred GeV, radiative losses start to become larger than the losses
through ionization and excitation. This leads to a linear increase of the energy loss as a function
of momentum. Further processes that cause primary ionizations in gaseous detectors are photons
which ionize the detector gas (e.g. via the photo effect, Compton scattering, or pair production),
and neutrons that interact with the nuclei of the detector gas. At modern colliders with high
luminosities and therefore large numbers of neutrons created, this is an important background to
the detection of muons.

All the processes described so far create so-called primary ionizations. Some of the electrons
created in these primary ionizations have enough energy to ionize further gas molecules. This
process is called secondary ionization. As a reference, a MIP crossing 1cm of pure argon gas
typically produces 29.4 primary ionizations. Including the secondary ionizations, this number
rises to 94 ionizations in total. The amount of secondary ionization per primary ionization is
randomly distributed. Since an initial electron with high energy is needed, the most probable
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value for the number of secondary ionizations is zero but the distribution has large tails towards
high numbers of secondary ionizations. This implies that the charge created along the muon track
is not equally distributed, leading to a degradation of the position resolution of the detector as
will be discussed in section 6.3.

3.2. Motion of Charged Particles in Electromagnetic Fields

After the ionization processes discussed above have happened, an electrical field applied to the
gas volume forces the electrons to drift towards an electrode, where they can be detected. This
field is reffered to as drift field. Therefore the motion of electrons in electromagnetic fields will be
discussed in the following.

The distribution of a charge cloud, i.e. multiple electrons from ionizations, in a medium is described
by the Boltzmann transport equation [26]:

Af _0f  drg . dig . Of
a o dther dt Vil = Ot |coll” (32)

where f(7,7,t) is the distribution of the charge cloud in the six-dimensional phase space. The term
on the right describes the interaction of the charge cloud with the medium, e.g., through collisions.
The second term in the partial derivative describes the diffusion of the charge cloud while the
third one refers to changes in the velocity. The latter one is induced by external electromagnetic
fields dictating the term dv/at. A detailed discussion of the solutions for the equation is given
in [26]. From these solutions macroscopic quantities of the charge cloud like drift velocity and
diffusion can be obtained, as discussed below.

3.2.1. Drift Velocity

The drift velocity of the charge cloud is given by the mean velocities of its particles:
bp = () = / 7 () 7. (3.3)

In the case of thermal motion, f(?) is symmetric around zero and therefore the drift velocity
of the cloud will vanish. Applying an external electric or magnetic field to the cloud will skew
f(?), leading to a non-vanishing ¥p. In the following, two relevant scenarios of fields in gaseous
detectors will be discussed: first, the case of applying only an electric field with a single component,
E = (0,0, FE), and second, the combination of the electric field with a magnetic field being
perpendicular to E, e.g. B = (0, B,0). Solving the Boltzmann transport equation for the first
scenario and putting the resulting f(¥) into equation 3.3 [26] leads to:

o E G232
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where A is the mean free path length of the electrons and u stands for the mobility. The compo-
nents vp 1 and vp o are vanishing. Introducing the mean time between two collisions as

m=(2), (35

and adding the assumption that A is not changing significantly with the velocity, the mobility can

be written as
294

p=5—(r

. (3.6)

In the second scenario of applying an additional magnetic field perpendicular to the electric one,

qF wT
vpl1 = —({( T—-"—=
b= 1+ w2r2 /)’

equation 3.3 solves |26] to give

vp2 =0, (3.7)
and wvp3 = @ <7’1>
© o omo\ 1+w?r2 )/’
with the synchrotron frequency
w= 1B, (3.8)
m

Two observations on the drift velocity can be made from equation 3.7. First, the drift velocity
gets reduced with increasing values of B and therefore w:

vp _ V(pa)?+ (wp3)® 1 (3.9)
v% \v%| 14+ w27r?’ '

where the mean value from the right side of equation 3.7 has been replaced by assuming an
effective 7. The second observation is that the drift direction becomes non-parallel to the electric
field lines. The angle between the drift direction and the electric field lines is called the Lorentz
angle oy, and it can be calculated as follows:

tan oy = = WT. (3.10)

It can be seen that tan «ay, increases for increasing values of w and therefore increasing magnetic
field strength.

3.2.2. Diffusion

While drifting through the gas, the electrons and ions undergo several random scattering events,
leading to a deviation of the drift path of the individual particles from the drift direction of the
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particle cloud ¥p. This deviation is called diffusion and it leads to an increase of the size of the

particle cloud. The amplitude of the diffusion follows a Gaussian distribution:

) 1 \? 72
p (7 t) = wD0i) “\~1p5:) (3.11)

where 7 is the displacement from the path, ¢ is the time, and D is the diffusion constant for

electrons passing the active detector medium. For a constant drift velocity ¥p and in the thermal
limit where the electrons and ions have an energy of € = 3/2kT', the width of the distribution is

o0 = VDL = 4| 22E _ [2FLT (3.12)
VD qE

where x is the drift distance from the initial point of charge creation and F is the electric field

given by

causing the drift. For higher electric fields the diffusion is not isotropic anymore but splits
into a component parallel to the drift field, called longitudinal diffusion, and into a component
perpendicular to the field, the so-called transverse diffusion.

3.3. Charge Avalanche

Close to the electrode most gaseous detectors have a much stronger electric field compared to
the drift field, leading to a multiplication of the number of electrons. This is required in order to
achieve a low enough signal-to-noise ratio, allowing the detection of ionizations in the detector. In
this context signal refers to the number of electrons arriving on an electrode, which were created
in actual ionizations due to a charged particle crossing the detector, and noise refers to the
charge induced from, e.g., the thermal motion of electrons. In the following the process of charge
multiplication in gaseous detectors is introduced. First the process itself together with descriptive
quantities is discussed, followed by a description of effects which limit the gain. The fluctuation
of the gain is briefly addressed and finally different operation regions of gaseous detectors and
their fields of application are given.

3.3.1. Townsend Coefficient

At very high strengths of externally applied electric fields, the primary electrons obtain enough
energy between two collisions to ionize the gas molecules and the electrons created in these
ionizations themselves subsequently ionize further gas molecules. This process, where a single
electron creates a charge cloud, is called a gas avalanche. Given the exponential characteristics
of the process, the number of electrons d N, created per path length dx is given by

dN, = N, adz, (3.13)
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where « is the so-called Townsend coeflicient,

1
A = Ojon N = 5 (314)

on

with 0., being the cross section for the ionization of a gas molecule, n the density of the gas, and
Aion the mean free path between two collisions leading to an ionization. The gas gain, G, is then
defined as the ratio between the initial number of electrons, Ny, and the number of electrons, IV,

G = ]]\Z ~ exp </:2a(x) dx) | (3.15)

Given that the ionization cross section depends on the kinetic energy of the electrons provided by

yielded by the avalanche:

the external field, the Townsend coefficient becomes dependent on the electric field. Furthermore,
since both the mean free path and therefore also the pressure of the gas vary with its density,
the Townsend coefficient and the gas gain also depend on it. Rose and Korf tried to approximate
these dependencies with the following formula [28|:

«Q p
S — Aexp (-BL) 3.16
) p(-B%) (3.16)
where A and B are constants that characterize the gas mixture used in the detector, p is the
pressure, and E is the electric field. It can be seen that the Townsend coefficient increases
exponentially with the external electric field. Its dependency on the pressure is given by the
combination of a linearly increasing term and an exponentially decreasing one.

3.3.2. Raether Limit

If the gas gain reaches values of order 108, a sufficient number of electrons and ions are produced to
build an electric field acting against the external field causing the avalanche. This eventually leads
to a region were the electric field is canceled out allowing the electrons and ions to recombine
rather than drift apart and therefore the avalanche stops. This maximum gain is called the
Raether limit. The recombination process then yields photons which again ionize the detector gas
leading to the formation of new avalanche clouds. The combination of multiple avalanche clouds
leads to a so-called streamer which can be seen due to the accompanying emission of photons. If
the streamer reaches the electrode, the ion cloud forms a plasma which establishes a conducting
connection between the anode and the cathode resulting in an emission of sparks. Compared to
a purely electron-driven avalanche, the photons travel an order of magnitude faster. Therefore
some detector types rely on the creation of streamers to have a fast signal, but it can also lead
to serious damage on the electrodes for other detectors types. One way to suppress the creation
of streamers is the admixture of so-called quenching gases to the operation gas. The quenching
gas absorbs the photons emitted by the recombination into rotational and vibrational states and
therefore blocks the creation of further avalanches. Typical examples of quenching gases are CO9
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or isobutan, while, e.g., Argon can serve as active gas. Another method to suppress streamers is
to introduce resistive electrodes. In that case the current, induced by the streamer, flows through
the electrodes leading to an ohmic voltage drop along its path. This reduces the effective voltage
at the point where the streamer hits the electrode, subsequently leading to a reduction of the
local amplification field which stops the charge multiplication.

3.3.3. Gain Fluctuations

As described above, the gas avalanche process relies on the collision of electrons with the gas
molecules. Since this is a statistical process, also the gain itself varies for each avalanche. To
describe the gain fluctuations in homogeneous fields, the so-called Polya function is used. It
describes the probability to observe a certain gain value, P(G), as following:

P(G) = COW (g) exp (—(1 + 9)g> , (3.17)

with @ being related to the relative gain variance f = 1/(1+ 6) and G describing the mean gain.
Although the Polya distribution has no physical derivation, it accurately describes the data.

3.3.4. Operation Regions of Gaseous Detectors

Gaseous detectors are often categorized according to the gain they are operated at, which spans
over several orders of magnitude depending on the use case of the detector. Figure 3.2 shows the
major gain regions which are briefly discussed following the description in [26].

Recombination Region In the case of a weak electric field applied, the chance for a recombina-
tion of electrons and ionized gas molecules is higher than for the electrons to arrive at the electrode.
Hence the gas gain is below 1 and only some fraction of the originally created electron-ion pairs
induce a signal on the electrodes.

lonization Region This region is characterized by a gas gain of around 1, which is too low to
identify individual particles, as they create only a few electrons in the primary and secondary
ionization processes. It is used to measure particle flows, e.g., in dosimeters.

Proportional Region With a gas gain of 10! — 10, the signal is proportional to the initial amount
of ionizations. This mode allows the measurement of a single charged particle penetrating the
detector together with the number of primary or secondary ionizations it has created along its
path in the detector. The latter is important to achieve a good reconstruction of the particle’s
position.
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Figure 3.2.: Numbers of ions collected in a proportional counter as a function of the applied
voltage. Figure taken from [29] following [30].

Limited Proportional Region At gains of 10° 108 the proportionality to the initial charge
deposit gets limited due to space-charge effects reducing the strength of the amplification field.

Saturation and Geiger Region At gains around 10'0 the signal is no longer proportional to the
primary charge deposition. Since in this mode the detector produces many electrons per passing
primary particle, a good signal-to-noise ratio can be achieved, allowing a readout with simpler
and thus cheaper electronics. This is why this mode is often used to only count particles passing
through the detector. However, compared to the proportional mode, the position of the particle
cannot be determined as accurately.

Discharge Region At gains greater than 10'° the detector principle is based on gas discharges
induced by particles passing the detector. This operation mode yields a very good time resolution
since, as discussed above, photon-driven avalanches travel faster than purely electron-driven ones.

18



4. The Large Hadron Collider and the
ATLAS Detector

The work of this thesis was carried out in the context of the upgrade of the Muon Spectrometer of
the ATLAS experiment located at the Large Hadron Collider (LHC) at the European Organization
for Nuclear Research (CERN), close to Geneva, Switzerland. In the first section of this chapter a
brief introduction to the LHC, the largest particle accelerator in the world, is presented, together
with the motivation and the technical details of its upgrade to the High-Luminosity LHC (HL-
LHC). Section 4.2 then gives an overview of the ATLAS experiment, which is one of four main
experiments at the LHC. The focus is placed on the Muon Spectrometer of ATLAS, whose upgrade
is discussed in chapter 5.

4.1. The Large Hadron Collider

The LHC [31] is the world’s largest circular particle accelerator. Since the start of its operation
in 2008, it has already reached unprecedented values for both the beam energy and the collision
luminosity. The LHC is built in a 27 km long tunnel, located at CERN. It is designed to accelerate
two proton or heavy ion beams in opposite direction. Although the LHC’s heavy ion program has
lead to astonishing results, it will not be discussed any further herein as it was not relevant for
this thesis.

The LHC is the last machine in a complex chain of accelerators shown in figure 4.1, which provide
the proton beams at an energy of 6.5 TeV at the time of writing this thesis. While the design
luminosity of 1-103*/(cm?s) could be exceeded during the second data taking period already,
the design beam energy of 7TeV has not yet been reached given technical limitations discussed
below. The first element in the accelerator chain is the linear accelerator LINAC2!. Thereafter,
the proton beams travel through the Proton Synchrotron Booster, the Proton Synchrotron, and
the Super Proton Synchrotron (SPS), all of which are circular accelerators and each of which
increases the kinetic energy of the beams, eventually reaching 450 GeV when leaving the SPS.
Also the beam profiles are shaped to maximize the number of protons for one entire fill of the LHC.
From the SPS the proton beams are inserted into the LHC where they are accelerated to the final
energy at which they will ultimately be brought to collision at four designated interaction points
(IPs) that are spread along the circumference of the collider. Besides the filling of the LHC, the

1Up to now this was taken care of by the LINAC2 accelerator. For the next data taking period starting in 2022,
the LINAC2 will be replaced by the LINAC4.
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aforementioned pre-accelerators also provide beams to other experiments and test beam facilities
located at CERN where new detector materials and prototypes are studied.
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Figure 4.1.: Chain of accelerators at CERN. Before the proton beam arrives to the LHC, it trav-
els through several pre-accelerators. First a linear accelerator is used, namely the
LINAC2 after which the beam travels through the proton synchrotron booster (PSB),
the proton synchrotron (PS), and finally the super proton synchrotron (SPS) which
are all circular colliders. The different pre-accelerators also provide the beam to
smaller experiments and test beam areas like the north area at the SPS. Figure taken
from [32].

For the acceleration of the beams to the final energy, the LHC relies on 16 superconducting radio-
frequency cavities. The cavities are operated at a voltage of up to 2 MV that rapidly alternates
with a frequency of 40 MHz. Protons that enter the cavities first are attracted by the field. When
the protons reach the center of the cavity, the polarity of the field changes, leading to a repulsion
of the protons from the electrode through which they have entered while being attracted by the
electrode at the exit of the cavity. Once the protons approach the second electrode, the polarity is
changed again such that they now are repulsed by that electrode and thus pushed forward towards
the next cavity. Besides the increase of beam energy, the alternating electric field also ensures the
segmentation of the proton beam into so-called bunches. At the final beam energy, protons with
the correct timing are not further accelerated by the cavities, but protons that arrive early (late)
are decelerated (accelerated) such that the bunches are always spatially isolated. In this way, the
cavity frequency determines the so-called bunch separation of 25ns.

To keep the protons in a circular beamline, the LHC uses 1232 superconducting magnets operated
at a field strength of 7.7T, which is necessary given the LHC radius of more than 4 km and a beam
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energy of 7 TeV. The strength of the magnetic field is also the limiting factor for further increasing
the beam energy to its design value of 7 TeV. Magnets of higher order are employed to focus the
beam, which is relevant especially before and after the two proton beams are collided. The
entire magnetic system is cooled by liquid helium since it can only be operated at a temperature
of 1.9K. This is because otherwise the energy required by the magnets could not be provided
whereas superconducting materials at this temperature have only negligible electrical resistance.
In the LHC the two beams are collided at four locations. Each of the four collision points is
surrounded by one or more detectors, recording the particles created in the collision. These
detectors are:

e ATLAS [33]| and the CMS [34], which are both multi-purpose detectors located at opposite
positions of the LHC,

o A Large Ion Collider Experiment (ALICE) [35], focused on investigating the quark-gluon
plasma created in the collisions of lead nuclei,

e the LHCD [36] detector, specialized for studying the properties and decays of b-quarks
produced in the proton-proton collisions,

e and four smaller experiments, located in the vicinity of ATLAS and CMS. These are LHCH,
TOTEM, FASER, and MODAL.

The most relevant observables to describe particle collisions are the beam energy and the instan-

taneous luminosity. The latter can be described as follows:

_ fNN1Ny

040y

L (4.1)

where f refers to the revolution frequency of a bunch in the LHC, N denotes the number of

bunches, IN; the number of protons in bunch ¢, and o/, defines the spatial size of the beam. The

X
maximum number of bunches present in a complete 1/c1yll of the LHC is 25562. There are in the
order of 10! protons in a bunch and the size of the beam at the interaction points is in the order
of a few pum. This yields an instantaneous luminosity of up to 2-1034/(cm?s), or 0.02/(pbs),
exceeding the design luminosity by a factor of 2.

The outstanding luminosity of the LHC is key to the physics program for which it has been
designed, as will be motivated in the following based on the example of the decay of a Higgs
boson into four leptons. Given its outstanding signal-to-background ratio, it was one of the Higgs
discovery channels in 2012 [3,4]. The rate at which the process takes place can be determined
by taking the product of the luminosity and the cross section. Here the cross section is oy =
3.28 + 0.3 (stat.) £ 0.11 (syst.) fb at a center-of-mass energy of 13 TeV [37]. At the above-

mentioned peak luminosity this yields about 5.7 events per 24h of data taking. While for the

2The intial LHC filling sheme foresaw a maximum of 2808 bunches, but with optimizations in the pre-accelerator,
reducing the number of bunches, a better emmitance was achieved.
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discovery of the Higgs boson only a few events were sufficed, the precise measurement of its
properties needs thousands of events. Even at the current outstanding luminosity of the LHC
this corresponds to several years of operation.

Since its start in 2008, the LHC has been subject to several upgrades with the ultimate one being
the HL-LHC [38] scheduled for the years 2024 —2027. The goal of these upgrades is the increase of
beam energy and collision luminosity. As has just been demonstrated in the estimation above, the
increase in luminosity is crucial to the improvement of the sensitivity to rare processes that involve,
e.g, the Higgs self-coupling. Also it is essential in order to extend the phase space in the search for
heavy, beyond Standard Model particles. Furthermore, a higher luminosity also allows for a more
precise measurement of parameters predicted by the SM, e.g. the coupling strenghts. Figure 4.2
shows the timeline of the different LHC upgrade stages. After a first round of upgrades during the
Long Shutdown 1 the LHC operated with a beam energy of 6.5 TeV and already reached twice its
design luminosity of 1 - 103*/(cm?s) at the end of the second data taking period (“run 2”). In total
the LHC delivered 184.26/fb of proton-proton collisions from the start of its operation until the
end of 2018 [39,40]. At the time of writing this thesis, the Long Shutdown 2 (LS2) is ongoing. In
the LS2, among other things, civil engineering work in preparation of the HL-LHC is conducted,
e.g. excavating new underground caverns, while also the experiments at the LHC are overhauled
and improved in anticipation of the higher luminosity scenario. The actual upgrade of the LHC
itself to the HL-LHC configuration will take place in the Long Shutdown 3. In order to reduce
the beam size at the interaction points, which is how the luminosity is increased, the quadruplet
magnets used to focus the beam will be replaced by stronger ones, reaching 12T instead of the
8 T achieved so far. Also the beams will not be collided head-on anymore but will be tilted to
increase the overlap. Therefore so-called crab cavities with a very precise phase alignment are
under development. Furthermore the machine protection system, the bending magnets, and the
superconducting power lines will need to be upgraded together with all the pre-accelerators. The
ultimate goal of the HL-LHC is to operate at 7.5 times the nominal instantaneous luminosity of
the LHC collecting up to 4000/fb of collision data by the end of its lifetime.

4.2. The ATLAS Detector

The ATLAS detector is a multi-purpose detector located at the LHC. It weighs around 7000 t,
has a length of 44m, and a diameter of 25 m. An overview of the ATLAS detector is given in
figure 4.3. The detector has the shape of a cylinder which is centered around the collision point.
It can be divided into three major regions, the barrel region and the two caps of the cylinder
referred to as end-cap regions. The ATLAS detector consists of three major detector systems,
namely the Inner Tracking Detector (ID), the calorimeters, and the Muon Spectrometer (MS). In
the barrel region these are radially stacked around the beam pipe with the ID being the innermost
system, followed by the calorimeters and the MS. In the end-cap regions the different systems
are implemented as wheels which are stacked along the beam pipe. Besides the detector systems,
ATLAS has a dedicated system of solenoidal and toroidal magnets assisting the measurement of
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Figure 4.2.: Timeline of the High-Luminosity LHC upgrade. Figure adapted from [41].

the momentum of charged particles. In the following the different detector systems, the magnets,
the data acquisition system, and the software used to simulate particles passing through ATLAS
and to reconstruct the particle collisions are described, focusing on the MS which is relevant for
this thesis. But first the coordinate systems used in ATLAS is discussed.

4.2.1. Coordinate System

In ATLAS, positions and directions are mostly described by two different coordinate systems: a
Cartesian and a cylindrical one. The Cartesian one is used to represent the position of detector
parts. In this system, the z-axis points along the beam pipe, the z-axis points to the center of
the LHC ring, and the y-axis points upwards. However, particle tracks are usually described in a
cylindrical coordinate system, with the z-axis being the same as for the Cartesian system. The
azimuthal angle ¢ indicates the rotation around the beam axis and the polar angle 6 specifies
the opening angle between the particle track and the beam pipe. This opening angle can also be
transformed into the pseudo-rapidity #:

=t (2] as

An illustration of the two coordinate systems is given in figure 4.4.

4.2.2. Inner Tracking Detector

The detector system closest to the beam pipe is the ID. Its inner and outermost layers are
located at radii of 31 mm and 1066 mm, respectively. The ID is composed of four layers of
silicon pixel detectors at low radii, followed by four layers of silicon strip sensors. Further out,
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Figure 4.3.: Overview over the different detector systems of the ATLAS experiment. In the central
region the three detector systems are radially stacked around the beam pipe. The in-
nermost system is the inner tracking detector which is surrounded by the calorimeters.
The outermost detector system is the Muon Spectrometer. In the end-cap region the
three detector systems are implemented as wheels which are positioned orthogonally
to the beam pipe. Two systems of magnets are used to allow for the measurement
of the momentum of charged particles. In the inner detector a solenoidal field is
present. In the Muon Spectrometer the field is produced by toroid magnets. Figure
taken from [33].

a transition radiation tracker is used for tracking and electron identification. In the end-cap
regions the same technologies are employed but with a different number of layers arranged in discs
around the beam pipe. This arrangement of detectors allows for a very precise reconstruction of
particle trajectories used to measure their momenta, to determine the primary vertex, and also
to reconstruct secondary vertices from the decay of short-lived particles like b-hadrons. More
information on the inner detector is given in [43-46].

4.2.3. Calorimeters

The inner detector is surrounded by the electromagnetic (ECAL) and the hadronic (HCAL)
calorimeters. The calorimeter fully absorbs almost all particle types, except muons and neutrinos,
and measures their energy deposits in the process. This allows to reconstruct the initial energy
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Figure 4.4.: Graphical illustration of the two coordinate systems used in ATLAS. The left drawing
shows the Cartesian coordinate system mainly used to identify the position of detector
elements. The right drawing illustrates the cylindrical system mainly used to describe
particle tracks. Figures taken from [42].

of the particles. All calorimeters in ATLAS are designed as so-called sampling calorimeters. This
means that most of the energy is deposited in high density passive absorber materials and only a
small energy fraction is absorbed in an active detector medium. The passive and active materials
are alternated along the particle track. In the ECAL, liquid argon acts as the active detector
medium, while lead is chosen as the absorber. The lead and the liquid argon layers are arranged
in an accordion-like shape allowing to stack two to three active layers along the particle trajectory.
This gives the possibility to determine the direction of flight of the particles, which is especially
helpful for neutral particles like photons, since those are invisible in the inner tracker. The ECAL
is surrounded by the HCAL. In the barrel region of the HCAL, scintillator tiles are deployed as
active material and steel as absorber while in the end-cap region liquid argon and copper are
used. Outside of the end-cap HCAL, the forward calorimeter (FCAL) is located. Its purpose is to
measure particles very close to the beamline. It consists of copper and tungsten as absorbers and
liquid argon as active detector medium. Further information on the calorimeters can be found
in [33,47,48].

4.2.4. Muon Spectrometer

An overview of the Muon Spectrometer is given in figure 4.5. It is the outermost and also largest
detector system of ATLAS, covering radii from 5m up to 10m. Its purpose is to track muons,
the only charged particles escaping the calorimeters. It also needs to provide fast muon track
information for the event preselection system that runs during data taking, referred to as trigger
(see section 4.2.6). The MS makes use of four detector technologies arranged in three concentric
circles around the beam pipe in the barrel region, and three so-called wheels on each side of
the end-cap region. These six wheels are mounted orthogonally to the beam pipe. Despite its
diameter of about 10m, the innermost wheel of each side is referred to as Small Wheel (SW),
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while the four outer ones, having a diameter of 24 m, are called Big Wheels. Two of the four
technologies focus on the precise tracking of the muons, especially the bending in the magnetic
field. The other two technologies are dedicated to obtaining fast particle information.

MDT chambers

Resistive plate chambers

Barrel toroid coil

Thin gap
chambers

ﬂﬁ%‘, ‘ ‘ ‘ . F ] : ‘

Figure 4.5.: Illustration of one quarter of the Muon Spectrometer. The horizontal axis of the
drawing points along the beamline and the interaction point is in the bottom right
corner. In the barrel region the detectors are mounted in three rings parallel to the
beamline. Monitored Drift Tubes (MDTs) are used for the tracking and Resistive
Plate Chambers (RPCs) to obtain fast signals for the trigger. In the end-cap region,
the detectors are positioned orthogonally to the beamline on three so-called wheels.
Due to the size, the two inner wheels are called Small Wheels (SW) and the outer
four wheels are referred to as Big Wheels. Thin Gap Chambers (TGCs) are deployed
to get the fast trigger signal in the end-cap region. The precise tracking is mostly
provided by the MDTs. On the SW, Cathode Strip Chambers (CSCs) are used at
small radii, since the rate of particles exceeds the cababilities of the MDTs. Figure
taken from [49].

As the main tracking detector technology, Monitored Drift Tubes (MDTs) are deployed both in the
end-cap and the barrel regions. The MDTs consist of a stainless steel tube with a radius of 3 cm,
filled with gas. A thin wire is fixed in the center of the tube. Muons penetrating the detector ionize
the gas in the tube and a voltage applied to the wire leads to a drift of the electrons towards the
wire which finally results in a charge avalanche close to the wire that can be detected. The MDT
chambers provide a precision of down to 35 um perpendicular to the wire, but cannot reconstruct
the position along the wire. The second technology used for tracking are Cathode Strip Chambers
(CSCs). Those are multi-wire proportional chambers with a strip-segmented cathode. Since the
strips on the two cathodes are rotated by 90° with respect to each other, a reconstruction of two
coordinates is possible. The distance between the cathodes of the CSCs is only 5 mm, therefore
ions created in the avalanche close to the wire are collected much quicker than in the MDTs,
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leading to a higher rate capability of the CSCs compared to the MDTs. For this reason, the CSCs
cover the inner region of the SW where the high flux of background particles would exceed the rate
capability of the MDTs. For trigger purposes, Resistive Plate Chambers (RPCs) stacked on the
MDT chambers are used in the barrel region. With a time resolution of about 10 ns the RPCs are
able to identify the bunch crossing in which the traversing particle was produced. This is crucial
information for the trigger. Additionally the RPCs provide a measurement of the coordinate
parallel to the wires of the MDTs. In the end-cap region the fast trigger information is obtained
by Thin Gap Chambers (TGCs) positioned on top of the MDT detectors. These are also a type
of multi-wire proportional chamber, but with an even thinner gas gap than the CSCs. In addition
to the fast signal, the TGCs also provide a measurement of the track in the coordinate parallel
to the MDT wires. To determine the movement of the muon chambers in ATLAS due to, e.g.,
thermal expansion of the holding structure, an optical alignment system is in place, achieving a
precision of 50 um. Further information on the MS can be obtained from [49].

4.2.5. Magnets

The momentum of charged particles can be determined by measuring the bending radius of the
particle trajectory in a magnetic field. The momentum can be determined as follows:

p|GeV| = 0.3 glelementary charge| B[T| R|m]|, (4.3)

where ¢ is the charge of the particle, B is the strength of the magnetic field, and R is the
bending radius. The two quantities dictating the uncertainty of the momentum measurement are
the resolution of the measurement of the bending radius, given by the spatial resolution of the
detector, as well as the strength and precise knowledge of the magnetic fields. So it is desirable
to minimize the spatial resolution of the detector and to maximise the magnetic field strength
to reduce the uncertainty on the momentum measurement. The complex magnetic field of the
ATLAS detector is created by four large, superconducting magnets namely the central solenoid,
the barrel toroid, and the two end-cap toroids. The solenoid provides an axial field around the
beam axis in the region of the ID with a strength of 2'T. The barrel toroid consists of eight coils
providing a toroidal field of about 0.5 T in the region of the barrel MS. The two end-cap toroids
are located between the inner and middle muon end-caps and provide a toroidal field of 1 T. With
this magnetic field configuration, ATLAS has a momentum resolution for muons in the order of
10 % at a momentum of 1 TeV. Further details on the magnet system can be found in [33,50-53|.

4.2.6. Data Acquisition System

The data acquisition system (DAQ) of ATLAS consists of the configuration and readout of the
electronics mounted on the detector, the fast event preselection (called trigger), and the permanent
storage of the data of the selected events. In the following the DAQ system is described with a
focus on the trigger.
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At a luminosity of 2 - 103 /(cm?s), the rate of raw data collected by the ATLAS detector is of the
order of 100 PB/s. Since this exceeds by far the capabilities of any available storage technology,
ATLAS deploys a two stage trigger system to filter the data stream for scientifically relevant
events. In order to make a fast enough decision on keeping or discarding an event, the first
level of the trigger system is based on application-specific integrated circuits (ASICs) and field-
programmable gate arrays (FPGAs). Therefore it is also referred to as the hardware trigger. The
decision of the first trigger level is based on the information from the fast muon detectors (TGCs
and RPCs) and fast information from the calorimeters, which have a reduced spatial granularity.
The information provided by the MS allows to identify events containing high-momentum muons,
while the calorimeter information is used to trigger on other high-momentum particles such as
leptons and hadrons. The trigger information from the calorimeter also allows identification of
events with so-called missing energy carried by particles that do not interact with the detector,
e.g. neutrinos or particles not yet known in the SM. The first trigger level receives events at a
rate of 40 MHz. The rate of events which pass the selection and are forwarded to the second
trigger level, called the High Level Trigger (HLT), is 100 kHz. The HLT is fully software-based. It
reconstructs event fragments using the full detector granularity in the regions of interest provided
by the first trigger level and then makes a trigger decision. The HLT further reduces the event
rate to 1.5 kHz which is equivalent to a data rate of 1.5 GB/s. After being accepted by the HLT,
the events’ raw data, i.e. all signals as read out from all channels, is written to disk for permanent
storage and offline processing as described in the next section. Further information on the trigger
and data acquisition system in general is available in [54-56].

4.2.7. The ATLAS Offline Software

The offline software of ATLAS, called athena [57], is the central framework for the simulation
and reconstruction of events®. Here offline refers to the system being executed not during data
taking (unlike, e.g., the trigger) but later when the raw data that has been collected by the
detector has been stored on disk. Figure 4.6 provides an overview of the different components,
also called transformations, of athena which can be split into two categories. The first category is
used to simulate events inside ATLAS starting with the modeling of the hard collision of protons
followed by the propagation of the final state particles through the detector and finally simulating
the detectors themselves together with their readout electronics. The results of the simulation
are the signals as they would be read out from the detector in reality. The second category
of transformations is used for the reconstruction. It takes either the simulated or real detector
signals as input and reconstructs the particle trajectories from it. In the following, the different
transformations are briefly introduced, focusing on the implementation of the Muon Spectrometer
which is the relevant part for this thesis.

3 Actually athena includes more functionalities, but since they are not relevant for this thesis they are omitted.
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Figure 4.6.: Overview of the various transformations of athena. In the left column the different
steps of the event simulation chain are shown. The detector response from the sim-
ulated events is then sent to the same reconstruction software as the data from the
real detector.

Event Simulation: This transformation takes care of the simulation of the physics processes
in the pp collisions. It yields the final state particles with their four-momenta. For the studies
presented in this thesis, muons are created at the interaction point instead of simulating the full

hard collisions.

GEANT4: In this transformation the final state particles from the previous step are propagated
through the full ATLAS detector simulation using the GEANT4 simulation toolkit [58]. Thereby
the interactions of the particles with the different materials in the detector are modeled. The
output is the deposited energy per active detector volume, e.g. per MDT tube. The output
format is called HITS.

Digitization: This transformation converts the energy deposits into the same format as the
actual detector output. First, the processes of signal formation in the detector, i.e. gas ionization,
drift, and avalanche, are simulated, then the response of the readout electronics is taken into
account. The quantities and the data output are of the same format as delivered by the ATLAS
detector. The data format produced by the digitization is called Raw Data Object (RDO).

Reconstruction: The reconstruction takes the raw signals from either the detector or the simu-
lation and uses them to reconstruct the trajectories of the particles created in the hard collisions.
In the case of the MS, clusters are created from the events in the same layer, if the detector is
strip-like segmented. Then, track segments are created within each of the three rings of the barrel
and the three wheels of the end-cap and finally the different segments are combined to one track
through the full Muon Spectrometer. Afterwards the tracks from the MS are combined with the
tracks from the inner detector and the energy deposits in the calorimeter.
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Athena uses two different coordinate systems, a global and a local one. The global coordinate
system is expressed in either Cartesian or cylindrical coordinates as was already introduced in
section 4.2.1. The latter one is used if a position in ATLAS is expressed with respect to the IP.
The second coordinate system is the local one. It is used to express a position within a specific
detector, e.g. a gas gap of the TGC detectors or a single MDT tube.
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Wheel

As described at the end of section 4.1, the LHC is undergoing an intensive upgrade program
which aims for an increase in luminosity to 7.5 times the design value of the LHC. In order to
cope with the extreme conditions provided by the HL-LHC, the experiments located at the LHC
will also need to be improved. The various upgrades of the ATLAS detector are done in two
phases. In the first phase [59], taking place in the LS2 at the time of writing this thesis, the
major upgrade is the replacement of the muon SW by the so-called New Small Wheel (NSW) [60].
Furthermore new detectors are being added to the barrel region of the Muon Spectrometer in order
to increase coverage for the trigger and the tracking. Also the electronics of the calorimeter are
being renewed. Phase two of the upgrades [61] will take place in the Long Shutdown 3 planned for
the years 2025—2027. Its major project is the full replacement of the inner tracker. In addition,
the readout system of the Muon Spectrometer and the calorimeter will be further improved along
with the trigger architecture. New chambers with better rate capabilities will also be added to
the MS.

In the following, the NSW project is presented in more detail since it was the main topic of this
thesis. First the physics motivation for the NSW is summarized. Then the involved detector
technologies are discussed, and finally a description of the structure and the arrangement of the

different components is given, which also includes a short overview of the local coordinate system
of the NSW used in athena.

5.1. Physics Motivation for the New Small Wheel

The motivation for the replacement of the inner muon end-cap is threefold:
1. Provide additional information from the inner muon end-cap to the first level of the trigger.

2. Maintain excellent tracking performance despite the high rate of background particles ex-
pected in the HL-LHC.

3. Sustain an excellent performance while operating in the extreme conditions of the HL-LHC
for over 10 years.

In the following sections the trigger and the tracking aspects of the NSW are discussed in more
detail.
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5.1.1. Trigger Motivation

Figure 5.1a compares the number of L1 muon trigger candidates and the number of muons recon-
structed by athena as a function of . The L1 trigger candidates are built based on the information
from the dedicated fast detector technologies while the athena reconstruction uses the information
from all detector technologies. The plot shows that for the regions of |n| > 1.2, the end-cap region
of the MS, the number of trigger candidates rises dramatically while the number of reconstructed
muons with a transverse momentum of more than 10 GeV follows the expected flat distribution.
Therefore it can be concluded that most of the muon L1 trigger candidates in the end-cap region
are artifacts of the trigger system. They are responsible for up to 90 % of the total muon trigger
rate.

In light of the increase in luminosity provided by the HL-LHC and the consequential rise in trig-
ger rate, the high number of false trigger candidates needs to be reduced since it will saturate
the bandwidth of the trigger electronics. One way to do so would be to increase the momentum
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Figure 5.1.: Physics motivation for adding the NSW in the L1 trigger system. Left: Comparison
of the number of muon trigger candidates (L1_MU11) (pr > 10 GeV) and the number
of trigger candidates that can be matched to a muon reconstructed by athena using
the full detector granularity, as a function of 7. Also the number of matched muons
with a transverse momentum of more than 10 GeV is shown. It can be seen that in the
end-cap region of the Muon Spectrometer (|| > 1.2) many of the trigger candidates
cannot be matched to reconstructed muons since they are artifacts of the trigger
system. Right: pr distribution of the sub-leading lepton in events with a [vlv final
state at /s =8 TeV. The contribution of the Higgs decay H — WW — [viv is shown
in red. The plot indicates the loss of sensitivity to relevant physics processes, e.g.
here the Higgs decay, if the momentum threshold in the muon L1 trigger would be
increased to, e.g., 40 GeV which would be needed to cope with the HL-LHC conditions
without the NSW. Both figures taken from [60].
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threshold for the L1 muon trigger. But this would imply major drawbacks to the sensitivity
in the searches for, e.g., SUSY or for measurements using Higgs decays with leptons in the fi-
nal state. For example, figure 5.1b shows the pr distribution of the sub-leading lepton in the
H — WW — lvlv decay. Increasing the pt threshold for the muon trigger to, e.g., 40 GeV would
result in the loss of nearly all signal events.

Figure 5.2 illustrates the origin of the false trigger rate and the intended mitigation with the
NSW. In the initial configuration of ATLAS, the muon trigger in the end-cap region is provided
by several layers of TGC detectors mounted on the middle one of the three wheels, also called Big
Wheel EM!. Any particle track passing the TGCs that points towards the IP is taken as a trigger
candidate. The false trigger candidates are therefore tracks that pass the TGCs at an angle which
points to the interaction point, but where the particle itself is not created at the interaction point.
These kind of tracks can be induced by the high flux of background particles like neutrons or low
energetic particles created by interactions with the end-cap toroid material or other structural
elements of ATLAS in the region between the NSW and the EM wheel. In figure 5.2 the false
trigger candidates are indicated with B and C. With the NSW the reconstruction of muon tracks in

YEM refers to End-cap Middle.

1 n
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Figure 5.2.: llustration of the intended improvement of the muon trigger system in the end-cap
region by inserting the NSW. Without the NSW, the trigger candidates are only
formed based on the angle of the particle tracks passing thought the TGC detectors
mounted on the first of the two big wheels. If the angle is compatible with a particle
coming from the IP, a trigger candidate is formed. Including the Level 1 trigger
information of the NSW improves the track reconstruction at trigger level, rejecting
tracks B and C which do not come from the IP, but are induced by background
particles like neutrons or particles created by the interaction with the structural
elements of ATLAS or the end-cap toroid magnet. Figure taken from [60].
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the trigger will be improved by adding another point to the measurement of the particle trajectory,
rejecting the fake tracks B and C and only triggering on the genuine muon track A. Therefore it
will decrease the rate of false trigger candidates and will allow to maintain the low pp threshold
for muons. For the rejection of wrong trigger candidates, the NSW has to provide a real-time
track angle resolution of better than 1 mrad.

5.1.2. Tracking Motivation

The current SW uses CSC detectors for the region close to the beamline and a combination of
MDT and TGC chambers at large radii, where the MDTs measure the 1 coordinate and the TGCs
provide the ¢ coordinate. Figure 5.3 shows the efficiency of the MDT chambers versus the hit
rates in the region of the SW. While the single MDT tubes already show a deteriorated efficiency
at the hit rates present with the design LHC luminosity of 1 -103*/(cm?s), the chambers are still
reasonably efficient. For the HL-LHC at least a fivefold higher luminosity, and therefore also a
fivefold increased hit rate is expected. This increased rate will lead to an even higher loss of
efficiency for the MDT chambers. Since the magnetic field of the end-cap toroid is located in the
region between the SW and the first Big Wheel, an inefficiency in the SW means that the muon
momentum cannot be reconstructed efficiently, and consequently the combined muon momentum
resolution will deteriorate. This has a direct effect on the physics performance of ATLAS as a
whole, e.g. in searches for heavy, exotic particles. For this reason, the NSW will use detectors with
excellent resolution and high rate capabilities aiming to provide a muon momentum resolution of
10% at pr =1TeV.

5.2. Detector Technologies of the NSW

The NSW deploys two detector technologies from the family of gaseous detectors, namely Micro-
Mesh Gaseous Detector (Micromegas) and small-strip Thin Gap Chambers (sTGCs). Both tech-
nologies provide excellent trigger and tracking performance in high rate environments. In the
following the detector technologies are briefly introduced.

5.2.1. small-strip Thin Gap Chambers

Figure 5.4 shows the schematics of an sTGC detector as it is used in the NSW. It is a multi-
wire proportional chamber, consisting of a 1.4mm thin gas gap filled with a mixture of COg
(quenching) and n-pentane (active gas). In the center of the gas gap, wires are installed on which
a voltage of 2.8kV is applied. The electrodes on both ends of the gas gap are segmented into
different shapes. On one side, the electrode consists of strips with a pitch of 3.2mm, providing
a spatial resolution of below 50 ym for perpendicular tracks. On the other side pads with a size
of several cm? are used to provide coarse track information to the Level 1 hardware trigger. Due
to their thin gas gap the sTGC detectors can achieve a time resolution below 25ns. This is why
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Figure 5.3.: Efficiency of MDT tubes and chambers as a function of the hit rate. At the LHC
design luminosity a hit rate of up to 300 kHz/tube is expected at the location of the
SW. While the single MDT tubes already lose a significant amount of efficiency at this
rate, the full MDT chambers still show efficiencies well above 90 %. But at the fivefold
increased luminosities expected in the HL-LHC also the efficiency of the chambers
will deteriorate significantly making the MDTs unusuitable for the SW region. Figure
taken from [60].

Wires

/A/ Strips

Figure 5.4.: Schematic of an sTGC detector. In the middle of a 1.4 mm wide gas gap, wires are
located on which a voltage of 2.8kV is applied. The two electrodes are segmented
into different patterns. One uses a strip pattern to provide high spatial resolutions
while the other is segmented into so-called pads, which provide a fast signal for the
event selection. Figure taken from [62].
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5. Upgrade of ATLAS: The New Small Wheel

chambers of this type are employed to identify the correct bunch crossing in which the particle

traversing the detector have been produced.

5.2.2. Micromegas Detectors

A sketch of a Micromegas detector is given in figure 5.5. The setup consists of a stainless steel
mesh in a gas gap, splitting it into two parts. The upper gas gap, called drift gap, has a width of
5mm. Here the muons interact with the gas as discussed in section 3.1 leading to the occurrence
of the primary ionizations. Due to an electric field of 600V /cm applied to the drift gap, the
electrons drift towards the mesh. The lower gas gap is only 128 um thick. A high electric field
of about 45kV /cm is applied to the so-called amplification gap, leading to a multiplication of
the primary electrons in an avalanche process as described in section 3.3. The anode located at
the lower end of the amplification gap is segmented into strips with a pitch of 425—450 um. As
protection against sparks in the amplification gap due to the high rate environment, a resistive
layer is placed on top of the copper readout strips. The thin amplification gap allows the ions,
that were created in the avalanche, to quickly drift to the grounded mesh where they are collected.
This yields a small dead time, while the narrow strip pitch leads to an excellent spatial resolution
in the order of 100 yum. The Micromegas are operated with a gas mixture of Argon (active) and
CO3 (quenching gas), with a mixing ratio of 93 %:7 %.

Drift
Cathode

Drift Cathode

Micro Mesh

PCB 12008

Read-out electrodes

Figure 5.5.: Schematic of a Micromegas detector. The stainless steel mesh separates the gas gap
of a Micromegas into two regions of different field strengths, the drift and the ampli-
fication field. In the drift region, the charged particle penetrating the detector ionizes
the gas molecules along its track, and due to the weak drift field applied between the
cathode and the mesh the electrons drift towards the mesh. The amplification field
between the readout electrodes and the mesh is much stronger. Therefore the elec-
trons entering this region undergo charge amplification. Finally the electrons created
in the avalanche are collected by the strip-like segmented readout electrodes. Figures
taken from [60].
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5.2. Detector Technologies of the NSW

(a) The NSW C during the surface commissioning with all sectors
mounted.

sTGC modules NSW large sector Micromegas modules
11-12-13 (exploded view) LM1 - LM2

sTGC wedge
frame

sTGC MM central spacer MM sTGC

wedge wedge frame wedge wedge
(b) Schematic drawing of the Mi- (c) Explosion drawing of a sector. Each sector consists of
cromegas sector structure. The two wedges of sSTGCs which surround two wedges of
NSW consists of 8 large and 8 Micromegas mounted on a spacer frame. The wedges
small sectors which are mounted are radially segmented into modules, each containing
in two overlapping layers. Figure four layers of the respective detector technology. Figure
taken from [63]. taken from [64].

Figure 5.6.: Mechanical structure of the NSW.
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5.3. Mechanical Structure of the NSW

A picture of one mechanically completed NSW during the surface commissioning is shown in
figure 5.6a. In total the NSW consists of sixteen sectors that are installed in two layers such that
every sector overlaps with two others. This is also illustrated in figure 5.6b. The sectors installed
on the layer closer to the IP are slightly smaller than those closer to the HO side, lending them
the name small sector while the other ones are called large sectors. As shown in figure 5.6¢, each
sector is comprised by four so-called wedges stacked parallel to the beamline, each hosting four
layers of either Micromegas (inner two wedges) or sSTGC detectors (outer two wedges). This leads
to a total of 16 detector layers in each NSW sector. The wedges themselves are further segmented
along the radial direction into so-called quadruplets (also referred to as: modules or chambers).
In the case of the Micromegas, each wedge consists of two quadruplets, where the one at smaller
radius is referred to as Module 1 (M1) and the one at large radius is called Module 2 (M2). In
figure 5.6b the M1s are shown in brown and turquoise depending on the sector size, while the M2s
are depicted in pink and yellow. For the sTGCs the wedges are segmented into three quadruplets.
The four detector layers in a wedge slightly differ in terms of geometry. For the sTGCs, the
geometry of the pads is different to improve the capability to separate tracks for the trigger. For
the Micromegas the strips in the four outermost layers are perpendicular to the radial direction,
allowing the precise measurement of the 7 coordinate of a track. Therefore they are referred
to as n layers. To measure the track position parallel to the strips, the strips of the four inner
Micromegas layers are tilted by 4+1.5° with respect to the ones in the n layers. Those layers are

called stereo layers.

5.4. Local Coordinate System of the NSW in Athena

As described in section 4.2.1 athena uses a global and a local coordinate system, where the latter
one is needed to describe the position within a specific part of the detector. In the following the
local coordinate system of the NSW will be introduced. It describes the positions within a gas gap
of either an sTGC or a Micromegas chamber. Its origin is located at the center of a quadruplet.
The x coordinate is orthogonal to the strips and the y coordinate describes the direction parallel
to the strips?. The z coordinate follows the direction of the global z coordinate of ATLAS. The
origin of the z component for the sTGCs is on the plane of the wires and for the Micromegas in
the center of the drift gap. To describe the position of a gas gap, the variables listed in table 5.1
are used. They follow the mechanical structure of the NSW given above.

2This is different for the sTGC strips and pads, but those are not relevant for this thesis.
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5.4. Local Coordinate System of the NSW in Athena

Name Range Description
stationName | MML, MMS MM/ST: Micromegas or sTGC
STL, STS L/S: large or small sector
stationEta | £(1-3) (sTGC) | sign: side A (positive) or C (negative)
+(1-2) (MM) absolute value: quadruplet in radial direction
stationPhi 1-8 indicates sector number in polar direction
one phi station includes a large and a small sector
multiplet 1-2 wedge number in z-direction
gas gap 1-4 gas gap number within a wedge in z-direction

Table 5.1.: Variables describing the NSW structure inside athena.
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6. Micromegas Detectors

Micromegas were introduced in 1996 by Y. Giomataris et al. [65]. With their micro-pattern-
structured readout electrode they provide very precise tracking while having an excellent rate
capability due to a thin amplification gap. The Micromegas technology is well established and
different types are deployed in a variety of experiments, e.g. COMPASS [66]. While all Micromegas
used in experiments so far are small in size (< 1m?) the Micromegas on the NSW have a surface
of more than 2m? per quadruplet covering a total active area of 1280 m? in multiple layers.

In the following the basic concept of Micromegas detectors is introduced. The main emphasis is
put on the implementation as used in the NSW. Afterwards different methods for the position
reconstruction of particle tracks with Micromegas are discussed focusing on the reconstruction
of inclined tracks where the drift time of the electrons in the drift gap needs to be taken into
account.

6.1. Setup of Micromegas Detectors

Figure 6.1 shows a sketch of a Micromegas detector. It consists of a gas volume surrounded by
the drift cathode at the top and the strip-segmented readout anode at the bottom. Furthermore
there is a stainless steel mesh separating the gas gap into two regions where electrical fields of
different strenghts are applied, the drift and the amplification region. In the following the main

components are discussed in detail.

Drift Cathode In the type of Micromegas deployed in the NSW, the drift cathode is implemented
as a copper plate spanning the full surface of a quadruplet. A negative voltage of 300V is applied
on the cathode, creating an electric field of 600 V/cm between the cathode and the stainless steel
mesh, which are 5mm apart from each other. This electric field is referred to as drift field, the
region between the cathode and the mesh is called drift gap accordingly. The incoming charged
particle transverses the drift gap and ionizes the gas along its path as discussed in section 3.1. The
electrons created in these processes follow the drift field lines and drift through the gas towards
the mesh, which was described in section 3.2.

Stainless Steel Mesh The mesh is held on ground potential and therefore divides the gas gap
into two regions of different electric field strengths, the drift and the amplification field. The mesh
itself is woven out of stainless steel wires with a diameter of 30 um and a pitch of 71 um. The
distance between the mesh and the readout electrode is 128 ym. To guarantee this tiny distance
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Figure 6.1.: Sketch of a Micromegas detector. It consists of a gas gap surrounded by a drift anode
and a micro-pattern electrode. A stainless steel mesh divides the gas gap into two
zones with different field strengths. Figure taken from [67].

over a surface of more than 2m?, the mesh is mounted into the detector with a certain tension.
Furthermore there are pillars, made out of so-called photo imageable coverlay, positioned on the
readout electrode supporting the mesh and keeping its distance to the readout strips with a very
good precision.

Readout Anode The readout anode of the Micromegas is segmented into strips with a pitch of
425-450 um depending on whether they are part of a large or a small sized quadruplet. This
geometry guarantees a good spatial resolution. The anode consists of two layers of strips: the
upper layer formed by the so-called resistive strips made out of carbon and right underneath,
separated by a layer of kapton, copper strips are located. The strips have a width of 300 yum and
the gap between them is 125—-150 pm. A positive voltage of 570V is applied on the resistive
strips, creating an electric field of 45kV /cm between the strips and the mesh. This strong field
leads to gas avalanche as discussed in section 3.3. The choice for resistive strips was made in order
to protect the detector against sparks which harm the material and also create dead time. In case
a spark occurs, the induced current flowing through the resistive strips reduces the amplification
field and stops the avalanche, thus suppressing the creation of further sparks. While the copper
strips cover the full width of the detector, the resistive strips contain a very thin gap in the
center of the chamber, dividing it into two high voltage sections. The actual charge readout of
the chamber is done through the copper strips, which receive the signal via capacitive coupling to
the resistive strips. Given the small strip pitch and the capacitive coupling between neighboring
resistive and copper strips, part of the signal on a copper strip is induced by neighboring resistive
strips (see figure 10.5). This effect is called charge sharing (CS) and has a significant impact on
the performance of the detector as will be shown later. The charge on the copper strip gets read
out, amplified, and digitized by the so-called VMM ASIC, which is discussed in section 7.2.
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6.2. Operating Gas

6.2. Operating Gas

Micromegas detectors are operated with a variety of gas mixtures depending on the field they
are deployed in. In the NSW a gas mixture of Argon and COs with a ratio of 93:7 will be used,
where Argon guarantees a high number of ionizations and COg acts as the quenching gas. In
the following, the properties of this gas mixture are discussed, focusing on their impact on the

detector performance.

6.2.1. Drift properties

For the motion of the electrons in the drift gap, the key parameters of the gas mixture are the drift
velocity of the electrons and the diffusion in longitudinal and transverse directions. Figure 6.2a
shows the drift velocity of the electrons in the drift gap as a function of the electric field. At
the value of the drift field of 600V /cm the drift velocity is 47 pm/ns. At this field strength the
drift velocity is rather stable such that it does not depend too much on the field strength. This is
important because then the drift distance, used in the reconstruction of the particle trajectories
passing through the detector, is obtained linearly from the drift time and velocity. A variation
of the drift velocity therefore has a direct impact on the spatial resolution of the detector. The
drift velocity corresponding to the chosen field strength is such that all electrons created in the
drift gap reach the mesh within 105ns which is well below the readout window of the front-end
electronics of 200ns. At this field strength the transverse (longitudinal) diffusion of electrons
with a drift distance of 1cm is 365 um (198 um). The drift properties were determined using the
software PyBoltz [68].

6.2.2. Amplification Properties

Figure 6.2b shows the distribution of the number of electrons produced in the avalanche of a single
electron in the amplification gap, referred to as gas gain. It is described by the Polya function
defined in equation 3.17. Initially the plan was to operate the Micromegas detectors with 600V
applied on the resistive strips, leading to a field strength of about 47kV /cm. This corresponds to
an average gas gain of 10%, as it is shown in the aforementioned figure. Due to voltage instabilities,
the working point of the Micromegas had to be reduced to 570 V. This corresponds to a gas gain
of about 8000, which is still sufficient to yield a good overall detector performance.

6.3. Position Reconstruction with Micromegas Detectors

For the reconstruction of clusters of coincident signals on copper strips (see below), referred to
as clusterization, and their positions with a Micromegas detector there are different methods
available, the applicability of which mainly depends on the incident angle of the track and the
time resolution of the detector. The performance of an individual cluster reconstruction method
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Figure 6.2.: Properties of the Argon:COy (93:7) gas mixture used in the Micromegas detectors of
the NSW.

is assessed by two quantities: the position resolution, which describes the precision of the re-
constructed cluster location per Micromegas layer, and the reconstruction efficiency, which is a
measure for the probability of a clusterization method to correctly build a cluster for a genuine
particle track for each layer.

For tracks perpendicular to the strip plane, the computation of the particle position from the
charge-weighted mean position of strips whose signal exceeds the threshold (centroid method)
performs very well. But in ATLAS, tracks with an inclination of 7—-31° with respect to the
beamline are expected from the geometry of the NSW, leading to a loss of precision for the
centroid method. Hence for inclined tracks, more sophisticated methods are needed, taking into
account the time of arrival of the charge on each strip. Using the drift time information turns
the drift gap into a micro Time Projection Chamber (uWTPC), which also gives the name to the
most prominent reconstruction method. In order to further optimize the position resolution
and the reconstruction efficiency, two methods have been studied which employ the additional
information of an external estimate of the track angle. One way to obtain this estimate is to
perform a fit of a track through several detector layers. However, this requires a first round
of position reconstruction with either the centroid or the pTPC method without the external
angle estimate. The information of the external angle estimate is exploited differently in the two
methods. The first approach uses it together with the charge-weighted mean time of the strips
to project the position calculated by the centroid method to the center of the drift gap. It is
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Method / Input Parameters | Strip Position | Charge | Drift Time | Ext. Angle Estimate
centroid yes yes no no
CTP yes yes yes yes, as fixed value
uTPC yes no yes no
constrained uTPC yes no yes yes, as constraint

Table 6.1.: Position reconstruction methods for Micromegas detectors and their input parameters.

called the Cluster Time Projection (CTP) method and was first introduced in [69]. In the second
method the recipe of the yTPC clusterization is deployed, but the angle in the fit is constrained
towards the estimate. Therefore it is called the constrained puTPC method and was developed
in the scope of this thesis. The different methods and their input variables are summarized in
table 6.1.

In the following the different clusterization methods are discussed in detail. All of them consist
of two major steps. The first is to group strips whose signal has exceeded the threshold into
so-called clusters, where a cluster contains all strips that received charge from the same particle
passing through the detector. In a second step the positions of the clusters are computed using
the information discussed above. The position of each cluster is expressed in a two dimensional
coordinate system, where the x-axis is orthogonal to the strips and the z-axis is antiparallel to the
drift direction (see section 5.4). By construction, the methods mentioned above place the clusters
at a z-value equal to the half of the maximal drift distance, referred to as the center of the drift
gap. The z-value of the position is called the precision coordinate and all the studies presented
in the following express the position resolution in the direction of this coordinate.

The NSW performance goals discussed in section 5.1, i.e. a momentum resolution of 10% at
pr =1TeV and a good reconstruction efficiency at high particle rates, translate into the require-
ments on the clusterization algorithms to provide a position resolution in the order of 100 pm and
a reconstruction efficiency of 90 % or above.

6.3.1. Centroid Method

For perpendicular tracks the reconstruction with the centroid method is already sufficient to reach
a spatial resolution of better than 100 um. The clusterization of the strips is done by merging
neighboring strips, which have a signal above a certain threshold set in the VMM, into a cluster.
If multiple groups of adjacent strips exceed the threshold, multiple clusters are reconstructed.

Since the noise level is non-negligible for the large quadruplets due to the long copper strips,
gaps of one missing strip are allowed in centroid clusters to account for strips not exceeding the
threshold. For inclined tracks, the centroid method loses its precision due to several reasons. The
main one is that the initial ionizations do not occur at the same precision coordinate anymore
but along the inclined track. Given the production of different amounts of charge on the strips
caused by variations in the primary and secondary ionizations and the avalanche of the charge,
the reconstructed position is skewed towards those ionizations that produce more charge. This
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effect can be mitigated by including the drift time into the calculation of the cluster position as
is discussed below.

6.3.2. Cluster Time Projection Method

As discussed above the centroid clusterization loses its precision for inclined tracks due to fluctu-
ations in the primary and secondary ionization and in the avalanche process. To overcome this
issue, the CTP method corrects the centroid position with the drift time measurement and an
external estimate of the incident angle. The goal of this correction is to project the cluster to the
vertical center of the drift gap. An illustration of the CTP method is given in figure 6.3. As a first
step the position obtained with the centroid method and the mean drift distance obtained from
the mean time of the strips weighted by their charge (“charge-weighted mean time”) are calculated
as follows:

= Zqi x; and (6.1)
d=> qitivp = _qd;, (6.2)

where vp is the drift velocity, x; the individual strip position, and t; the time measurement of
the strip. Here, the index ¢ enumerates the strips. Neglecting the uncertainty on the charge

\

Drift H hDrift Gap/ 2
distance AX

Measured

Figure 6.3.: lllustration of the working principle of the Cluster Time Projection method. The
dashed blue line indicates the position of the cluster calculated by the centroid
method, while the blue dot also includes the information of the mean time of the
strips weighted by their charge. Compared to the particle position at the center of
the drift gap (Aprift gap/2), the centroid position is skewed to the right. Using an
external estimate for the inclination of the track and the information from the drift
time, the cluster position can be corrected by Az to the left in order for the cluster to
be at half the height of the drift gap, where any fit combining different layers would
expect it. The projected position is indicated by the solid turquoise line.
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measurement, the errors of the positions and the drift distances are given by:

oz = Z:(agviqi)2 and (6.3)

0g= Z(Udi a)?. (6.4)

The uncertainty on the drift distances and the strip positions is computed from the transverse
and longitudinal diffusions, omyans and openg, the pitch of the strips and an uncertainty on the
ionization time ooy, respectively. They are computed with the following formulae taken from [70]:

pltCh)2 2
= + ans di and 6.5
o \/ (P55) + ) (©5)

o4, = \/(UIon UD)2 + (ULong di)Q. (66)

Using the centroid position, the mean value in time and the knowledge of the incident angle of

the track 6, the cluster can now be projected towards the center of the gap as following:

Tproj = & — (d‘ - thft) tan(), (6.7)

where hqie is the height of the drift gap. The uncertainty on the projected position is given by:

Capney = /02 + (otan(6))>. (6.8)

6.3.3. Micro Time Projection Chamber Method

The pTPC method [71,72] aims to not only measure the cluster position at the center of the gas
gap, but also the incident angle. Therefore it can be used without having an external estimate of
the angle. The algorithm consists of three major steps:

e coarse clustering of neighboring strips, allowing up to three consecutive missing strips,

e application of a Hough transform (HT) [73,74] to filter strips that belong to a straight line
through the drift gap, and

e fitting a straight line to the strips passing the filter and extracting the cluster position at
the center of the drift gap.

The first step is only relevant in ATLAS, where many unrelated hits are expected due to back-
ground events. It serves as a first coarse filter to minimize the CPU time spent in the HT and to
avoid disruptions from unreasonable line segments.
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Figure 6.4.: Representation of a line in the Hesse normal form. Here the red line is expressed by 6
and r rather then slope and intercept. This has the advantage that for any rotation of
the line, the #-value changes linearly while the slope would diverge for vertical lines.
Drawing follows [75].

In the HT a line is expressed in the Hesse normal form as illustrated in figure 6.4. In this form
a line is described by the angle € and the radius r rather than the slope and the intercept. This
has a few advantages, the main one being that a rotation of the line leads to a linear change of
for any orientation while the slope diverges for vertical lines. Therefore this form is ideal for the
use in the HT. For a given value of 6 the radius can be determined as follows:

r = xcos(f) + zsin(f). (6.9)

In the case of the Micromegas, x denotes the strip position and z the drift distance. In the
HT for each strip above threshold in a given layer, the radius r is calculated for a range of 6
values and the (r,0)-pairs are filled into a histogram called the accumulator. Figure 6.5 shows a
typical pTPC event from the Micromegas simulation and its corresponding accumulator. In the
accumulator, the (r,0)-pairs for each strip are visible as a line. These intersect, leading to bins
with elevated numbers of entries (yellow in figure 6.5a). The (r,0)-values corresponding to the
bin with the highest number of entries are chosen to define the line corresponding to the expected
particle trajectory through the gas gap. If the highest bin is below a certain threshold, e.g. 3, the
HT is declared non-successful and the clusterization for the particular gas gap is stopped. This
excludes cases where a line is made up by two strips, which are on a line by definition. Using
the (r,0) of the highest bin one can compute the x? of all points with respect to the line that
one has obtained. If more than one bin have the same maximum number of entries, the estimate
leading to the line with the smallest x? is chosen. Strips whose position deviates from the median
residuals of all points to the line by more than 1 mm are excluded from the cluster. The median
of the residuals is taken to account for extrapolation uncertainties due to the bin sizes of the
accumulator. It is also used for the computation of the y? discussed above. If at least three
excluded points are present, the clusterization is repeated for those, which can lead to more than
one cluster per gas gap if the repeated HT was successful. The HT is a standard method in the
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Figure 6.5.: Depiction of the yTPC clustering method for one gas gap in an exemplary event.
Left: Accumulator of the HT used to determine the best value for the angle and
radius of a line segment in a gas gap. For each strip exceeding the threshold, r is
calculated for multiple angles according to equation 6.9. Each of the (r,0) pairs is
put into the accumulator and the bin with the most entries then gives the estimate
for the angle and the radius. Right: After the strips belonging to the estimated line
have been selected, a linear fit is performed and the cluster position is extracted at
the center of the gas gap.

field of pattern recognition in pictures.

For each line identified by the HT the corresponding hits are fitted using the uncertainties on
the strip position and the drift time described in the equations 6.5 and 6.6 respectively (see
figure 6.5b). The cluster position is then determined at the intersection of the fitted line and the
center of the gas gap. The uncertainties on the cluster position are taken from the propagation
of the errors on the fit parameters.

6.3.4. uTPC with a Constrained Angle

This method follows the concept of the uTPC one, but rather than reconstructing the angle of
the particle passing the detector, an external estimate of # and its uncertainty oy is used as a
seed in the cluster finding procedure and as a constraint in the final fit. The procedure for the
clusterization of the strips before the final fit is illustrated in figure 6.6. Instead of having to
implement the entire HT as for the unconstrained yTPC method in the previous section, only the
intersect needs to be estimated. For this, first the strip positions are recalculated to be centered
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around their mean value. Afterwards the points are located on a line which crosses the center of
the drift gap at the mean strip position, e.g. the point (0,2.5) in figure 6.6. The slope of the line is
given by the angle estimate. A corridor is opened by two lines with slopes of (— atan (6 & 09))_1
also intersecting at the point (0,2.5), and the points which are inside the corridor within three
times their uncertainty pass the filtering. This procedure is repeated by varying the z value of
the intersection point to account for offsets in timing. The z value with the most hits passing the
filter is chosen and the associated hits are assigned to the cluster. Like for the yTPC method
this procedure is repeated for strips not passing the filter if there are more than three of them.
The position of the cluster is determined by a fit of the associated hits, where the main difference
compared to the pTPC method is that a constraint is applied on the angle in the fit. In order to
fit a line with a constraint on the angle, the log-likelihood method is deployed, which essentially
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Figure 6.6.: Illustration of the strip selection in the constrained pTPC method. Since the strip
positions are centered around their mean value, the pairs of strip position and drift
times ideally lay on a line which intersects the center of the drift gap at the mean
strip position. In the plot this would correspond to the point (0,2.5). The slope of
the line is given by the external estimate of the angle (solid red line). In order to find
the points belonging to a cluster, a corridor is opened by varying the slope by + oy,
which is the uncertainty on the angle estimate (blue dashed lines). Points which are
inside the corridor within three times their uncertainty are accepted for the cluster
(green circles), while those outside are excluded (red stars). To account for variations
of the timing, the corridor is moved up and down by changing the z coordinate of the
intersection point of the dashed blue lines in steps of 0.1 mm. The intercept with the
most associated hits is selected.
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minimizes the following term:

£(6,¢) = (Z (_Wlnexi —I—C—lzi)z> +05 <(9;200)2> , (6.10)
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" atan@

where the first part represents the residuals between the fitted points (x;, z;) and the predicted
line and the second term adds a constraint on the angle . The strength of the constraint is given
by the uncertainty of the estimate, og. Finally the cluster position is extracted by evaluating
the fit at the center of the gas gap. The uncertainty on the cluster position follows from the
propagation of the errors of the fit parameters.

51






Part II.

Micromegas Performance in the Test
Beam

In the summer of 2018 a test beam campaign with one of the first Micromegas production modules
took place in the CERN north area. It was the first time that the front-end chip used in the NSW,
namely the pre-final version VMM3, was deployed on a full-size Micromegas quadruplet. Therefore
the test beam had two major goals: first validate that the VMM readout chip works on a full-size
module and, second, study the performance of the detector. For the latter, the most important
aspect is the spatial resolution for tracks under an angle, since for the NSW only inclined tracks
are expected.

This part consists of three chapters. In the first, the setup of the test beam is described followed
by a disussion of the readout electronics. Focus is put on the individual calibration of over 2000
VMM channels deployed in the test beam setup, which was carried out in the scope of this thesis.
This calibration is required for the later analysis of the data but also the data taking itself. In
the second chapter, the performance of the different position reconstruction methods as measured
in the experimental setup is discussed, focusing on the methods used for inclined tracks. Finally
chapter 9 summarizes the studies conducted.
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7. Setup and Calibration

This chapter first introduces the experimental setup of the test beam, which includes the mechan-
ical setup followed by a description of the readout electronics. Then the procedure of calibrating
the over 2000 electronics channels is discussed, to which significant contributions have been made.
Two categories of calibrations need to be performed: first, the noise of each VMM channel is mea-
sured and a threshold is applied according to the noise. This type of calibration needs to be
applied to the readout chip before data taking. Second, the analog-to-digital converter (ADC)
counts associated to charge and time measurements are calibrated in order to correctly convert
them to physical units, used in the data analysis. Both types of calibration are discussed in this
chapter in terms of procedure, results, and their impact on the detector performance.

7.1. Mechanical Setup

Figure 7.1 shows the setup used in the test beam. The device under test (DUT) was the first
SM2 quadruplet from the series production, built by a consortium of German universities lead by
the University of Munich. For the external tracking, three Micromegas prototypes with a size of
10ecmx 10 cm have been deployed. Two of those tracking chambers were mounted downstream of
the SM2 quadruplet and one upstream of it. For the trigger two equal-sized scintillators with a
size of 10cmx10 cm were attached to the two downstream tracking chambers. For the readout,
the pre-final version of the chip used in the NSW, namely the VMM3, was connected to the DUT.
The full setup was located at the north area of CERN in the H8 beamline. In the following more
details on the beamline and the DUT are given.

7.1.1. The H8 Beamline

The H8 beamline is located in the north area of CERN. It is part of a complex of several beamlines
which are all connected to the SPS. It can either carry the proton beam directly from the SPS or
secondary beams consisting of hadrons or electrons. The secondary beam is generated by colliding
the primary SPS beam with a beryllium target and then selecting the desired secondary beam via
a dedicated system of magnets. For the studies discussed in this thesis, a secondary pion beam
was used. It had positive polarity, a momentum of 180 GeV, and a rate of several kHz. The beam
diameter is in the order of several cm.
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) Picture of the test beam setup.
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(b) Sketch of the relevant parts of test beam setup.

Figure 7.1.: Picture and sketch of the test beam setup. The setup consisted of the first series
production module of the SM2 type, which is visible in the center of the photograph.
In the direction of the beam, one small Micromegas prototype detector was placed
208.5cm in front of the SM2 module (bottom right in the picture) and two small
Micromegas were placed 78.6 cm and 83.4 cm behind the SM2 module, respectively.
Those three small detectors are used to determine the reference track through the
SM2 module. The trigger is realized using two scintillators, one behind the SM2
module and one behind the tracking detectors.
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7.2. Readout Electronics

7.1.2. SM2 Chamber under Test

The SM2 quadruplet has a width of 1.7m, is 1.2m long and consists of four layers of Micromegas
detectors. Each layer is segmented into three printed circuit boards (PCBs), hosting two high
voltage (HV) sections each denoted with L and R, as shown in figure 7.2. Due to HV instabilities
of the chamber, mostly the bottom right HV section was studied, referred to as HV section 8R,
but a few runs were also taken with the central PCB 7, referring to HV sections 7L and 7R,
positioned in the beam.

Figure 7.2.: High voltage sections of one layer of the SM2 chamber. Due to high voltage instabil-
ities in the other sections, mostly the section 8R was used in the studies.

7.2. Readout Electronics

The readout of the DUT and the tracking detectors was realized with the VMMS3 front-end
chip [76,77]. The VMMS3 is the pre-final version of the VMMa3a eventually used in the NSW. A
sketch of the VMM is given in figure 7.3. The chip houses 64 readout channels. Each channel
has an individual shaping amplifier which was operated with a gain of 9mV /fC and a so-called
peaking time of 100 ns and 200 ns. Behind the amplifier, each channel has a discriminator. The
discriminator is controlled by two values, one DAC value which is common for all channels of the
chip and the so-called channel trimmer which can change the individual channel threshold in a
small range on top of the global value. This is used to correct for individual channel responses to
the global DAC value. In the VMMS3 these trimmers are not functional!. Therefore there was only
the possibility to set a global threshold per VMM and no way to make the individual channel
thresholds equal. After the amplification stage follows the digital part of the VMM. ADCs of
different resolutions and processing times are available to digitize the pulse amplitude. The time
measurement is given by two values, a coarse one which associates the peak to a counter driven
by an external clock, and a fine one, a time-to-amplitude converter (TAC), which yields the time
between the peak and its associated clock cycle. Apart from the time at the peak, also the time
at the threshold can be measured with the same mechanism. For the recovery of signals below

!This was one of the reasons to invent the VMM3a, but at the time of the test beam not enough VMMa3a, chips
were available.
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7. Setup and Calibration

the threshold, the VMM has a so-called neighbor logic (NL). With the NL enabled, the VMM also
reads the two neighboring channels adjacent to a strip above threshold independently of whether
or not they have signals above threshold.

i 64 channels

shaper peak

mux

time

[ trim | | addr. |

| pulser | bias H DAC }Htemp]{Gray countHEglstersli
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Figure 7.3.: Schematic drawing of the function principle of the VMM chip [77].

The connection of the readout to the DUT is done using a so-called MMFES8 board. It houses
eight VMMs and can therefore read 512 strips of the Micromegas. The MMFES version used
in the test beam also has an FPGA. It collects the data from the VMMSs and sends it out to
the readout computer over an Ethernet connection. It also receives configurations through the
network connection and forwards them to the VMMs. For the synchronization of the multiple
MMFES8s a Xilinx VC709 FPGA board was used. It receives a 40 MHz clock, similar to the
LHC bunch crossing clock (see next section), from a custom made clock and trigger generation
and fanout (CTF) card [78] and forwards it to the MMFE8s. The CTF card is connected to
a coincidence unit which itself is connected to the two scintillators. The coincidence signal is
propagated through the CTF card to the VC709 which forwards it to the MMFESs if none of
them are busy. Since the VMM only stores the Bunch Crossing ID (BCID) at which the trigger
arrives, and the beam is not correlated to this clock, a 25ns jitter would be added to the time
measurement. This would highly distort the reconstruction of clusters based on the drift time of
the electrons. Therefore the VC709 was configured such that it only forwards the trigger signal to
the VMMs if it occurred within 2ns of a falling edge of the bunch crossing clock. This procedure
was included in the VC709 firmware by Christos Bakalis [79]. For the readout of the data and
configuration of the VMMs, the VMM Embedded ReadOut Software 80| was used, running on
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a PC connected to the network of the MMFES8s. A sketch of the readout system is given in
figure 7.4.

7.3. Calibration of the VMM

In order to obtain sensitive results, several quantities of the over 2000 VMM channels in the
system need to be individually calibrated, amongst them the conversion of the ADC counts for
the charge and time measurements into fC and ns, respectively, as well as the settings of the
thresholds before each run. This section first focuses on the calibration of the time component.
It is required since the slope of the TAC and the scale of the ADC is different for each channel.
First the way the VMM measures time is introduced in detail, followed by a description of two
calibration methods for the time measurement. The methodology, results, and the impact on the
performance are discussed for both methods. The argument of the ADC scale also applies to the
charge measurement, but here the differences between the channels are smaller and the impact
on the performance of the DUT can be neglected. Hence the charge calibration was carried out
but not applied in the data analysis and is therefore not described here. The last part of the
section is devoted to the thresholds. Particular focus is given to the discussion of the impact of
the thresholds on the performance of the DUT.

[]
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MMFE 8
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Figure 7.4.: llustration of the readout system. Eight VMM readout chips are hosted on one
front-end board, called MMFES, which provides the connection of the detector to
the VMM. Furthermore the MMFES hosts an FPGA which reads the digitized data
from the VMM and sends it to a computer via the network. The network connections
are indicated by the dashed blue lines. The FPGA also receives commands from
the computer and configures the VMM accordingly. Furthermore it distributes the
clock, trigger, and busy signals received from an external FPGA board of the type
VC709. The clock itself is generated in a custom made CTF card configured to use
the external trigger provided by the coincidence of the scintillator signals.
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7. Setup and Calibration

7.3.1. Time Measurements with the VMM

As discussed above, the VMM measures the amount of charge integrated over a settable time
period and the time of arrival of the charge. Figure 7.5 shows the measurement principle of the
VMM. First the incoming charge is integrated over a time window referred to as the peaking time,
converting the charge into a voltage signal which peaks at the end of the integration window. The
height of the peak, corresponding to the total amount of collected charge, is saved as peak detector
output (PDO). At the peak, a TAC is started. It is stopped by the falling edge of an external
clock which in ATLAS and the test beams is the 40 MHz Bunch Crossing Clock (CKBC). The
amplitude of the TAC when it is stopped is referred to as time detector output (TDO). The CKBC
also drives a counter in the VMM, counting the BCID, and strips with a signal above threshold
carry the information of which BCID stopped the TAC. The TDO and PDO values are then
digitized, converting the voltage into ADC counts, and filled into a buffer. If the external trigger

PDO
t, t,
Pulse
CKTP
A
TAC “TDO
S | | N o O
charge Peak falling edge of
injection | detected | CKBC stops TAC
—>
time

CKTP: Clock to inject test pulses; CKBC: external bunch crossing clock
TAC: Time to Amplitude Converter; PDO: Peak Height in ADC counts
TDO: TAC output in ADC counts

Figure 7.5.: Measurement principle of a VMM channel. The charge, either coming from the
detector or induced as a test pulse as shown here, arrives to the channel at time
to. Then the shaping amplifier integrates the charge, converting it into a voltage
for a settable time leading to a peak in the voltage signal at ¢,. The peak height,
corresponding to the charge integral, gets digitized and stored as PDO counts. The
detection of the peak also starts a TAC. It is stopped by the next falling edge of the
external bunch crossing clock, provided by the LHC. The amplitude of the TAC is
then digitized and stored as TDO counts. Since the TAC slopes and the ADCs of all
channels are different, they need to be calibrated individually.
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7.3. Calibration of the VMM

found a coincidence between the scintillators, a trigger signal is sent to the VMM and it outputs
all hits in a window of up to eight BCIDs around the BCID given by the trigger. These hits
are all marked with the trigger BCID; additionally they carry the information about their BCID
relative to the one of the trigger. This information is referred to as the relBCID.

Combining the information from the relBCID and the TDO, the time of arrival ¢ of a signal at a
strip can be determined as follows:

t = 1elBCID x 2518 — TDOcalib + tLatency (7.1)

where TDOcar, refers to the converted TDO counts in ns and #y,atency denotes the processing time
of the trigger. Details on the calibration of the TDO follow in the next chapter.

7.3.2. Time Calibration of the VMM

For the time calibration of the over 2000 VMM channels, two methods have been used, which
will be discussed in the following. The first method relies on the injection of test pulses with
an adjustable time into the VMM channels while the second method is based on a data-driven

approach.
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(a) Pulser-driven calibration (b) Data-driven calibration

Figure 7.6.: Example distributions as employed for the two TDO calibration methods. Left: TDO
value as a function of the skew between the test pulse clock and the bunch crossing
clock. The slope and the intercept are extracted by a linear fit in the central region
of the histogram. Right: TDO distribution of a VMM channel for a run. A fit
with a Fermi function is carried out on both edges. The slope and the intercept are
determined using the fact that by construction of the VMM, the left edge is equivalent
to 12.5ns and the right one to 37.5ns.
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Pulser-Driven Calibration

The VMM has the ability to inject test pulses into each of its channels. The timing of the test
pulse can be controlled by an external clock, the CKTP (see figure 7.5). For the MMFES8s used
in the test beam, the CKTP is provided by the FPGA. Using the fact that the TDO gives the
time between the peak and the next falling edge of the CKBC, the TDO can be calibrated by
changing the phase between the CKTP and the CKBC. Figure 7.6a shows the TDO as a function
of the phase shift between the CKTP and the CKBC. A linear behavior can be observed in
the central region while in the outer regions the assignment of the peak to the previous or the
following BCID is visible. To extract the slope and the intercept of the TAC, the central region is
fitted with a straight line. Figure 7.7a shows the TAC slopes for the 512 channels of an MMFES.
Huge variations of the slope over the channels can be observed. Therefore a different method to
calibrate the TAC slope was investigated which is described in the following.

'a‘ 67 T T N, 'a‘ 67 T T T T T T T T T T N,

< B n < B A

0 r v A ]

E waﬂ vy E 5; ,;’ A

i ¥ ;U o

o 3 Q Y

g & 73 4&@ v ]

(q':) r 4 ] 2 v v v 7 Vv W
L vy, - [ v y

= 3= A = 3 v i"v ‘k;% v

i ] L ,7‘:‘*!"#, 7y

. ] A AR ¢

2; ] 2; "v"' L v|

: ] : . T

1 . 1 .

0: Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il \" Il Il Il Il l: O: Il Il Il Il ‘ \‘ Il Il Il ‘ Il Il Il Il ‘ Il Il Il ‘ Il Il \"\vﬁ‘

0 100 200 300 400 500 0 100 200 300 400 500

channel on MMFES8 channel on MMFES8

(a) Pulser-driven calibration (b) Data-driven calibration

Figure 7.7.: Comparison of the TAC slopes for the two calibration methods. The two figures
show the TAC slope as a function of the channel number for one exemplary MMFES,
hosting 8 VMMs. The vertical red lines indicate the boundaries of the individual
VMDMs.

Data-Driven Calibration

The idea for the data-driven calibration method was given in [81]. It is based on the fact that
the TAC yields the time until the next falling edge of the CKBC, but only if the peak occurred
before a rising edge of the CKBC. Given the CKBC frequency of 40 MHz, these constraints lead
to the TAC being limited to a time range of 12.5—-37.5ns. Consequentially, the TAC slope can be
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Figure 7.8.: Comparison of the calibrated time of the TAC for the two calibration methods. Both
distributions are fitted with a double Fermi function. For the data-driven calibration
the width of the distribution is in agreement with the expected 25ns, while for the
pulser calibration the distribution is slightly narrower.
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Figure 7.9.: Comparison of the drift time distribution for the two calibration methods. Both
distributions show a similar overall shape, which is also in agreement with the expec-
tation. The periodic dips in the distribution using the pulser-driven method can be
explained by the slightly underestimated TAC slope.
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determined using the width of the TDO distributions of a run, while the intercept can be obtained
from the position of one of the two expected edges. Figure 7.6b shows the TDO distribution for
one run. The two edges are fitted with Fermi functions. The width of the total distribution is
determined from the position parameters of the two Fermi functions. Dividing the width by 25 ns
then yields the TAC slope which is shown in figure 7.7b for the 512 VMM channels of an MMFES
obtained with the data-driven calibration method.

Comparison of the Performance of the two Calibration Methods

Figure 7.7 compares the TAC slopes for an MMFES8 obtained with both methods. As can be
seen, both methods yield consistent results while the width obtained with the data-driven method,
visible in figure 7.8, has the expected size of 25 ns. The pulser-based calibration, on the other hand,
shows a slightly smaller width of 23 ns. Figure 7.9 depicts the total drift time, i.e. the combination
of the TAC time with the relBCID, for both calibration procedures. The drift time distribution
with the pulser-based calibration shows periodical dips with a distance of 25ns. Those can be
explained by the TAC time spectra being too narrow, hence, not filling the full range between
two relBCIDs. Apart from the dips, both drift time distributions have the same shape.
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Figure 7.10.: Baseline measurement for all VMM channels on an MMFES. The baseline is mea-
sured by sampling the VMM signal after the amplifier by the external FPGA. It
serves as the basis to determine the noise levels, which are extracted as the RMS of
the baseline of each channel. The threshold is then set by adding x times the noise
to the median baseline, where z is referred to as threshold scale factor.
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7.3. Calibration of the VMM

7.3.3. Noise Levels and Thresholds of the Test Beam Setup

Due to the enormous lengths of the strips in the large Micromegas chambers of up to 2m, and
consequently the high capacity between strips, Micromegas detectors are very sensitive to noise.
Therefore it is important to quantify the noise levels before taking data and to set the thresholds on
the VMMSs accordingly. For the calibration of the VMM threshold, the analog output of the VMM,
i.e. the signal after the shaping amplifier, can be sampled by the FPGA. This measurement yields
the so-called baseline. A typical baseline for an MMFES is shown in figure 7.10. The threshold
of the channels is determined by adding x times the RMS of the channel baseline to the median
baseline, where x is called threshold scale factor.

As mentioned before, setting the threshold includes two configuration parameters of the VMM.
First a global threshold is set for all channels of a VMM, then the individual channels are trimmed.
Since the channel trimming is not functioning in the VMM32, only a chip-wide threshold could
be applied in the test beam. It was determined using the median and the RMS from the baseline

of an entire chip. The noise levels measured in the test beam are shown in figure 7.11 and

2This was one of the major reasons to develop the next VMM version, the VMMa3a.
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Figure 7.11.: Comparison of the noise level as observed during the test beam and after its opti-
mization in the BB5 integration facility. The data points show the RMS of the eight
VMDMs reading layer 3 (blue) and layer 4 (red) of the SM2 quadruplet. The red line
indicates the noise levels which were achieved by improved grounding measures as
investigated after the test beam. The theoretical lower limit for the strip length of
the strips used in the test beam is 3300 electrons. VMMs 0 and 7 show lower noise
levels since only part of their strips are connected to copper strips of the DUT. The
strips which are connected to these VMMSs were not exposed to the beam, therefore
the biased noise measurement had no impact on the results obtained in the test
beam.
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compared to the theoretical prediction of the lower limit of noise derived from the strip capacity
and the simulation of the VMM. While the theoretically lowest equivalent noise charge (ENC) is
3300 electrons, the measurement in the test beam yielded values of 4500 — 6500 electrons depending
on the layer and the VMM number. Since the measured noise did not fully follow a Gaussian
distribution, thresholds of six times the noise had to be applied in order to properly suppress noisy
strips, leading to charge thresholds of 4.3—6.2fC. After the test beam the noise on the detector
could be reduced to the theoretical limit by several improvements of the grounding within the
quadruplet and for the power supplies. With the imperfect grounding in the test beam, the long
strips of the detector worked as antennae, picking up electromagnetic distortions in the test beam
hall, where several experiments are running in parallel.

Figure 7.12 shows the percentage of strips lost as a function of the applied threshold. It indicates
the importance of keeping the noise levels and consequently the applied threshold as low as
possible. For the values used in the test beam the percentage of strips below the threshold is
60-70%. For the small Micromegas prototype detectors with a strip length of only 10 cm, and
subsequently a lower capacitance, the noise level is typically in the order of 350 electrons leading
to signal losses of below 20 %.
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Figure 7.12.: The percentage of the simulated signal loss as a function of the discriminated equiv-
alent charge from a random strip within a cluster. The simulation was performed
for incident particles traversing the detector plane under 30° and with a detector
gain of ~10%. For the thresholds used in the test beam, which are 4.3 6.2 fC, about
60—70 % of the strips are lost. Plot and parts of the caption taken from [82].
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8. Reconstruction Performance

This chapter discusses the performance of the SM2-M1 (DUT), the first SM2 module from the
series production, in a test beam carried out in the north area of CERN in 2018. The setup
deployed in the test beam was discussed in the previous chapter. It consists of the DUT itself and
three smaller single-layer Micromegas detectors which provide an external track used to study the
resolutions and efficiencies of the layers of the DUT. In this test beam, the readout chip deployed
in the NSW, the VMM, was used for the first time on a full sized Micromegas quadruplet. While
the final version of the chip was not yet available, the readout was performed with the pre-final
version, the VMMS3.

This first section of this chapter introduces the definitions of the quantities relevant to determine
the performance of a layer of the DUT, namely the resolution and the reconstruction efficiency,
together with a short summary of the general event selection. In the second section, the perfor-
mance of the DUT is discussed for perpendicuar tracks, which is a benchmark to verify that the
VMM is working on the full-sized quadruplets. Furthermore the impact of different measures to
improve the HV instabilities of the Micromegas detectors on the detector performance has been
investigated. In sections three and four the performance of the DUT is studied for inclined tracks
as they will be present in the NSW. The methods for the reconstruction of clusters from those
inclined tracks were introduced in section 6.3 and are applied here, in particular the uTPC and
the CTP method.

8.1. Definition of Reconstruction Quantities

In this section the quantities relevant to quantify the performance of a detector layer, namely
the spatial resolution and the reconstruction efficiency, and the methodology to derive them are
introduced. First the selection criteria for events are discussed, where an event is considered good
if a well-defined external track is present. The resolution of a layer of the DUT is then obtained
by comparing the position of the reconstructed cluster with the position of the external track in
that layer. Finally the efficiency of a layer of the DUT is determined by counting events with a
cluster close to the external track.

8.1.1. Event Selection and External Tracking

In the test beam setup three small single-layer Micromegas are placed perpendicular to the beam
up and downstream of the DUT, providing an external track measurement. In order to reconstruct
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the track, the strips above threshold in each of the three detectors are clustered using the centroid
method described in section 6.3.1. In case this yields one cluster per tracking detector, and the
clusters from the three detectors are roughly on a line, a straight line is fitted through the cluster
positions in all three layers and the event is included in the analysis. If any of the layers of the
tracking detectors contain no or more than one cluster, or the cluster positions do not line up,
the event is excluded from the analysis. Further reasons to exclude events are based on the sanity
of the readout system, e.g. events with certain spurious patterns in the data, like duplicated hits,
are excluded since these can be traced down to a miscommunication of the VMM and the FPGA
on the MMFES.

8.1.2. Resolution

The resolution of a single layer is extracted as follows. First the cluster closest to the external
track is identified. Then the distance between this cluster and the extrapolated position of the
external track on the DUT, referred to as residual, is stored in a histogram. The residual is
extracted for every event in this layer, and the histogram will show a Gaussian distribution with
additional symmetric tails. An illustration of such a histogram is depicted in figure 8.1. A fit with
the sum of two Gaussians is performed, one to take into account the narrow core of the observed
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Figure 8.1.: lllustration of the fit to extract the resolution and efficiency of a single layer. The
distance of the cluster closest to the track in the layer under study is filled into a
histogram for every event. The observed distribution is a Gaussian with additional
tails. Therefore a fit with the sum of two Gaussian distributions is performed (red),
a narrow one (blue) for the core of the distribution and a wide one (green) for the
tails. The efficiency of a layer is determined by the number of events in a window of
4 10 0core around the mean value of the core Gaussian, compared to the total number
of events with an external track.
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8.1. Definition of Reconstruction Quantities

distribution and one to consider the wide tails. The fit range is chosen to be £ 5 times the width
of the narrow Gaussian. Two quantities describing the detector resolution are derived from this
fit. The core resolution refers to the width of the narrow Gaussian while the weighted resolution
is determined by weighing the widths of the two Gaussians by their integrals as follows:

3 3
Acoreo, core T Atailsatails

(8.1)

Oweighted =
weehte Ocore T Otails

In order to obtain the final resolution, the uncertainty of the position of the external track on the
probed layer, referred to as extrapolation error oextr, needs to be taken into account. The final
resolution can be determined as follows:

2 _
Ulayer

0= ngtr? (82)

where 01ayer is either the width of the core Gaussian or the weighted width of the two Gaussians.
The calculation of the track extrapolation error is discussed in [72|. For three layers of external
tracking detectors, gext; can be computed as follows:

Oextr = Ao, (83)
with ¢ being the resolution of the individual tracking detectors and A being:

B 1328—1—2%—}—2%—1—@2)—220(21+22+23)

A
2 22+ 22 + 22 — 221 (22 + 23)

, (8.4)

where zq is the position of the probed layer along the beamline and z;_3 are the positions of the
tracking detectors. Inserting the geometry of the setup and a resolution of the tracking detectors
of 100 pm yields:

Oextr ~ 60 pm. (8.5)

8.1.3. Efficiency

Another value that is relevant to quantify the performance of a layer is the reconstruction effi-
ciency, which describes the chance to find a cluster with a given reconstruction method in case an
external track was present at the particular location. It is derived from the fit of the resolution
illustrated in figure 8.1. A layer is considered efficient if a cluster was reconstructed within 10
times the width of the narrow Gaussian. Therefore the number of entries in the histogram is
summed up in a window of + 10 times the width of the core Gaussian around its mean value.
The efficiency is then obtained by dividing the sum of entries in the window by the total number
of events where an external track was identified (see section 8.1.1). This is a standard procedure
agreed on by the Micromegas community.
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8.2. Performance for Perpendicular Tracks

The first goal of the test beam campaign was the validation of one of the first full-sized Micromegas
quadruplets from the series production and its readout using the VMM chip for the first time.
For this purpose, the quadruplet was set up perpendicular to the beam. For the clusterization,
the centroid method was used as described in section 6.3.1. Figure 8.2 shows a typical plot of the
residuals for perpendicular tracks for which resolutions of around 100 pm could be achieved. For
the characterization of the detector, several parameter scans have been performed, e.g. scans of
the high voltage applied on the strips or scans of different parameters of the VMM. Figure 8.3
shows the reconstruction efficiency for perpendicular tracks for different HV values applied to the
resistive strips. This study had the goal to validate the new reduced HV working point (570 V) of
the Micromegas detectors in ATLAS. At this voltage all four layers show efficiencies above 90 %
which is in agreement with the requirements for the operation in ATLAS. Therefore this reduced
working point is considered validated.

Since there are studies ongoing which investigate the performance of different gas mixtures with
respect to potential improvements of the high voltage stability of the detector, similar efficiency
scans have been carried out with different admixtures of CO2. A higher fraction of the quenching
gas COq is desirable as it suppresses sparks and therefore improves the stability of the amplification
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Figure 8.2.: Position resolution of the DUT for perpendicular tracks. The clusters and their
positions are reconstructed using the centroid method. The residuals are determined
by comparing the cluster positions in two adjacent 7 layers. Since the fit result
corresponds to the convoluted resolution of the two layers and it is assumed that
both layers have the same resolution, the single-layer resolutions are obtained from
the widths of the Gaussian fits divided by v/2. Figure taken from [2].
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Figure 8.3.: Efficiency scan with perpendicular tracks as a function of the applied voltage on the
strips. Due to voltage instabilities the voltage applied on the strips was reduced from
600V to 570V indicated by the horizontal line. The plot shows that also at the
reduced working point the reconstruction efficiency is above 90 %. Therefore the new
working point is considered validated.

field, though it comes at the expense of a reduced gas gain and a reduced number of primary
ionizations. The spatial resolution was proven to be stable over all mixtures. Figure 8.4 shows
the achieved efficiencies over the different mixtures, all of which are > 95 %.

8.3. The uTPC Method for Inclined Tracks

In ATLAS the NSW detectors will have to handle tracks with an inclination between 8° < 0 < 31°
with respect to the detector surface. As mentioned in chapter 6.3, the reconstruction of inclined
tracks with the centroid method yields unacceptable resolutions in the order of 500 pm for tracks
under an angle of 30° due to non-uniformities in the ionization processes. Therefore more sophis-
ticated clusterization methods using the drift time in addition to the strip positions need to be
deployed, amongst them the so-called pTPC method (see section 6.3.3). The performance of this
method was assessed in the test beam.

In this section, first the selection criteria and corrections applied in the yTPC method for the
test beam analysis are described and typical quantities of the uTPC clusters, like the shape of
the cluster, the drift time, and the reconstructed angle, are compared with the expected shapes.
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Figure 8.4.: Efficiency scan with perpendicular tracks for different CO» fractions in the used gas
mixtures. Excellent reconstruction efficiencies above 95 % have been achieved for all
three mixtures that were studied.

Then a measurement of the CS between strips, a process with a high impact on the time and
subsequently position resolution, is presented. Finally the resolution and reconstruction efficiency
of the pTPC method are discussed.

8.3.1. Selection Criteria and Corrections Applied in the yTPC Analysis

For the optimization of the TPC method several selection criteria and corrections were intro-
duced that are presented in the following. Since the pTPC method uses a straight line fit of the
strip position and the drift time, a minimum of three strips are required to be close enough to
the predicted line of the HT to be accepted (see section 6.3.3 for details).

Figure 8.5 shows the spectrum of angles reconstructed with the gTPC method. Some unphysical
behaviors can be identified in the spectrum. The peaks towards £ 90° refer to tracks that are
parallel to the mesh. They can be traced back to mainly three-strip clusters with bad timing
information. To exclude those events, a filter on the absolute value of the reconstructed angle
being smaller than 85° is applied. Furthermore the absolute value of the angle is required to be
larger than 5° to avoid the peak around 0°. The clusters with the wrong sign of angle are rejected,
since this is also unphysical behavior, coming from small clusters with bad timing information.
The correct sign of the angle is given by the number of the gas gap. Since in the quadruplets
the layers are mounted back-to-back, the electron drift direction in layers zero and two is along
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Figure 8.5.: Angles reconstructed by the yTPC method for different settings of the NL. A filter
is applied to exclude angles greater than £85° coming from small clusters with bad
timing information. A second selection is applied to exclude clusters with a recon-
structed angle smaller than 5°. Also clusters where the reconstructed angle has the
wrong sign are rejected.

the beam, while it is against the beam direction for the gas gaps one and three. Therefore the
reconstructed track angles of the odd gas gaps are expected to be negative while the even gas gaps
should have positive angles. These filters on the reconstructed angles are especially relevant for
the case of the NL being on, since here the amount of events with unphysical values is higher than
for the case of the NL being off. While the NL is meant to increase the reconstruction efficiency of
a layer, which is the case as shown later, it also enhances the amount of events where the uyTPC
method reconstructs the wrong angle. This mostly happens when a single strip is over threshold
and the neighboring strips get the charge via the capacitive coupling, therefore having the same
timing as the main strip. These kinds of clusters lead to high values for the reconstructed angle
since they appear to be parallel to the mesh. A discussion of the non-excluded part of the angular
distribution follows in the next section.

Figure 8.6a shows the distance of the closest yTPC cluster to the estimated position of the external
track (residual) as a function of the earliest hit in the cluster. Two observations can be made.
First, if the earliest hit in a cluster arrives later than 60 ns the residuals become larger. Therefore a
filter is applied on the earliest hit time to be less than 60 ns. Second, there is a strong dependence
of the residuals as a function of the arrival time of the earliest hit, better visible in the profile!

!The profile is the mean value in each bin along the z axis.
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shown in figure 8.6b. A fit with a second-order polynomial is performed on the projection and
used as a correction in the reconstruction software. The time values mentioned here correspond
to the raw times which do not yet take into account the corrections for the latency of the system.
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Figure 8.6.: Dependence of the uTPC cluster position on the time of the earliest hit in the cluster.
Since the distribution widens significantly for time values later than 60ns, clusters
that fall into that regime are rejected. Furthermore the dependence of the cluster
position on the time of the earliest hit can be identified in the projection in the right
plot. This distribution is fitted with a second-order polynomial which is used to
correct the cluster position in the reconstruction.

8.3.2. Typical Quantities of uTPC Clusters

In the following, the typical quantities of clusters reconstructed with the yTPC method for a
run with the Micromegas quadruplet inclined with respect to the beam direction are shown.
Specifically an inclination of 28° was chosen, in order to study an angle close to the maximal
one for the tracks in the NSW. The run presented here used a VMM peaking time of 200ns, a
threshold of six times the baseline RMS of 5000 electrons, and the NL of the VMM was switched
on. The HV section was operated at 580V using the default gas composition of a 7% admixture
of CO4 to Argon. Figure 8.7a shows the number of strips entering into the pTPC cluster. From
geometrical considerations a peak at 6 to 7 strips is expected as seen in the histogram. Compared
to results obtained with much smaller Micromegas prototypes years before, depicted in figure 8.7b,
the distributions show an enhanced population of the bins of lower cluster multiplicity. This is
due to the high charge threshold that had to be applied on the VMM as a result of the noisy
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Figure 8.7.: Comparison of the number of strips in a pTPC cluster in the SM2 module used
in the test beam (left) and a smaller Micromegas prototype chamber (right). Both
distributions show a peak at 6 to 7 strips, as expected. The population towards
smaller cluster sizes falls rapidly for the small prototype chamber, but this is not the
case for the SM2 module. The difference stems from the much higher charge threshold
applied in the SM2 due to the longer strips.

environment in the test beam, leading to 60—70 % of strips with a charge below threshold. For
the small Micromegas detectors with a strip length of only 10 cm, the noise level is significantly
smaller, leading to a loss of only 20 % of the strips. The details on the threshold and its impact
are described in section 7.3.3.

The overall drift time distributions of the hits contained in a uTPC cluster are already shown
in the context of the VMM calibration in figure 7.9. However, only the calibration is discussed
there but not the physics of the observed drift time distributions, which is done here instead.
From the thickness of the drift gap of 5mm and the drift velocity of 47 pm/us a maximum drift
time of 106 ns is expected, which will widen due to diffusion and other effects impacting the time
resolution, e.g. CS. As expected, the shape of the distribution is square-like, since the primary
ionizations happen uniformly in the drift gap. The little peaks at the beginning and the end of the
spectrum can be explained geometrically, i.e. the position of the first and last ionizations do not
correspond to the center of the strip they are arriving at (discussed later in section 10.3.7), while
on average this is the case for the central ones. The peak in the middle is not expected, but could
be caused by the low number of strips in a cluster, since the outer strips with a more extreme
timing have a lower charge and therefore a higher chance to be below threshold. To quantify the
distribution, a fit with a double Fermi function is applied yielding a width of the distribution
of 139ns for the data driven calibration and of 133 ns for the pulser driven calibration method,
which is in agreement with the expectations.

Figure 8.8 shows the incident angle reconstructed by the yTPC method after the selection criteria
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were applied. The peak of the distribution corresponds to the actual inclination of the chamber
of 28°. A resolution of 7.1° was obtained around the peak, but a long tail towards higher angles
can be identified. It stems from clusters with a lower number of strips giving a smaller lever arm
for the angle reconstruction. From the distribution of the angle before the filters were applied,
shown in figure 8.5, it can be seen that the tails are much more enhanced for the case of the NL
being on. Then, small clusters are recovered but the time measured on the strips read out due
to the NL is distorted by the CS between strips leading to a deterioration of the reconstruction
performance.
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Figure 8.8.: Distribution of the angle reconstructed with the pTPC method after selection criteria
have been applied. The NL was not enabled for this measurement. The peak of the
distribution corresponds to the actual inclination of 28° of the tested chamber. The
large tails towards higher angles are mostly coming from badly reconstructed clusters
with a small size but also from the impact of the CS on the time measurement.

8.3.3. Measurement of Charge Sharing

As described in section 6, the Micromegas detectors used in the NSW have a layer of resistive
strips on top of the actual copper strips. The charge from the avalanche arrives on the resistive
strips and induces a signal on the copper strips via capacitive coupling (see figure 10.5). Given
the small strip pitch, the thin gap between two strips, and the very large strip length, the charge
signal on a resistive strip is not only coupled to the underlying copper strip but also to neighboring
copper strips. This effect is called CS and its amplitude is critical for the time resolution of the
Micromegas detectors.

Clusters reconstructed with the ' TPC method can be used to measure the magnitude of CS by
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comparing the charge on the outermost strip with its neighbor strip, assuming the outermost one
only fired due to CS. For this measurement the NL was enabled. Figure 8.9a shows the ratio of
the charge between the first strip in a pTPC cluster and its neighbor, while figure 8.9b depicts
the charge ratio of the two central strips. For the central strips a charge ratio of 1 can be seen,
as expected. For the outer strips the charge ratio peaks at a value of 1.5, indicating CS of 67 %.
Similar studies carried out for the Micromegas prototype detectors of the size of 10 cmx10cm
in [72] yielded a value of 16 % while [69, 83] suggest the CS ratio to be around 30 % over the full
SM2 module. The differences can be explained as follows: the study presented here was done at
the point of the longest strips of the DUT where CS is expected to be larger due to the higher
strip capacitance. Furthermore the two aforementioned measurements were carried out with the
APV25 [84] readout chip in contrast to the VMMS3 used here.
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Figure 8.9.: Measurement of CS using the charge ratio of neighboring strips. While the distribu-
tion for the central strips (right) peaks at 1, as expected, the position of the most
probable charge ratio of the first and second strip around 1.5 indicates a magnitude
of CS of around 67 %.

8.3.4. Performance of the yTPC Method

Figure 8.10 shows a typical residuals plot obtained with the pyTPC method, and figure 8.11
compares the performance of the pTPC method for different settings of the VMM against the
centroid and the CTP methods. The latter one is discussed in more detail in the next section.
The best results in terms of resolution were achieved for the setup with a peaking time of 100 ns
and the NL disabled. Quantitatively, the core resolution is 202 um and the weighted resolution
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Figure 8.10.: Residuals for the uTPC reconstruction method.

is 312 pm. Switching on the NL worsens the resolution by 23 yum while switching to a peaking
time of 200ns adds 66 um to the resolution. Enabling the NL at the higher peaking times leads
to a core resolution of 285 um. Similar trends can be observed for the weighted resolution, with a
bigger impact of the NL, indicating increased tails in the residual distributions. These trends are
in general expected. For the higher peaking time of the VMM, the precision of the peak detection
and therefore the time resolution gets worse, leading to a worse performance of the reconstruction.
It is expected that the NL worsens the spatial resolution as well, since it leads to the pick up of
strips which only contain charge from CS rather than from actual ionizations. Those strips have a
time measurement close to that of the neighbor strip, which distorts the fit in the pTPC method.

Figure 8.11 also indicates the ratio of events which pass all the selection criteria, i.e. the recon-
struction efficiency. Using the best VMM parameters in terms of resolution, the reconstruction
efficiency drops down to 62 %. Enabling the NL or increasing the peaking time raises the recon-
struction efficiency up to 81 %. In case of the peaking time this can be explained by the fact that
more charge is integrated. The drift time of the ions in the amplification gap is in the order of
150 ns [85]. Hence for a peaking time of 100 ns not all the charge is integrated and therefore the
probability of strips not exceeding the threshold is higher compared to a peaking time of, e.g.,
200ns. Enabling the NL also increases the number of events passing the selection criteria, since
strips below threshold are recovered.

Figure 8.12 shows the ratio of events passing the different filters applied in the g TPC method for
the two scenarios of the NL being on or off and a peaking time of 100 ns. Without the NL it can
be seen that 17.4 % of the clusters are not reconstructed since the HT is not able to find more
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Figure 8.11.: Comparison of the performance of the mean Cluster Time Projection method
(brown) with the pTPC (blue) and centroid (red) methods for different VMM pa-
rameters. PT indicates the peaking time of the VMM, while SNG stands for the NL.
The resolution values are extracted using a double Gaussian fit. The width of the
narrow Gaussian is referred to as core resolution (a), while the weighted resolution
is the mean value of the widths of the two Gaussians weighted by their integrals
(b). For the centroid results the observed distribution was not a double Gaussian
anymore, since the core was too wide to be separated from the tails. Therefore a
fit with a single Gaussian distribution was performed leading to similar values for
the resolution in both plots. The percentages indicated in the diagrams refer to the
relative number of events passing all selection criteria (reconstruction efficiency).
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Figure 8.12.: Efficiency of the individual selection criteria applied on top of one another from left

to right for the yTPC method with the NL enabled (right) and disabled (left). The
x axis displays the criteria which were applied in the yTPC method, while the y
axis indicates the ratio of events selected. The ratio is normalized to 1 for the events
where a track was found. The first bin indicates the total number of scintillator
triggers. The two following criteria are related to malfunctioning of the readout
electronics. The “got track” filter is applied based on the criteria discussed in sec-
tion 8.1.1. While all previous selections were applied on a global level, the following
criteria are used for each layer of the DUT individually. The “got hit/cluster” bin
indicates the ratio of events where at least one strip or a centroid cluster with at
least two hits was found, while the “got cluster in window” filter refers to the num-
ber of clusters reconstructed within 10 times the core resolution around position
predicted by the external track. The following two selections are made after the HT
was performed and require at least three hits being clustered by the HT, and that
this cluster is in a coarse window of 20 mm around the predicted position. The fol-
lowing filters refer to the ones discussed in section 8.3.1. The last selection requires
the reconstructed pTPC cluster to be within the 10 times the core resolution of the
predicted position.
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than two strips belonging to a line. With the NL enabled, only 3% of the events are rejected by
that filter. A similar effect is visible between the ratio of events with a reconstructed centroid
cluster, consisting of at least two strips, while the ratio of events with at least one strip above
threshold is compatible between the two settings. The loss of events in the other filter stages is
also compatible between the different settings.

Both the resolution and the reconstruction efficiency are not in agreement with the expectations.
For the resolution, values of about 100 um were expected, while for the reconstruction efficiency
values above 90 % are required for an acceptable tracking performance in ATLAS. The differences
are due to multiple reasons, the main one being the high noise levels that were present in the test
beam setup. As already discussed in section 7.3.3, thresholds of several fC had to be applied since
the noise levels exceeded the theoretical limits significantly. The high noise levels lead to about
70 % of the strips being below the charge threshold.

The issue of the noise is mainly seen in the low number of events passing the selection criteria,
especially the required number of strips in a cluster as discussed above. Not only were the noise
levels high during the test beam, the non-final electronics also prevented a proper equalization
of the thresholds of the individual channels. The problem of the noise could be fixed during the
integration of the detectors by a dedicated task force such that the theoretical limits are now
reached, resulting in a better performance in the final Micromegas modules compared to the test
beam setup. The degradation of the resolution can be explained by high noise levels as well, since
these reduce the number of strips included in the fit and therefore the precision. Besides the noise
problem, also other influences on the resolution of the time measurement must be considered, one
of which is CS. The CS does not only induce charge into the outer strips of the cluster which
otherwise would not have received charge, it also biases the time measurement of the other strips
towards the time measured on the central strips, since those tend to have more charge than the
outer ones. A discussion of this effect is offered in the context of the simulation in sections 10.3
and 11.3.3.

8.4. The Cluster Time Projection Method for Inclined Tracks

As discussed before and illustrated in figure 8.11, the centroid method is able to reconstruct clus-
ters from inclined tracks with a high efficiency, but a non-acceptable resolution of over 450 um
which is well above the required value of around 100 ym. Therefore more sophisticated meth-
ods are deployed to reconstruct the clusters, taking advantage of the drift time as additional
information on top of the strip positions. One of those methods is the yTPC method, whose
performance was discussed in the previous section. While the ' TPC method is able to provide a
core resolution of about 200 um, still not in agreement with the requirements but well below the
resolution from the centroid method, the reconstruction efficiency is worse. While the lower limit
for the reconstruction efficiency is in the order of 90 %, the uTPC method shows values between
6281 %. Therefore, the Cluster Time Projection method (see section 6.3.2 for technical details)
was studied. Compared to the yTPC clusterization it additionally correlates the time value with
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the charge measurement of each strip and uses an external estimate of the incident angle of the
track. The idea of the method is to use the charge-weighted time of the strips in a centroid cluster
and the estimate of the angle to project the cluster position to the center of the gas gap.

For the test beam, the angle between the detector and the particle tracks is fixed, therefore a
simplified version of the method can be applied which serves as a proof of principle. This simplified
implementation aims at correcting the dependency of the distance between the external track and
the cluster position reconstructed with the centroid method (residual), as a function the charge-
weighted strip time. This is achieved by a fit of the observed distribution. Compared to this
data-driven approach which implicitly uses the fixed external angle, the actual CTP method
relies on the incident angle, which can vary from event to event, to correct the cluster position.
Figure 8.13a displays the residuals as a function of the cluster time for the test beam data. As
expected, a linear dependency of the residuals on the cluster time can be observed which is even
better visible in figure 8.13b, where the profile of the distribution is shown. The results from
a linear fit performed in the central region of the profile are used to correct the residuals as a
function of the cluster time.

Figure 8.11 compares the performance of the CTP method with the performance of the pTPC
and the centroid methods. The spatial resolution of this clusterization is comparable with the
one of the yTPC method, while it provides reconstruction efficiencies above 90 %. Like the uTPC
method, the CTP procedure achieves the best resolution for smaller peaking times and the NL
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Figure 8.13.: Residuals as a function of the mean drift time of the strips of a cluster. The Cluster
Time Projection method aims at making these residual distributions flat. Since in
the test beam a fixed incident angle was used, the residuals were corrected by fitting
the linear dependency between the mean cluster time and the residuals.
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turned off. For longer peaking times it loses precision while it gains in terms of reconstruction
efficiency. The good performance especially in resolution has two reasons. First, the incident
angle of the particle is taken as an external parameter rather than being reconstructed with a
small lever arm in the 5 mm thin gas gaps. This allows a much more precise determination of the
angle, e.g. by fitting the track through all eight Micromegas layers in the NSW or even including
the sTGC layers as well. The second difference to the pTPC method is the weighting of the time
measurement by the charge. This could be a potential future improvement of the uyTPC method,
e.g. scaling the uncertainties of the strips in the final fit with the charge information.
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9. Summary for the Test Beam Studies

In summer 2018 the performance of one of the very first Micromegas quadruplets from the series
production, the SM2-M1 (DUT), has been studied in an extensive test beam. In the context of
this thesis several major contributions have been made to the operation of the detector in the
test beam, the calibration of the readout electronics, and the study of the detector performance
under various conditions mainly focusing on the reconstruction of the clusters and their position
for the case of inclined tracks.

Before the performance of the detector could be studied, several parameters of the over 2000 VMM
channels deployed in the setup needed to be calibrated individually. This included a calibration
of the charge threshold as well as time and charge conversion from ADC counts to physical units.
Major contributions have been made to the time calibration where two different methodologies
have been investigated, one data-driven method and one using the option to inject test pulses
into the VMM channels. Eventually, the results obtained with the data-driven calibration were
used for the studies of the detector performance and the readout system.

For those studies, two major goals were set. The first one was to verify that the VMM works
on a full-size Micromegas quadruplet since it was the first time that this chip was used on a de-
tector with the final dimensions. The second goal was to characterize the detector performance,
namely the resolution and the reconstruction efficiency for inclined tracks as they are present in
the NSW. The studies targeting the first goal were carried out on data where the DUT was set up
perpendicular to the beam axis. As expected, a spatial resolution of about 100 ym was achieved
in this configuration together with a reconstruction efficiency of well over 90 %. Considering these
results, the readout of a full-sized Micromegas quadruplet by the VMM chip can be considered
verified. Further studies that were carried out with the perpendicular tracks targeted the miti-
gation of the HV instabilities of the detectors in two ways. First, the performance of the DUT
was studied for different ratios of Argon and COs in the operation gas, where adding more CO4
suppresses sparks resulting in a more reliable detector. It was proven that both the resolution and
the reconstruction efficiency are stable as a function of the COs fraction. The second measure to
mitigate the instabilities is to reduce the voltage applied to the strips from the initially planned
600V to 570V which comes with a significant loss of gas gain, since the gain and the voltage are
correlated in an exponential way (see equation 3.16). Nevertheless it was proven that with the
new working point at 570V the reconstruction efficiency for perpendicular tracks is still above
90 % for all layers, therefore the lowered voltage is considered validated.

The studies which were the main focus of this part of the thesis were targeting the scenario of
inclined tracks as they are present in the NSW. In the data taken for these studies, the DUT was
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tilted by 28° with respect to the beamline. At this angle the spatial resolution of the centroid
method grows up to 500 pm, which is not acceptable for the use of the Micromegas detectors in
ATLAS. Therefore more sophisticated methods, which make use of the information on the drift
time of the strips are deployed to achieve a good spatial resolution also at high incident angles.
In the scope of this thesis the performance of two such methods has been studied, namely the
uTPC and CTP methods.

With the uyTPC method, core resolutions of 202 —285 ym have been reached, depending on the
settings of the VMM. The reconstruction efficiency was determined to be 62—81%, where the
lower (upper) bound was measured with the VMM configuration which yields the best (worst)
resolution. Both the resolution and reconstruction efficiency could not fulfill the expectations,
which comprised a resolution of 100 um and a reconstruction efficiency of above 90 %. These
deviations have multiple reasons, the most important one being the high noise levels present
during the test beam. Noise levels of up to 5000 electrons have been observed on the strips,
consequently requiring a charge threshold of up to 6.2fC. As shown in figure 7.12 this leads to
70 % of the strip signals being below threshold. This effect is visible in the distribution of the
number of strips included in a g TPC cluster, which has a shoulder towards lower values. Since the
uTPC is based on a fit of the track in the Micromegas drift gap, a reduced number of strips leads
to a loss of information in the fit and therefore a worse position resolution. The reconstruction
efficiency is impacted since the minimum number of strips required to fit a track in the drift gap
is three. Oftentimes not enough strips with a signal above threshold lining up in the drift gap
are present. It needs to be noted that the test beam studies were carried out with the beam
position targeting the part of the Micromegas chamber where the copper strips are longest (about
1.7m), leading to a high capacitance between the strips which subsequently leads to a high noise
value. After the test beam, the noise level at this location could be reduced to its theoretical
lower limit of 3300 electrons by a dedicated task force, through improving the grounding of the
detector. Furthermore the setup in the test beam did not use the final version of the VMM but
the pre-final one, namely the VMMS3. Therefore it was not possible to equalize the threshold over
all strips.

Another effect that impacts the resolution of the time measurement and therefore the resolution of
all methods relying on the drift time information, is the sharing of charge between a resistive strip
and its neighboring copper strip, an effect that increases with the strip length. A measurement
of the CS using the ratio of charge on the outer strips of a cluster reconstructed with the pfTPC
method was carried out and yielded a CS ratio of about 67 %.

The second method to reconstruct clusters from inclined tracks is the CTP method. It takes
an estimate of the external angle as an additional input parameter and then corrects the cluster
position reconstructed with the centroid method using the charge-weighted mean time of the
strips associated to the centroid cluster. Since the incident angle was fixed for the test beam,
a simplified version was applied, which parametrized the correlation between the cluster time
and the distance of a cluster to the external track. The cluster position was then corrected
based on this parametrization. With this method a spatial resolution of 213268 ym has been
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achieved, compatible with the resolutions obtained with the 4 TPC method, but with much better
reconstruction efficiencies of 90—-96 %. This high efficiency can be explained by the fact that in
contrast to the pTPC method, the CTP method does not need to reconstruct the slope of the
track in the drift gap but only the intercept and therefore can run on even a single strip.
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Part IlI.

The Micromegas Detectors within
the ATLAS Offline Software

The offline software of ATLAS, called athena, is the central framework for the simulation and
reconstruction of events. An introduction to athena was already given in section 4.2.7. In the
course of this thesis several components of the software related to the NSW have been developed or
improved. New functionalities have been added to the Micromegas digitization in order to better
describe the response of the detector and the readout electronics attached to it. Furthermore
several parameters of the digitization algorithms have been tuned in order to match the data taken
during the commisioning of the final detectors. These developments are discussed in chapter 10.
For the reconstruction, multiple components have been introduced within the scope of this thesis,
the most significant one being the different clusterization algorithms. Chapter 11 discusses their
implementation and performance. Also the other improvements of the reconstruction which were
part of this thesis are described. Finally chapter 12 summarizes the contributions that have been
made.

89






10. Micromegas Digitization

In this chapter, the Micromegas digitization is discussed. It refers to a set of algorithms whose
purpose is to transform the energy deposits in the individual gaps created by the GEANT4
simulation, covered in section 4.2.7, into actual detector-like signals. This chapter first summarizes
the existing digitization algorithms, which is followed by a discussion of the improvements that
have been developed in the scope of this thesis. Afterwards the output of the digitization is
compared to signals recorded by the detector during commissioning. In this way, the default
parameters for the digitization are derived which will be used for the event simulation for the
upcoming data taking period.

10.1. Introduction to the Micromegas Digitization

The Micromegas digitization consists of two major parts: the simulation of the physics of the
detector in terms of charge creation, transportation, and multiplication, followed by the simulation
of the readout electronics. Both parts are introduced below.

10.1.1. Simulation of the Detector Physics

The creation, transport, and multiplication of charge in gaseous detectors according to the prin-
ciples discussed in chapter 3 is usually simulated by a dedicated software called Garfield++ [86].
Inside Garfield++-, the motion of each particle is calculated by solving its equation of motion for
a number of discrete time steps. Since this is very expensive in terms of CPU usage, it is not
feasible to use Garfield++ in the full digitization of the Micromegas, where billions of events need
to be processed and each of which potentially contains multiple muons traversing the detector and
ionizing the gas along the way. Instead, the digitization relies on distributions for relevant param-
eters (e.g. numbers of ionizations, diffusion, or gas gain) which have been obtained prior to the
simulation of the muon events by dedicated Garfield++ simulations of minimum ionizing muons
in a Micromegas-like setup. Details for these studies are given in [71], including a discussion of
the distributions of parameters used in the digitization.

Figure 10.1 depicts the different steps of the simulation of the detector response. A straight line is
projected into the drift gap, taking the location and direction information of the charge deposit in
a single gas gap from the GEANT4 simulation. Along this line, the primary ionizations are created
with an average of 16.04 interactions per mm [71]. For each primary ionization, the number of
secondary ionizations is taken from a histogram, which was filled from the Garfield+- simulations.
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10. Micromegas Digitization

All electrons originating from primary and secondary ionizations are then displaced to account for
diffusion. For the longitudinal component, the displacement is realized by generating a random
number according to a single Gaussian distribution with a mean of zero and a width depending
on the diffusion coefficient and the drift distance. For the transverse component the underlying
distribution, oy, is given by the sum of two Gaussians as follows:

.%'2

oie(x) = exp (-W) +0.001 exp (—2?), (10.1)
where Dy, is the diffusion constant for the transverse diffusion, d is the height above the mesh,
and x is the random number to be obtained. The double Gaussian distribution has been chosen
in order to match the shape of the transverse displacement of an electron moving through the
drift gap as obtained in the studies with Garfield++. In the next step, each electron is projected
onto the mesh, taking into account the Lorentz angle due to the magnetic field. The drift time is
obtained assuming a fixed drift velocity multiplied by the distance of the projection. The electron
multiplication in the amplification gap is modeled by drawing a random number from a Polya
distribution and assigning that number as an effective charge to the initial electrons. Finally, the
electrons with their effective charge are associated to the strip corresponding to their position
after the projection. For each strip, the assigned electrons are stored in a histogram using time
bins of 0.01 ns. Before this information is passed on to the simulation of the readout electronics,
the CS between the strips is modeled for each time bin.
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Figure 10.1.: Illustration of an ionization event in the Micromegas detector with the individual
steps of the simulation in the physics modeling enumerated. First (1), the primary
ionizations along the track through the gas gap are created. In step 2 the number of
secondary ionizations for each primary ionization is obtained as a random number
drawn from a distribution derived from prior Garfield++ simulations. Steps 3 and
4 consist of modeling the diffusion for each electron and propagating it to the mesh,
which determines the drift time. In step 5, the charge avalanche is produced in
accordance with the Polya distribution. In the final step 6, the charge induced on
the copper strips is determined taking CS into account. Figure modified from [60].
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10.2. Improvement of the Micromegas Digitization

10.1.2. Simulation of the Electronics Response

For the simulation of the response of the readout electronics, the time series of charge on each
strip, obtained from the associated electrons in the step before, is folded with the so-called shaping
function (also transfer or response function) of the VMM chip, which gives the response of the
shaping amplifier to a charge deposit at a given time ¢t. From this, the height and position of
the first peak are determined, and the strip signal is kept if the peak height is above threshold
and discarded otherwise. Also the NL of the VMM, which refers to strips with a signal below
threshold being read out if one of their neighbor signals is above threshold, can be activated in
the implementation of the VMM in the digitization. Aside from the “time at peak” also the “time
at threshold” mode and the trigger output of the VMM are implemented in the digitization. Since
the simulation of the VMM is part of this thesis, further details will be given in the following
sections.

10.2. Improvement of the Micromegas Digitization

In the scope of this thesis several key developments could be made to the Micromegas digitization.
Major improvements include the implementation of the VMM shaping function, a strip-length-
dependent threshold, the thorough simulation of CS between strips, and the contributions made
concerning the technical performance of the different algorithms.

10.2.1. Implementation of the VMM Shaper

Originally the transfer function of the VMM shaping amplifier, called shaper, was based on a
simple RC shaper. It was found, however, that changing the integration time of the shaping
amplifier, referred to as peaking time, with the model of the shaper implemented so far, did not
preserve the charge measurement but instead scaled the measured charge up by a factor between
2.5 (for a peaking time of 100ns) and 21 (200ns). Therefore it was decided to implement the
actual transfer function of the VMM shaper into the digitization.

The shaper of the VMM is of third order and has one real and two conjugate poles. The transfer
function was kindly provided by George Iakovidis who is one of the developers of the VMM. In
the time domain it can be expressed as follows:

T;(t) = qi o Py |P1)? (KO et P oKy em IR cos (—(t — 1) S(Py) arg(Kl))) ,
(10.2)
where g; is the effective charge of charge deposit ¢, ¢; denotes its time, and Fp 1 stands for the poles.
The numeric values of the constants «, Ko 1, and Fy; can be found in the appendix, table A.1.
The peaking time of the shaper is contained in the parameter «. The simulated charge deposits
per strip are binned in time and can either come from actual gas ionizations or be produced via
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CS between strips. The response of each strip to multiple charge deposits is given by:
T(t) =) T (10.3)
i

Figure 10.2 shows the response of the shaper and its derivative for an exemplary event with two
charge deposits on a single strip that are close-by in time, which can be the result of CS among
strips. The main deposit with an arbitrary effective charge of 10* electrons is placed at a time
t = 50ns. The second charge cluster is chosen to be 30 % of the first one following the default
assumption on CS in the Micromegas digitization. It is located at t = Ons.

The relevant quantities to be derived from the shaper response are the peak height corresponding
to the collected charge and its time. In case multiple peaks are present, the first one above
threshold is taken. The peak finding algorithm is implemented based on locating the root of the
derivative shown on the right side of figure 10.2. Since the peak finding runs with a precision of
0.1ns for each channel that collected charge, a simple scan of the derivative to identify the root
would take too much computing time. Therefore some properties of the response function are
exploited to reduce the CPU time on finding the maximum. First of all the scan of the derivative
does not start at the time of the earliest charge deposit, but only at 80 % of the peaking time after
the first deposit, given that no maximum is expected earlier than that. From this point onwards
the search for the root of the derivative is performed with a step size of 0.5ns. Finally the rough

'T‘ Froor T T TTT T T T T T T \\\\‘\\\\‘\\\\‘\\\\A 'a‘ [T TTTT L TTTT TTTT TTTT \\\\‘\\\\‘\\\\‘\\\\;
&, 5 1 g r 1
o 12000~ Simulation 3 F Simulation
L ] = 150 ]
10000 = = .
L ] ° 100: ]
8000 . - ]
6000/~ . 50[ 3
40001 . of -
2000 . -50F .
T [ P N TR T B I R T T S P T

0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
t[ns] t [ns]

(a) VMM shaper response (b) Derivative of the VMM shaper response

Figure 10.2.: Response (a) and its derivative (b) of the VMM shaper to two close-by charge
clusters. The main deposit with an effective charge of 10% electrons is placed at
a time ¢ = 50ns. The second charge deposit is chosen to be 30 % of the first one
according to the default assumption on CS in the Micromegas digitization and is
located at t = Ons. The peaking time of the VMM shaper used for these plots is
100 ns.
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location of the maximum, that has been found in the previous step, is analyzed more precisely by
a second iteration with a step size of 0.1 ns applied in a window of £ 1ns around the previously
found peak position. Once a peak is identified, its height is compared to the charge threshold, and
if it exceeds the threshold, the time and peak height are stored and the next channel is processed.
If the peak height is below the threshold, the search for another zero-crossing is continued using
the procedure described above.

The VMM also allows for a measurement of the time at which the response function exceeds
the charge threshold rather than the maximum. This was implemented in the simulation in the
following way: A coarse scan of the response function is performed with time steps of 1ns until
90 % of the peaking time, indicating the position of a first possible peak. If a threshold crossing
was identified, its position is refined by a scan with a step size of 0.1 ns around the location found
in the previous step. If no threshold crossing was identified so far, the rest of the VMM response
function is sampled with a time step of 0.1ns. In order to guarantee a high performance of the
electronics simulation, only signals of strips are processed in the aforementioned way if the sum
of all charge deposits on that strip is above threshold. If not, the strip is not processed at all.
The digitization software is written in a way that allows the user to specify a number of parameters,
for example the peaking time of the VMM or if the NL is used. The peaking time is part of the
VMM transfer function, but other than its impact on the transfer function, it also affects the
total charge collected due to the ion drift times in the amplification gap. Since it would be too
CPU intensive to process the drift of the ion in the amplification gap, called ion tails, with the
VMM simulation, a different approach is taken to consider them. The maximum ion drift time in
the amplification gap of the Micromegas is about 150 ns [85]. Therefore any peaking time above
150 ns will integrate over the full charge. For any peaking time below 150 ns, it is assumed that
the total integrated charge is only a ratio of the peaking time over 150 ns of the full charge. This
is implemented by scaling the effective charges put into the VMM simulation by this ratio. The
other VMM parameter that is implemented in the new VMM simulation is the NL. When enabled,
strips with a signal below the threshold are still read out if the charge on one of their neighbor
strips is above the threshold. This is implemented by running the VMM simulation a second time
with the threshold of the strip whose signal is too low being set to a negligible level, such that
the strip can be read out in this iteration.

One relevant study that can be conducted with the simulation of the shaper is to investigate the
impact of multiple charge clusters at different times on the position of the peak in the response
function. As shown in figure 10.2, a second charge cluster on a strip does not necessarily create
a second peak in the response function if the charge clusters are close enough, but it will have
an impact on the time at which the maximum occurs. In the following a typical scenario for
Micromegas will be studied, with a main charge deposit of 10* electrons induced at a time of
20ns and an additional fraction of that charge induced at a time Ons, e.g. stemming from CS
with neighboring resistive strips. Figure 10.3 shows the position of the maximum minus the
peaking time as a function of the fraction of the smaller charge with respect to the main one. It
can be seen that with an increased fraction of charge, the measured time gets skewed more and
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more towards the position of the smaller charge. This effect is also visible in the drift time spectra

of the Micromegas discussed in section 10.3.6.
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Figure 10.3.: Impact of CS on the VMM time measurement. The plot is based on a scenario where
one main charge cluster of 10% electrons is placed on a strip at a time of 20ns and
a fraction of that charge, stemming from CS with the neighboring resistive strip, is
located at a time of Ons. The plot shows the location of the maximum minus the
peaking time as a function of the ratio between the two charges.

10.2.2. Strip-Length-Dependent Threshold

Especially for inclined tracks where the charge is distributed on many strips, it is very important
to have a good understanding of the charge threshold applied by the VMM. Figure 10.4 shows
the measured RMS of the baseline (see section 7.3.3 for the procedure to determine the RMS),
referred to as noise, of a Micromegas double wedge at the integration site with the final detectors
and electronics installed, as a function of the strip number. Since the strip length and therefore
the capacity between the strips increases with the strip number, the threshold applied to each
channel is determined as x times the noise, where z is referred to as the threshold scale factor.
The default value used during the tests in the integration of the real detector was 9, but also
studies with different values are ongoing in order to optimize this threshold scale factor. In the
Micromegas digitization two models of thresholds are available. The default method (already
present before this thesis) is to apply a fixed threshold to all strips independently of their length.
For this configuration, the absolute value for the threshold was adapted to the real detector
conditions as discussed later.

In the scope of this thesis, a second model for the threshold was implemented, rendering the
actual threshold dependent on the strip length. According to the measured threshold depicted in
figure 10.4, a noise level of 1000 electron ENC was assigned to the shortest strip in the simulation
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and of 2600 electrons to the longest strip. The noise on the other strips is then derived by a linear
approximation between these two extremal points. The value for the threshold is obtained by
multiplying the noise with the configurable threshold scale factor, using 9 as the default value.
The algorithm that implements the strip-length-dependent threshold also makes it very easy to
plug in thresholds as measured separately for each strip in the future, should it be needed. This
newly developed model has now become the default in the digitization.
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Figure 10.4.: Micromegas noise levels as a function of strip number measured for one layer of
a sector during the integration of the detectors. The strip length increases with
the strip number and so does the capacity between strips. Therefore the noise on
the detector increases with the strip length. The vertical dashed lines indicate the
separation between different MMFES front-end boards. The horizontal red and
blue lines respectively indicate the upper and lower boundaries of the range within
which the noise per channel is considered unproblematic. Strips above the limit are
called noisy strips, while strips below are referred to as dead channels. Figure taken
from [2].

10.2.3. Charge Sharing between the Strips

As already discussed for the test beam results in section 8.3.3, the Micromegas show high CS
between strips due to the way they have been constructed combining a resistive layer and long
copper strips, which leads to high capacitive coupling between them. This effect has significant
impact on the time-of-arrival measurement of the single strips and therefore on time-based recon-
struction methods like the 4 TPC method. Hence it is important to model this effect well in the
simulation.

Figure 10.5 shows a sketch of the mechanism of CS. The total charge gt received by a resistive
strip is symmetrically shared among the main (i), the neighboring (¢ £ 1), and the next-to-
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neighboring copper strips (i + 2) as follows:
Gtot = @i + Gi+1 + Giz2 = ¢ + 2¢1G; + 2c2q;, (10.4)

where g; stands for the charge on the central copper strip after the simulation of CS and ¢y /5 is the
CS factor for the neighbor and next-to-neighbor copper strip, respectively. Solving the equation
for g; leads to:

g = Hﬁﬁ - % with f:=1+ 2c; + 2cp. (10.5)
Using this equation, CS is implemented by dividing the total charge on the main strip by the
factor f, which gives the charge on the central copper strip and then assigning the corresponding
fractions of charge to the neighbor strips. Charge sharing is applied to the results of the simulation
of the detector physics before the VMM simulation. Therefore the procedure is applied to the
time-binned charge deposits on each strip, so the actual impact of the shared charge on the peak

height and position of the VMM is simulated.
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Figure 10.5.: lustration of CS in Micromegas. The total charge deposit on a resistive strip,
shown in black, is transferred to the underlying copper strips, shown in orange,
via capacitive coupling. To give a better overview, the insulating layer of Kapton
between the resistive and the copper strips is omitted. While the majority of the
charge is transferred to the copper strip just below the resistive strip, a fraction of
the charge is also coupled to the neighbor and next-to-neighbor copper strips. Their
fractions are denoted by ¢; and co respectively.

10.2.4. Improvement of the Technical Performance

Along with the improvements on the simulation of the detector and the electronics response,
also the technical performance of the Micromegas digitization has been enhanced in the scope
of this thesis. While simulating events in the environment expected for the HL-LHC, it was
found that the Micromegas digitization takes a factor of 30 times more processing time per event
compared to the digitization of the pixel detector, which otherwise is the largest CPU consumer
in the digitization of ATLAS. This is not acceptable, since the analysis of ATLAS physics data
relies on billions of simulated events. Following these findings, the CPU time consumption of
the different parts of the Micromegas digitization were investigated and two major contributions
were identified. The first one accounting for about two thirds of the total CPU time was found
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in the simulation of the electronics response. The previous VMM simulation was sampling the
full shaper response in time steps of 0.1 ns in a range of about 600ns. To remedy the situation,
a different approach was taken for the new VMM simulation and irrelevant regions in the shaper
response pattern were excluded from the iterative searches for the response peak and threshold
crossing, as discussed previously in section 10.2.1. Furthermore, the evaluation of the shaper
response itself (see equation 10.2) has been optimized by precalculating all parts of the equation
that are not depending on the strip charge or time before the event processing.

The second large contribution to the processing time was identified to stem from the generation
of random numbers according to the sum of two Gaussian functions for the longitudinal diffusion
following equation 10.1. They were generated using ROOT TF'1 |87,88] functions which internally
employ the method of inverse transform sampling. These random numbers were drawn for every
electron created in the drift gap separately and since the width of the Gaussian depends on the
position where the electron was created, this included a numerical integration of the probability
density function for each electron. The solution to this can be summarized as follows: first, the
normalization factors for both Gaussians as well as a uniform random number y between zero and
the sum of the two normalization factors are determined. If y is smaller than the normalization of
the first Gaussian, a random number z is determined according to the first Gaussian, otherwise
according to the second one. This reduces the problem of drawing x from a custom function
for each electron to determine two random numbers from well-known distributions for which
optimized random number generators exist, e.g. in the CLHEP library [89]. With this change, the
CPU time consumption for random number generation per electron was brought down to almost
Z€ero.

The structural improvements related to these two main CPU consumers and additional minor
computational issues resulted in a significant reduction of the CPU consumption by a factor of
120, such that the Micromegas digitization now requires roughly a quarter of the processing time
of the Pixel digitization, making it compatible with the requirements.

10.3. Optimization of the Micromegas Digitization Towards a
Realistic Detector Response

In this section, the impact of optimizing the Micromegas digitization parameters on certain quan-
tities, e.g. the sum of electrons in a cluster, the drift time, or the number of strips in a cluster,
is discussed, whose goal it was to match the output of the digitization to cosmic ray data taken
with the detectors during their integration. First, the cosmic ray test stand used to verify the
general functionality of the Micromegas detectors is briefly introduced. Then the default setup
of the simulation in general and more specifically the possible configurations of the digitization
are discussed, followed by a comparison of data and simulation output for different sensitive
quantities.
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10. Micromegas Digitization

10.3.1. The Micromegas Cosmic Ray Test Stand

Figure 10.6 shows the setup of the cosmic ray stand used to test the final Micromegas double
wedges (DW), which are the Micromegas part of a NSW sector. In the middle the DW can be
seen, consisting of four Micromegas quadruplets equipped with the final electronics cards using
the final version of the VMM, the VMM3a. In total, a DW consists of 8 detector layers with
8192 strips per layer. To trigger on cosmic rays, which pass through the Micromegas detectors,
two scintillators are placed on top of the DW. The event reconstruction in this setup is based on
the centroid clusterization method applied to the active strips of the individual layers followed
by a reconstruction of the track relying on all eight layers of the DW. From the reconstructed
track, the incident angle of the muon is determined. Furthermore the track is used for efficiency
studies of individual layers. The standard run configurations employed in this setup are a VMM
peaking time of 200ns and a threshold of 9 times the measured noise level. As discussed before
and shown in figure 10.4, the noise level depends on the strip length, and the theoretical limit
that is reached in this test stand is between 1000 and 2600 electrons giving thresholds between
900023 400 electrons. The difference to the theoretical lower limit of the noise of 3300 electrons
mentioned in the test beam section can be explained by the different readout electronics that were
employed. If not stated otherwise, the NL of the VMMs was disabled in the following studies.

Figure 10.6.: Picture of the Micromegas double wedge cosmic ray test stand, kindly provided
by [90].
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10.3.2. General Setup of the Simulation

This section shortly summarizes the characteristics of the simulated events that the studies below
relied upon. The simulation was done using the ATLAS setup with both NSWs replacing the
current Small Wheels, referred to as the symmetric geometry. Each event contains two single
muons created at the interaction point, one having a direction with a positive n component and
one with a negative one, leading to one muon per NSW per event. The momentum of the muons
is randomly chosen from a flat distribution between 10 GeV and 100 GeV. Furthermore, the full
¢ range is used. The absolute value of n for the generated muons ranges between 1.0 and 2.7.
Both the || and ¢ directions are generated as random numbers following a flat distribution.
With this choice of |n| the whole NSW, with a range of 1.3 < |n| < 2.7, is covered. For the
studies of the basic detector quantities and also the studies for the performance of the different
reconstruction methods shown later, the magnetic field is switched off in the simulation, allowing
for better comparability with data from the cosmic test stand. A detailed discussion of the impact
of the magnetic field can be found in section 11.4. The main reason for performing the simulation
without the toroid magnetic field is to avoid the distortion of the movement of the electrons in
the drift gap by the Lorentz force, which would have a significant impact on the obtained cluster
size, all timing measurements, and the reconstructed positions. The different parameters of the
digitization are discussed in the following section and are summarized in table 10.1. If not stated
otherwise, the default parameters were used for the simulation. For each configuration shown
below, 10° events were simulated and reconstructed with the centroid method.

10.3.3. Default Parameter Settings of the Micromegas Digitization

The Micromegas digitization has several configurable parameters which are summarized in ta-
ble 10.1 together with their default values. They can be divided into two categories: parameters
related to the detector response and those related to the electronics response.

Detector parameters: For the detector response, an average gas gain of 8000, referring to the
corresponding value in the Polya distribution (see equation 3.17), was chosen. The default value
for CS to the next neighbor is 0.3 while for the next-to-next neighbor it is 0.09. This amount
of CS is a mean value applicable to the whole detector and therefore smaller than the numbers
reported for the test beam (see section 8.3.3), because there the measurements were performed
at a fixed strip length close to the maximum one. In the future, it is planned to scale the amount
of CS as a function of the strip length, since it has a big impact on the measurement of the drift
time of the detectors as discussed in section 10.3.6.

VMM parameters: For the electronics simulation, the NL is switched off by default, since this is
the most likely option for the operation of the detector. The default value for the VMM peaking
time is 200ns. As discussed in section 10.2.2, two options are available for the simulation of
the VMM charge threshold: one having a fixed threshold over the full detector and one with a
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strip-length-dependent threshold. For the simulation of events in ATLAS, the default model is
the one with the strip-length-dependent threshold with a threshold scale factor of 9. However this
mode is not suitable for making comparisons between the data taken in the cosmic ray test stand
and the simulation, since cosmic muons do not originate from a single fixed interaction point by
which one could align the incident angle to the strip number and subsequently derive a threshold.
Therefore the studies presented below use a fixed threshold value of 15000 electrons, representing
the mean threshold of all strips in the cosmic ray test stand.

Parameter Default value
Charge sharing 1st neighbor 0.3
Charge sharing 2nd neighbor 0.09
Gas gain 8000
Peaking time 200 ns
Neighbor logic Oft
Fixed threshold 15000 electrons
Threshold scale factor 9
Use fixed threshold False

Table 10.1.: Configurable parameters of the Micromegas digitization and their default values.
The first three parameters are part of the detector response simulation, while the
remaining ones are settings of the VMM. The last option allows to decide between
the use of a strip-length-dependent threshold (true) or a fixed one (false).

10.3.4. Optimization of the Gas Gain

One of the key parameters in the digitization is the gas gain which can be tuned by changing
the mean value of the Polya function (see equation 3.17). One variable that is sensitive to the
gas gain is the total sum of detected charge of all strips that belong to a cluster, referred to as
cluster charge. Figure 10.7 shows the simulated cluster charge as a function of the muon incident
angle compared to the data taken with cosmic muons. The simulation was carried out with the
default value of 8000 for the gas gain. It can be seen that the cluster charge distributions agree
with each other for sector A16, while for A08 the simulation is slightly overestimating the cluster
charge. However it is still well within the expected fluctuation of the gain, which can be heavily
influenced by, e.g., how precisely the detector is manufactured. Already a deviation of 5 um from
the nominal width of the gas gap can introduce a change of the gain of about 25 % [42]. Also, it
can be observed that the NL of the VMM recovers some of the cluster charge which is otherwise
lost due to strips with signals below threshold.

10.3.5. Dependence of the Cluster Width on Digitization Parameters.

Another important parameter to assess the performance of the Micromegas detectors is the size
of the strip clusters, i.e. how many active strips are included in a cluster. A correlated quantity
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Figure 10.7.: Comparison of the cluster charge as a function of the muon incident angle 6 between
cosmic muon data (a) and the simulation (b) with the VMM NL being switched on or
off. The data was recorded with the Micromegas detectors during their integration,
using cosmic muons as a source for ionizing radiation. The plot in subfigure (a) is
modified from [2].

is the width of the cluster which is the sum of active strips and inactive strips in between the
active strips of a cluster. Figure 10.8 shows the cluster width for different configurations of the
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digitization, i.e. threshold, CS, and the status of the NL. The structure of this kind of figure is
shortly discussed since it is used for several figures in the following. The subfigures in the top
(bottom) row correspond to the mean value (upper limit) of the threshold applied in the cosmic
data taking with an actual value of 25000 electrons (25000 electrons). In the subfigure on the
left, the VMM neigbor logic is disabled while it is enabled for the plots on the right. The different
amounts of CS are indicated by the color of the markers. Red (green) indicates the default value
(upper limit) of CS while the black markers refer to the hyperthetical case of no CS which is
deployed to examine the general impact of it.

While figure 10.8 contains simulated events, figure 10.9 displays the cluster width for the cosmic
data for different settings of the NL. From the simulation it can be seen that, as expected, both
CS and threshold settings have a big impact on the cluster width. Enabling CS substantially
increases the width of the clusters, since at both ends of the cluster the strips which did not
collect charge before now have a signal induced by CS with the resistive strip, which exceeds the
threshold. This effect is more pronounced at lower incident angles, where the charge is collected
on fewer strips leading to a higher strip charge and subsequently to a higher signal induced by CS.
Comparing the different thresholds in the neighbor-logic-off-scenario, the mean cluster width as
a function of the incident angle without any CS flattens out at high angles since the outer strips
of the clusters start to be below the threshold. For the higher threshold, this effect is also visible
with CS being enabled, while at low thresholds it is not the case. Enabling the NL mitigates this
problem since the outer strips of a cluster are recovered. Compared to the data, all the curves
with CS enabled show a bigger cluster width for the simulation at low angles. At high angles,
the lower threshold curves match well with the data. The distributions for the higher threshold
slightly underestimate the cluster width.

10.3.6. Dependence of the Drift Time Distribution on Digitization Parameters

This section discusses the impact of CS, the charge threshold, and the NL on the drift time
distribution. First a basic understanding of the shape of the drift time distribution needs to
be established. Naively one would expect that the drift time is distributed according to a flat
probability density function since the ionizations occur uniformly along the track. With the drift
velocity of 47 um/ns and a thickness of the drift gap of 5mm, the width of the flat distribution
should be in the order of 105ns. But this naive guess does not take into account the effect of
the strip-like segmented readout electrodes illustrated in figure 10.10. The observed drift time
distribution for the case of no CS and NL disabled is shown in figure 10.10b in black. While the
central part of the spectrum follows the naive guess of a flat distribution, peaks can be observed
at low and high drift times. As depicted in figure 10.10a strips in the center of a cluster receive
charge from ionizations which on average occur in the middle of the strip, and thus, the square-like
part in the center of the drift time distribution. For the outermost strips the ionizations cannot
happen centrally above the strip anymore since the initial particle leaves the gas volume. This
leads to an asymmetric time distribution on the outer strips, subsequently causing the peaks one
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Figure 10.8.: Cluster width as a function of the muon incident angle 6 for different configurations
of the digitization. The value for the CS between the main strip and its direct
neighbors is indicated in the legend of each plot. The CS ratio to the next-to-next
neighbor strip is the square of this value. Note: the centroid clusterization method
allows for one missing strip in between two strips above the threshold.
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Figure 10.9.: Cluster width as a function of the muon incident angle 6 taken from cosmic data.
Note: the centroid clusterization method allows for one missing strip in between two
strips above the threshold. Modified from [2].

sees at the beginning and the end of the drift time spectrum. The tails towards high drift times
in the spectra of the central strips stem from the fact that also clusters with less than 7 strips are
included in the plot. The width of the core distributions of these strips is influenced by diffusion
effects and ionization statistics.

Figure 10.11 shows the drift time distributions for different settings of the NL, the threshold, and
the CS for muons whose track is inclined by more than 20°. For the cosmic data, the measurement
of the drift time is ongoing but not yet finished, so no comparison between data and simulation is
shown. For the simulation alone, the width of the time distributions perfectly matches the value of
about 100 ns that one expects by design. Furthermore it is independent of the configuration, while
the shape of the time distribution strongly depends on it. The configuration without CS (black
markers) follows the shape discussed above quite well for all values of the other parameters, where
the NL (right column) enhances the peaks at the beginning and end of the spectrum. Adding
CS pulls the time measurements more towards the mean time. This can be explained as follows.
By sharing the charge among the strips, the overall time measurement of a strip is influenced by
all 4 neighboring strips. Since the central strips of a cluster tend to have more charge than the
outer ones (see figure 10.10c), the time measurement of the outer strips gets biased towards the
time of the inner strips. This effect is less pronounced for the case where the NL is switched off
since the strips next to the outer strips, which are only active due to CS and more often read out
with the NL being enabled, have a similar arrival time as the actual unbiased outer strip would
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Figure 10.10.: Tllustration of the drift time distributions at each strip of a cluster that stem from
the ionizations induced by a particle traversing through the detector at an angle.
(a): The ionizing particle (orange arrow) crossing the drift gap of a Micromegas
(light grey area) uniformly generates ionizations along its path. While these ioniza-
tions happen symmetrically over the central strips, this is not the case for the outer
two strips. While the rightmost strip (red) only receives charge from ionizations
very close to the mesh and therefore with a very small drift time, the leftmost strip
(dark green) only receives charge from ionizations very close to the drift cathode
leading to the maximum drift time of around 100ns. (b): Total drift time dis-
tribution (black) for tracks crossing the detector under an angle of more than 25°
and the drift times for each individual strip in the cluster color-coded according to
figure (a). As expected the first and the last strip have asymmetric time distribu-
tions since the ionizations do not happen centrally on the strips. This leads to the
peaks at the beginning and the end of the total drift time distribution. For the
strips in the center of the cluster, the time distributions are more symmetric since
on average the ionizations occur over the center of the strip. The tails towards long
drift times can be explained by the clusters with less than 7 strips, e.g., due to the
high charge threshold. (c¢): Mean charge collected on a strip as a function of the
relative strip number inside a cluster for particles crossing the detector under an
angle of more than 25°. It can be seen that the central strips of a cluster receive
more charge compared to the outer ones. This explains why a stronger CS makes
the drift time distributions more narrow, i.e. the times are skewed towards the ones
of the strips with more charge.
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Figure 10.11.: Drift time distribution for different settings of the charge threshold, the NL, and
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the CS in the digitization. Only muons whose track is inclined by more than 20°

are selected for these plots. The drift time refers to the time of arrival of the charge
measured for each strip by the VMM. The histograms are normalized to the total
number of generated events. Consequentially, the vertical axis gives the average
number of strips per time value and the integrals of the distributions correspond to
the total number of active strips in each case. Each of the two muons of the event

passes through eight layers of Micromegas, all of which are included in this figure.
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Figure 10.12.: Ilustration of the impact of the incident angle on the time distribution of the
first hit. For a small angle (a) between a track and the detector, the electrons
from multiple ionizations will be collected by the same strip (pile-up). The time
measurement of that strip will be biased towards the time of the charge deposit with
the highest charge, which is not necessarily the earliest one. For larger angles (b),
single ionizations become resolvable on a strip leading to a better time resolution.

have. Increasing the threshold (bottom row) for the case without CS shows no significant impact
on the distributions. In the case with CS on, the higher threshold cuts away the outer strips of
a cluster, leading to a reduction of the difference in height between the peaks and the plateau in
the central part of the distributions.

10.3.7. Dependence of the Time Resolution on Digitization Parameters

Another important parameter to be studied is the time resolution of the detector and its modeling
in the simulation, since it has a direct impact on the reconstruction performance using the yTPC
or the CTP methods. One way to extract the time resolution of the Micromegas detectors is to
consider the time of arrival of the first hit in a layer and then take the width of the distribution
as the time resolution. Since the trigger of the Micromegas is based on the VMM’s ability to
send out the address of the first hit in real time, this way of measuring the time resolution is
relevant for the trigger as well. As discussed in the section above and depicted in figure 10.10, the
time spectrum of the first hit is not Gaussian since there is a steep rise at O ns and tails towards
higher times. Therefore both the resolution and the mean value are extracted from the histograms
containing the time of arrival of the first hit for specific incident angles and not by a fit of the
histograms.

Figure 10.13 shows the mean value of the time of arrival of the first hit for different configurations
of the VMM and the CS. In general, the time of arrival depends heavily on the incident angle,
the reason being illustrated in figure 10.12. For a small incident angle the charge from multiple
primary ionizations ends up on the same strip but at different times. This effect is referred to as
pile-up. As discussed in section 10.2.1, in case of pile-up, the time measurement is biased towards
the highest charge deposit which does not necessarily come from the first ionization. Therefore
the mean time of the first strip is pulled towards higher values. The larger the angle becomes
the less pile-up of primary ionizations appears on the individual strips. At larger angles, the first
ionization starts to be resolvable and therefore the time of the first strip decreases. As already
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Figure 10.13.: Mean value of the earliest hit time as a function of the muon incident angle 6 for
different configurations of the digitization. The value for CS between the main
strips and its direct neighbors is indicated in the legend of each plot. The CS ratio
to the next-to-next neighbor strip is the square of this value.

discussed for the drift time distributions, CS leads to the first hit appearing significantly later
since additional pile-up is introduced by charge induction from the adjacent strips. For the NL
disabled (left column), the highest CS values (green markers) also lead to the latest arrival of the
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first hit; this is not the case for the scenario with the NL enabled (right column). Here the values
are almost the same with CS of 0.5 yielding slightly smaller times of earliest arrivals compared to
the case of a value of CS of 0.3. This can be explained by the fact that with the higher charge
value a few more strips are above threshold induced by CS and therefore their neighbors are
read out as well which are less influenced by the central strips. The different thresholds mainly
impact the distributions at higher incident angles. Here the charge is distributed over more strips
and therefore the charge of the individual strips is lower leading to a higher chance to be cut by
a larger threshold. This leads to the time of the earliest hit increasing with a higher threshold
(bottom row) since the chance to miss the first hit increases. The same effect can also be observed
for the NL being on. When the NL is on, the time of arrival is almost 10 ns smaller than for the
NL being off since the first hit is recovered.

Figure 10.14 shows the time resolution for different settings. In general, one can observe that
the time resolution improves up to incident angles of 15—-20°. For larger angles it either remains
constant or gets worse, depending on the parameter settings. This can be explained by the effect
described above. For lower angles, the pile-up on the strips from the different primary ionizations
is large and the first strip starts to be more resolvable the higher the incident angle is. For large
angles, the first strips start to be cut off by the charge threshold, which then again increases the
time resolution. Therefore the rise at large angles is also more pronounced for high thresholds.
While CS has nearly no impact on the time resolution with the NL disabled (left column), the time
resolution gets worse the more CS is applied with the NL on, especially for the higher threshold
(bottom right figure). In general, enabling the NL improves the time resolution. This can be
explained as follows. Looking at the earliest hit, which is the outermost strip of the cluster, two
neighboring strips obtain some charge from CS. The timing of the induced charge deposits is the
same as for the original charge. Therefore the charge and time of the second outer neighbor are
only correlated to the initial earliest hit, while the time measurement of the first strip from CS
is distorted by the second outermost strip of the original cluster. Since only the first strip, which
fired due to CS, is likely above the threshold, the case of NL off does not lead to an undistorted
time measurement. With the NL on, the second CS induced strip is read out, which has the
pure time and charge information. This is also the reason why the value of the time resolution
improves in general for the NL enabled, especially for the case of the higher threshold.

For the cosmic data, the measurement of the time resolution is still ongoing. First results indicate
a time resolution of around 25ns. The values obtained in the simulation are better than that.
Therefore the option of applying a Gaussian smearing on the time resolution was introduced
to the simulation. The default value of the smearing width is set to 20ns. The intrinsic time
resolution as yielded by the digitization is 15ns averaged over all settings. Adding the squares
of the intrinsic resolution and the smearing, and taking the square root leads to a resolution of
25 ns, compatible to what was measured for the detector.

In general it is desirable that the simulation is a bit more optimistic than the data since this can
be corrected by a smearing of the digitization as done here. Nevertheless, in the future, the reason
for the simulation being too optimistic will be studied to optimise the modeling of the detector.
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Figure 10.14.: Time resolution as a function of the muon incident angle 6 for different configura-
tions of the digitization. The value for CS between the main strip and its direct
neighbors is indicated in the legend of each plot. The CS ratio to the next-to-next
neighbor strip is the square of this value.

For example, the modeling of CS only includes the same-sign CS between the resistive and the
copper strips, while there is also the opposite-sign scenario between the copper strips themselves,
which can have an impact on the VMM time measurement.
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10.3.8. Modeling the High Voltage Map with the Digitization

Some high voltage sections of the Micromegas detectors can only be operated at lowered HV
applied to the strips to avoid sparking in the amplification gap caused by, e.g., a low resistivity of
the resistive strips and mechanical non-uniformities of the thin amplification gap. To study the
impact of these sections with reduced high voltage and subsequently lower gain and reconstruction
efficiency on the overall performance of the NSW, a simulation of this effect has been added to
the digitization. It is based on a parametrization of the cluster charge as a function of the applied
voltage on the resistive strips. Figure 10.15 shows an exemplary distribution from the cosmic test
stand. The cluster charge which corresponds to the gain was modeled as follows:

G = et (10.6)

with
a=—887971 and b=0.0224561/V,

and x being the actual value of the strip voltage. The parametrization and the parameter values
were provided by [90]. In the digitization, the nominal gain of 8000 corresponds to the nominal
strip voltage of 570 V. A different voltage is simulated by calculating the fraction of the cluster
charge compared to the value at 570V and then scaling the gas gain by this ratio. In the
digitization, a map of the high voltage with the granularity of one PCB corresponding to 1024
strips is applied. For the verification of the impact of this gain scaling, multiple datasets with
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Figure 10.15.: Cluster charge as a function of the voltage applied on the resistive strips measured
in cosmic data. Modified from [2].
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different gain values were produced and the reconstruction was performed using the centroid
clusterization.

Figure 10.16 shows the efficiency of reconstructing a cluster as a function of the voltage applied
to the resistive strips. The definition of the efficiency for the simulated data is described later in
section 11.3. It is given by the presence of a cluster in a gas gap since only single-muon tracks
are simulated. The red line corresponds to the efficiency measured in the cosmic data. Since
noisy hits are present in the data, a layer is considered efficient not just based on the presence
of a cluster but only if the cluster can be assigned to a track determined by the other layers.
From figure 10.16 one can conclude that the efficiency of the data and the simulation match well,
especially for medium angles. For small and large angles there are discrepancies, which can be
explained by the fact that the measurement in the data is the average over all angles. But in
general, this plot shows nicely that, after tuning all the parameters, the simulation is able to
reproduce the data.
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Figure 10.16.: Reconstruction efficiency as a function of the voltage applied to the strips.

10.3.9. Verification of Charge Sharing

The implementation of CS in the simulation can be verified by the same method used to measure
it in data (see section 8.3.3). This method compares the charge deposited on the first or last strip
of a cluster to that of its direct neighbor. Figure 10.17 displays the ratio of the charges deposited
on the first and the second outermost strips of a cluster. The cluster was reconstructed using the
centroid method. The figure nicely shows that for CS ratios of 0.3 and 0.5 the distributions peak
at the corresponding values. Therefore the implementation of CS is considered verified.
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Figure 10.17.: Verification of the CS implementation. The plot shows the ratio of the charges
deposited on the first and second outermost strip of a cluster formed with the
centroid method. The peaks at the values corresponding to the individual CS
values indicate that the simulation of the CS is working as expected.

10.4. Summary of the Work on the Digitization

In the scope of this thesis, major improvements have been made to the Micromegas digitization
algorithms. Amongst them is the implementation of the actual response of the VMM shaping
amplifier, a strip length-dependent threshold, and the modeling of CS. Furthermore, the technical
performance of the digitization code has been significantly improved, which was critical to meet
the computing requirements of ATLAS. With the new features, the output of the digitization has
been compared to the quantities obtained from the cosmic data test stand used in the integration
of the modules, equipped with the final electronics and the final detector modules. Based on these
comparisons, the different parameters of the digitization were optimized to match the results of
the cosmic test stand. Amongst the tuned parameters are the gas gain and the CS. Also, the
impact of the different settings of the electronics was investigated. With the set of optimal
parameters, the digitization matches the cosmic data nicely in almost all relevant parameters,
with a tendency to be a bit too optimistic for some of them. One example for that is the time
resolution, where the digitization shows values well below 20 ns while the ongoing analysis of the
cosmics data suggests values of around 25ns. Therefore, a smearing of the time measurement is
applied to the digitization. The set of default parameters determined in this thesis will be used
in the first Monte-Carlo sample production for the upcoming ATLAS data taking period.
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11. Reconstruction with the Micromegas
Detectors

As already discussed in section 4.2.7, the reconstruction of muon tracks in the Muon Spectrometer
consists of multiple steps. First the raw data coming from either simulation or from the real
detector needs to be calibrated. Then a clusterization of detector channels with signals exceeding
the threshold is performed on each layer if the detector layout allows for it, which is the case for all
detectors with strip-segmented electrodes. Afterwards, track segments are built and finally these
are combined into the complete track through the full detector. For the Micromegas, methods
for the calibration of the raw data and single-layer drift time based reconstruction algorithms
have been developed and implemented into athena within the scope of this thesis. They are
discussed in the following sections. First the calibration and the technical implementation of the
clusterizations will be described. Then the performance of the reconstruction will be discussed
for different digitization parameters. Finally the calibration of the cluster position against the

magnetic field will be introduced.

11.1. Calibration of the Raw Data

The first step of the reconstruction for the Micromegas is the calibration of the raw data coming
either from the detector or the simulation. For the raw data coming from the detector, a cali-
bration of the ADC counts needs to be applied to convert the charge and time information to
physical units like fC and ns, respectively. This calibration must be done per channel and is the
same one as described in section 7.3.2. In a second step which is necessary for both data and
simulated events, the time of flight of the muon and the peaking time of the VMM are subtracted
from the measured time. The time of flight is determined by the distance between the strip under
calibration and the center of ATLAS where the particle collisions happen, and it is assumed that
the muon is traveling at the speed of light. The time of flight is in the order of 24 —27 ns, depend-
ing on the radial position in the NSW and the z position of the layer. The peaking time of the
VMM needs to be subtracted from the time measurement, since not the time at the peak but the
time of arrival of the earliest charge at each strip is the relevant quantity. For raw data coming
from the detector a third step in the calibration is done, taking into account the various signal
delays for different regions in the detector due to, e.g., different cable lengths. In the final step of
the calibration the errors in longitudinal and transverse drift directions discussed in equations 6.5
and 6.6 are computed.
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11.2. Technical Implementation of the Clusterization Algorithms

In section 6.3 different methods to reconstruct clusters and their positions in Micromegas detectors
are presented and their input parameters are summarized in table 6.1. These algorithms are briefly
reviewed in the following.

The centroid reconstruction method (see section 6.3.1) is the simplest of those discussed. It groups
adjacent strips with a signal above threshold into clusters and reconstructs the cluster position
as the mean value of the strip positions in the cluster, weighted by their respective charges. The
centroid method works well for particles penetrating the detector perpendicularly, but loses the
precision in the reconstructed position for inclined tracks, as will be shown later in this chapter
and is also visible in figure 8.11 for the test beam. A way to maintain good resolution also for
inclined tracks is to rely on the yTPC method. Here the grouping of the strips is done using the
HT, a standard algorithm in computer vision applications. The cluster position is obtained from
a linear fit of the strip positions and the time of arrival of every strip, which corresponds to the
drift distance of each primary electron in the drift gap. The pTPC method (see section 6.3.3)
works very well in an environment with little noise, but cannot cope with high strip charge
thresholds that are the result of higher noise levels, as was shown in section 8.3.4. While the
precision of the reconstructed position is still almost in the required range, the major impact of
the high thresholds is on the reconstruction efficiency. In order to get a good resolution together
with a good reconstruction efficiency for inclined tracks, as they are present in the NSW, the
additional information of an external estimate of the angle of the particle track with respect to
the Micromegas is employed. In ATLAS this estimate can be determined in two ways, where the
simpler one calculates the angle from the assumption that the track comes from the center of the
ATLAS detector and therefore the angle can be obtained from the strip positions. The second way
is to fit a track segment with the 16 layers of the NSW detectors and take its slope as the estimate
for the angle. The external angle is then used in two different clusterization methods, the Cluster
Time Projection (see section 6.3.2) and the constrained yTPC method (see section 6.3.4). The
CTP method relies on the angle together with the drift time measurements to project the position
of the centroid clusters to the center of the gas gap. The constrained pTPC method is similar to
the unconstrained one, but the external angle estimate is used as a constraint on the final fit and
in the clusterization step. For all results presented in the following, the first method to obtain
the estimate of the external angle was deployed, i.e., relying on the strip position relative to the
interaction point, since only muons coming from the interaction point are studied. However the
method is not applicable anymore for cosmic data taking or proton-proton collision where, e.g.,
long-lived particles could be produced which decay at a secondary vertex that is displaced with
respect to the IP. For this reason the second method to estimate the angle will be used in the
future and the necessary developments in the software infrastructure are ongoing.

The sections referenced above describe the general idea and methodology of the individual cluster
reconstruction methods. However, especially for the use in the context of the full geometry of
the ATLAS detector, several optimizations have been applied in order to, e.g., save CPU time
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or to cope with the high rate of background particles that is expected. In the following, a short
recap of the technical implementation of each method is provided together with the modifications
applied for the usage of the algorithms in ATLAS.

11.2.1. Centroid and Cluster Time Projection Methods

The centroid and the CTP methods were introduced in sections 6.3.1 and 6.3.2, respectively. In
both methods the clusterization is done by combining adjacent strips. In their athena implemen-
tations they allow for a maximum of one strip with a signal below threshold between two active
strips. For the centroid method the cluster position is determined as the charge-weighted mean
position of the strips assigned to the cluster. The CTP method refines the position obtained with
the centroid method by using the drift time information to project it to the center of the gas gap.
In the current implementation, the angle is determined from the charge-weighted mean azimuthal
angle of the individual strips with respect to the center of ATLAS. As discussed in the intro-
duction of this chapter, this will be changed later in order to use the angle of the track segment
reconstructed with the NSW detectors. The estimated angle together with the charge-weighted
mean drift distance is then used to correct the centroid position according to equation 6.7 with
the uncertainty given in equation 6.8. One aspect to be considered while applying the correction
is that the drift direction of the electrons in the drift gap is antiparallel to the direction of flight
of the muon for every second gas gap. Therefore the correction needs to be subtracted from the
centroid position for all even gas gaps, while it needs to be added for all odd gas gaps.

11.2.2. 4yTPC Method

As discussed already in section 6.3.3, the clusterization part of the pyTPC algorithm is based on
the HT. Its purpose is to filter the strip position and drift time measurements for strips whose
position and time coordinates form a line in the drift gap. This transformation is applied in the
coordinate system spanned by a vector orthogonal to the strips and a vector antiparallel to the
drift direction in each Micromegas drift gap. In a second step the selected points are fitted and
the cluster position is reconstructed at half of the height of the gas gap. For the usage in the
ATLAS geometry this general procedure was refined in the following way in order to reduce the
amount of memory and CPU time spent within athena.

First a coarse reconstruction of clusters is performed according to the centroid method but with
up to three adjacent strips allowed to have a signal below threshold. This is relevant to account
for two effects: noisy hits and the gas ionization by background radiation, like neutrons. In the
second step, the pattern recognition is performed on each of these coarse clusters, but rather than
using the actual position of the strips, the positions of the strips assigned to the coarse cluster are
centered around their mean value. This allows to keep the range and therefore the number of bins
for the distance parameter in the HT small. The parameter is given by the squared sum of the
maximum drift distance and the maximum of the strip position. With primary coarse clustering,
the latter gets reduced from several meters to a few mm depending on how many strips are in
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the cluster. The maximum drift distance was chosen to be 6 mm according to the Micromegas
geometry, including 1 mm of margin to account for, e.g., time offsets. The second advantage of
centering the strip positions around their mean value is to reduce the extrapolation error due
to the binning of the angle in the HT which therefore simplifies the strip selection. The strip
selection itself is done taking the residuals in drift distance compared to the line predicted by
the HT. Then, hits with a residual within a given window around the median of all residuals are
selected, where the median is applied to suppress shifts of the predicted line due to binning effects
from the HT. The window is configurable and its default value was set to 1 mm.

A reduction of the parameter range is also applied to the angle used in the HT. Since the Mi-
cromegas layers are built in a back-to-back way, the drift of electrons in the drift gap follows the
direction of flight of the muon for odd gas gaps and is opposite for even gas gaps. This translates
to the reconstruction of negative incident angles for even gas gaps and would require the HT to
take into account the full spectrum from —90° to 90°. The parameter range is reduced by flipping
the sign of the difference between the strip position and its mean value for all even gas gaps, al-
lowing to perform the HT in an angular range of 0° to 90°. If the HT was not successful in finding
strip signals on a line, all strip signals are forwarded to the final fit to keep the signal information
of that layer for further steps of the track reconstruction. This will be dropped once the idea
for an improved cluster reconstruction combining the different methods, which is discussed at
the end of this section, is implemented. The centering of the strip positions around their mean
value is also applied in the final fit of the ' TPC line, which is the last step in the reconstruction
procedure. This is done to remove the extrapolation error from the uncertainties obtained for the
fit parameters which are subsequently used to determine the final resolution of the reconstructed
position. Otherwise the uncertainty of the position would grow with the distance to the center
of the chamber which is the origin of the local coordinate system (see section 5.4). After the fit
and the calculation of the uTPC position, which is done by evaluating the fit at half the height
of the drift gap, the mean value is added to the obtained cluster position to get the position in
the chamber coordinates.

The final fit itself is done in a two-step procedure. First the points yielded by the HT are fitted
using the package TLinearFitter |91] provided by ROOT, which performs the linear fit analytically,
only employing the uncertainties in the drift direction. The fit parameters are then used as the
seed for a x? minimization relying on the uncertainties in both directions. The second fit is
done via MINUIT [92], and it restricts the slope parameter to a range between 5° and 81°. This
prevents the fit from going to unfeasible angles while still keeping a wide acceptance window. The
angles expected in the NSW are 7—-31°, so well within the limits given to the fit. Finally a cluster
is only accepted if the fit succeeded and if none of the slope values are equal to the limits applied
in the fit. As discussed for the CTP, the limits on the angles need to take the orientation of the
gas gap into account, since the drift direction is inverted for every other gap. Therefore negative
angles are applied as limits to the even gas gaps and positive ones to the odd gas gaps.
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11.2.3. Constrained yTPC

As described in section 6.3.4, a reconstruction algorithm similar to the yTPC method but with
a constraint on the angle has been developed in the scope of this thesis. Compared to the
CTP method, not only the angle of the incoming muons 6 is used, but also the information on its
uncertainty. This constraint enters into both the pattern recognition and the final fit. As discussed
in the previous section, the pattern recognition consists of two major steps. First, neighboring
strips are grouped to coarse clusters, allowing up to three missing strips between two strips that
fired. The position of the strips forming a cluster is then used to estimate # in a similar way as
described for the CTP method. Based on this estimate the next step in the pattern recognition
is to filter the strips associated to the coarse cluster based on the additional information on their
drift time. This procedure is described in detail in section 6.3.4 and depicted in figure 6.6. Here
a short overview over the procedure is given and the details of the athena implementation are
discussed.

For the filtering of the strips based on the drift time and the strip position, two lines with slopes
corresponding to the estimated (6 £ oy) form an acceptance corridor. Then the intercept of the
lines is varied by a configurable width around the ideal value of 2.5 mm, which is the same for
all clusters. This assumption can be made since the strip positions are centered around their
charge-weighted mean value, which also leads to the cluster being centered time wise. The sign
flipping of the strip position is implemented similarly to the yTPC method, in order to remove
the different signs of the angle per gas gap. For each intercept in the scan, those strips and
times that are within the acceptance corridor given by the two aforementioned lines are counted
and the intercept with most of the strips is selected. Strips outside the corridor by less than
three times the error on the drift distance, given by equation 6.6, are counted as well. The scan is
performed in an intercept window of + 2 mm around the ideal value in steps of 0.1 mm. The strips
belonging to the best intercept value are then fitted by minimizing the likelihood function given
in equation 6.10, relying on the MINUIT algorithm interfaced with ROOT. The fit is performed
using the centered strip positions. The position of the cluster is determined by evaluating the fit
at half the height of the gas gap. Then the mean strip position is added to that value.

11.2.4. Outlook: Preclustering and Combination of the Different Methods

As already described for the test beam and as is discussed in section 11.3 for the simulation,
different clusterization methods are better suited for different incident angles in terms of either
resolution or efficiency. Therefore it will be necessary to combine the different clusterization
methods to assure the best performance of the event reconstruction. A first skeleton for this
combination has been implemented in the scope of this thesis and is sketched in the following.
For technical reasons the combination is not yet used inside athena.

First the strips with a signal above threshold are sorted by layer. Then clusters are created, based
on the centroid clusterization but allowing a larger number of strips with a signal below threshold
between two active strips. The default value for the number of missing strips is three for now,
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but will be optimized in the future. After the coarse clustering a more precise clusterization is
applied on each coarse cluster in a staged system, aiming for a refined strip selection and position
reconstruction. First the reconstruction is run with the yTPC method. If it builds at least one
refined cluster out of a coarse one, the refined clusters are accepted and the algorithm moves
on to the next coarse cluster. If the yTPC method fails, the coarse cluster will be processed
with the centroid method. This second reconstruction method has a worse resolution for high
muon incident angles but an excellent reconstruction efficiency which helps to recover the signals
from layers which would be lost due to reconstruction inefficiencies of the pTPC method. With
this possibility for the recovery of clusters, the procedures of efficiency recovery added to the
standalone uTPC method, which worsen the resolution, can be removed. One of them is that in
case the HT did not find enough strips, all available strips are fitted. Furthermore the minimum
number of strips in the fit can be increased from 2 to at least 3 or even higher values.

In the future, further criteria can be added to the decision which reconstruction method is used,
e.g. the number of active strips assigned to the coarse cluster or its radial position which correlates
to the incident angle. The primary and secondary reconstruction methods are fully configurable
such that any, potentially new clusterization method can serve as primary or secondary algorithm.
Also the possibility to force the usage of a single method is foreseen, which can be useful for, e.g.,
performance studies.

11.3. Performance of the Single-Layer Position Reconstruction

In this section the performance of the single-layer reconstruction methods are discussed for dif-
ferent configurations of the digitization, namely the settings of the CS, the NL of the VMM,
the charge threshold, and the time smearing. The samples used to study the performance were
produced with the setup discussed in section 10.3.2. They consist of pure di-muon events with
a transverse momentum in the range of 10—100 GeV. The simulation was performed with the
toroid magnetic field switched off, which allows to study the performance without any impact of
the non-uniform toroid field on the reconstructed cluster position. Results with the toroid field
on and the cluster position being corrected are shown later in section 11.4.

In the following, the procedures to determine the resolution and the efficiency are introduced
first. Then the performance of the different reconstruction algorithms is presented based on the
nominal digitization settings, followed by a discussion of how the performance depends on the
various parameter settings. First the impact of the detector and electronics settings, e.g. the charge
threshold, the NL and CS, are discussed. Then the effect of the time smearing (see section 10.3.7)
is presented, which is necessary since the time resolution obtained with the digitization is too
optimistic compared to what has been measured on the detectors. The former study is only
carried out with the pTPC and the centroid methods, since those can run directly on the raw
signals obtained from the detector or simulated events, and do not impose the need for an iterative
reconstruction procedure. In constrast, the CTP and constrained yTPC methods rely on a fit of
the previously extracted cluster position in the different layers in order to obtain the estimate of

122



11.3. Performance of the Single-Layer Position Reconstruction

the incident angle. Since the centroid and the pTPC procedures perform well in the case without
the time smearing, the CTP and the constrained pTPC methods were only taken into account
for the study with time smearing applied.

In order to guide the reader through the presentation of the results below, table 11.1 summarizes
the expected behavior of the different cluster reconstruction methods.

Reco. method Expected behavior
centroid

high precision @ low incident angles

very poor precision @ high incident angles

very high reconstruction efficiency over all angles
res. and eff. insensitive to variations of CS

res. and eff. insensitive to time smearing

resolution sensitive to threshold variations

efficiency not sensitive to threshold variations

good resolution at high incident angle

large negative impact of CS on resolution

large negative impact of time smearing on resolution
efficiency and resolution highly dependent on threshold

uTPC

more stable against time smearing than pTPC
otherwise similar behavior as yTPC
requires external estimate of angle

constrained pTPC

CTP excellent resolution at small angles

good resolution at large angles

excellent efficiency over full angular range
able to cope with time smearing and CS

requires additional information of the incident angle

Table 11.1.: Expected behavior of the different cluster reconstruction methods. The expectations
are derived from their behavior in the test beam, and from the information exploited
in the reconstruction method which are summarized in table 6.1.

11.3.1. Definition of Resolution and Efficiency

Given that the samples employed for the performance studies below were produced with the
toroid field off, the standard reconstruction methods to fit the muon track cannot be used. The
resolution is therefore extracted by comparing the reconstructed cluster position with the truth
position of the energy deposit generated by the GEANT4 simulation. The distance between these
two positions is calculated along the precision coordinate, which is perpendicular to the strips
and corresponds to the radial direction in the wheel. Due to the very clean samples, containing a
single muon per detector side, a simple matching of the clusters to the truth hit can be performed,
only requiring the two objects to be in the same gas gap. In case there are multiple clusters or
truth hits in one gap, e.g. through radiated particles or clusters that are split in two by too
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many consecutive strips being below threshold, the combination of cluster and truth hit with the
smallest residual is chosen. The residuals are then filled into a histogram and the resolution is
determined following the same recipe as for the test beam, discussed in section 8.1.2. According to
the observed shape of the residual distributions, a fit is performed using the sum of two Gaussian
functions, one accounting for the core of the distribution and one for the tails. The seed for this
fit is obtained from a fit with a single Gaussian distribution carried out beforehand. The figures
of merit from the fit with the double Gaussian distribution are the mean value and the width of
the core Gaussian ocore, and the weighted width of the two Gaussians oyeighted- The weighing is
done using the integral of the individual distributions in a range of + ocore (fit range), which is

slightly different to what was done for the test beam®

. The resolution plots shown below only
contain the residuals of the even 7 layers. This has multiple reasons among which the two most
relevant are mentioned. First, only the 7 layers are included since the stereo layers are expected
to have a worse resolution in the precision coordinate given their rotated strip geometry. Second,
even and odd layers need to be separated since the drift direction is opposite. So any effect with
an impact on the position of the cluster in the time coordinate, which would impact the mean
residual, would cancel out if the residuals would be collected over all gaps.

For the calculation of the efficiency the pureness of the samples is exploited. Given that there is
only one muon per detector side, the efficiency is determined as follows. First it is checked if the
generated muon on a detector side is within the NSW acceptance of 1.3 < |n| < 2.7. Then each of
the eight Micromegas layers of a side is searched for a reconstructed cluster. If a cluster is found,
the layer is declared efficient, otherwise not. It was also tested if a matching of the reconstructed
cluster to the energy deposition from GEANT4 changed the results. Since the effect was below
1% and only present at very low angles, the truth matching was not used in the following plots. In
the future, the efficiency calculation will be carried out using the reconstructed track information,
but this was not possible for the samples without the toroid field. For the plots of resolutions
and efficiencies as functions of the track incident angle, the information of the angle is obtained
as the truth angle under which the muon was generated.

11.3.2. Performance of the Centroid and the 4 TPC Methods for the Default
Digitization Settings

In this section the reconstruction performance is discussed for the samples produced with the
nominal settings of the digitization, summarized in table 10.1. Figure 11.1 shows the weighted
resolution for this configuration for the pTPC (red points) and the centroid (black points) meth-
ods. As expected the centroid method reaches resolutions in the order of 100 um for low incident
angles, but the resolution grows for larger incident angles to 500 ym at 30°. This is compatible
with the results obtained in the test beam. The resolution obtained with the yTPC algorithm
behaves the other way around. For high angles, where more strips have signals exceeding the

!For the test beam, the weighing of the widths was done according to equation 8.1. The impact of the difference
to the procedure used in this chapter on the results was checked and found to be negligible.
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threshold, the resolution reaches the expected 100 pm. For lower angles the ' TPC method starts
to lose precision, since fewer strips are firing and therefore less information is available for the fit.
At the lowest angles the resolution deteriorates to almost 500 pm. One important quantity that
can be obtained from figure 11.1 is the turn-over point where the yTPC method becomes better
than the centroid algorithm. For the standard configuration this is around 16°. This angle can
become one criterion in the combination of clusterization algorithms discussed in section 11.2.4.
The other important parameter to be assessed is the reconstruction efficiency. Figure 11.2 displays
the reconstruction efficiency for both methods. Exemplarily only layer 0 is depicted, but the
results are the same for the other layers. The centroid method shows an efficiency close to 100 %
for most of the angular range. The slight drop and the gap around 24° are consequences of the
transition between the inner and the outer modules. For very low angles the efficiency starts to
drop to 96.7 % due to geometrical reasons, e.g. if the muon is still in the acceptance of the NSW
but has already missed the first layer. The efficiency for the yTPC method is in the order of
98 % in the plateau region. For lower angles it decreases down to 92 %. The reason for that is the
lower number of strips in a cluster, which reduces the amount of information included in the fit.
Furthermore the resolution of the time measurement of a single strip gets worse for lower angles
as discussed in section 10.3.7. This leads to a bad reconstruction of the angle. The efficiency for
the uTPC is determined using the recovery method described in section 11.2.2, hence, a layer can
become inefficient if either the pTPC method has reconstructed an unreasonable angle or the fit
has failed. Another reason for a non-efficient layer would be the presence of only a single strip
exceeding the threshold.
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Figure 11.1.: Weighted position resolution for the centroid (black) and uTPC (red) methods as
a function the incident angle 6 using the nominal settings of the digitization. The
resolution is extracted via a double Gaussian fit on the residuals in each angular
bin and then weighing the standard deviations with the integrals of the individual
Gaussians.
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Figure 11.2.: Single layer reconstruction efficiency of the centroid (black) and the pTPC (red)
methods as a function the incident angle 6 using the nominal settings of the digiti-
zation.

11.3.3. Performance Depending on Charge Sharing and the VMM Settings

As already shown for the optimization of the digitization in section 10.3, CS has a significant
impact on the performance of the Micromegas, especially on the time resolution. Also settings of
the VMM, like the threshold or the NL, can make a difference.

In this section, the impact of these settings on the performance of the cluster reconstruction
methods is discussed. Three values for the CS ratio are considered: 0, 0.3, and 0.5, where the first
one serves as a benchmark for the reconstruction methods on a hypothetically perfect detector.
The second value represents the mean value for CS over all strip lengths and the last value covers
the region of the longest strips. For the charge threshold, two settings are included: a threshold of
15000 electrons and one of 25000 electrons. Again the first value corresponds to the mean value
for all strip lengths, while the second value covers the region of the longest strips.

Figure 11.3 (11.4) shows the resolutions (efficiencies) for the different cluster reconstruction meth-
ods and parameters as a function of the track incident angle 6. In the plots on the left (right)
the NL of the VMM is disabled (enabled). In the upper (lower) diagrams a charge threshold of
15000 electrons (25000 electrons) referred to as lower (higher) threshold is applied. The results
obtained with the centroid reconstruction method are shown in black, the ones with the uTPC
method are indicated by the colored markers where the color depends on the amount of CS that
was applied in the simulation. The results with a CS ratio of 0.0, 0.3, and 0.5 are indicated in
red, green, and blue, respectively. Charge sharing also impacts the resolution and efficiency of the
centroid method but only at very high angles and independently of the amount of charge that is
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shared. Therefore only the results for a CS ratio of 0.3 are included here for the centroid method?.
In the following the impact of the different parameters on the performance of the reconstruction is
discussed, referencing the relevant diagrams in figures 11.3 and 11.4 when needed. First the impact
of the variation of the threshold and the influence of the NL on the performance of the centroid
method are presented. Then the effect of CS, the threshold, and the NL on the performance of
the pTPC method are discussed individually for each of those three parameters.

Performance of the Centroid Method: As expected, the centroid reconstruction method yields
a weighted resolution of about 100 um at low incident angles independently of the threshold
and the NL. For higher incident angles the resolution rises to values of about 400—540 um. A
higher threshold increases the resolution at large angles, while the NL is able to recover it. The
reconstruction efficiency with the centroid method is independent of the NL since already a single
strip counts as a centroid cluster. For lower thresholds, the efficiency is almost 100 % over the full
angular range. For higher thresholds, the efficiency drops as a function of the incident angle but
only by about 2.5 %.

Impact of Charge Sharing on the yTPC Method: For the case of no CS (red points) the
pwTPC method yields resolutions of around and below 100 um. This hypothetical scenario serves
as a benchmark to verify that the pTPC method itself and its implementation within athena are
working fine. Enabling CS increases the resolution, especially at low incident angles where fewer
strips are included in the cluster formation. For smaller angles, a CS value of 0.3 (0.5) increases
the resolution to about 400—500 pm (630—800 pm) as indicated by the green (blue) markers. At
high incident angles the impact of CS is less pronounced. For a CS ratio of 0.3 (0.5) the resolution
obtained at 30° is in the order of 120140 gm (160200 pm). The loss of spatial resolution due
to CS can also be observed in the distribution of the track angle as reconstructed by the uyTPC
method compared to its true value, as shown in figure 11.5. In the plot only events with muon
incident angles above 25° are included. For the case of CS disabled, the distribution is symmetric
around a peak value of 7° while in the case of a correct angle reconstruction a peak position
at 0° would be expected. This offset most likely stems from the positions of the first and last
ionizations above the corresponding strips. However it will be subject to further investigation.
With CS enabled, the peaks of the distributions move towards higher angles while the distributions
alse become asymmetric towards higher angles. This behavior matches the angular distributions
observed in the test beam, shown in figure 8.8. The more charge is shared, the more asymmetric
the distribution becomes and also the more the peak moves to larger angles. Both can be explained
by the fact that CS biases the time measurement of the outer strips towards the time values of
the inner strips which receive more charge, as is discussed in section 10.3.6.

The efficiency of the pTPC method as a function of the incident angle, shown in figure 11.4,
also depends a lot on the amount of CS. For the case of no CS the efficiency reaches values of

2The resolution and efficiency plots for the centroid method for different values of the CS ratio can be found in
the appendix in figure A.1.
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Figure 11.3.: Weighted resolution of the pTPC and the centroid methods for different magnitudes
of CS and different settings for the threshold and the NL. The CS values indicated
in the legends refer to the ratio of charge shared with the next neighbor; the cor-
responding ratio for the next-to-next neighbor is the square of that value. For the
centroid method the weighted resolution for the default value of 0.3 is shown.
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Figure 11.4.: Reconstruction efficiency for the pTPC and the centroid methods for different mag-
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For the centroid method the efficiency for the default value of 0.3 is shown.
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95.5-99.5 % at high angles, and then decreases towards lower values of #. With CS enabled, the
efficiency reaches a plateau at an incident angle of about 18° and then either stays constant or
starts to decrease again towards higher angles, depending on the threshold. The decrease is much
more pronounced for the higher value of CS indicated by the blue points.

E ;\ T T ‘ T T T ‘ T T T ‘ ;
% 0-35F Simulation, toroid off ]
> 03:, —— CS 0.0 ,:
o r i
n r ) —&— CS0.3 ]
©0.25(- % CS05 .
ER . ]
S 0.2 ° -
o L ]
F* L ]
0.15F ® e =
or ° ﬁ' E

- o n® ]

0.05F ]

C a.‘ ]

500 20 0 60 80

a [degree] @, .>25 degree)

reco_emuon muon

Figure 11.5.: Difference between muon incident angle and the angle reconstructed by the pTPC
method for different levels of CS. The plot is produced with a threshold of
15000 electrons and the NL disabled.

Impact of the Threshold on the 4y TPC Method: The charge threshold impacts the spatial
resolution of the yTPC method mainly at low incident angles. A higher threshold (bottom row
of 11.3) has the tendency to improve the resolution at low angles for the medium CS value (green
markers). For a high CS ratio (blue points) the situation is vice versa. At large incident angles the
resolution is barely impacted by the threshold setting used in the simulation (<20 pm difference).
For the reconstruction efficiency of the yTPC method as a function of the incident angle, the
threshold plays an important role. At lower thresholds (upper row in figure 11.4) the reconstruc-
tion efficiency reaches a plateau at an angle of roughly 18° and then stays constant towards larger
angles. For higher thresholds (bottom row) the plateau is also reached, but then the efficiencies
start to drop drastically towards larger angles, especially for the case of high CS (blue points).
This can be explained by the fact that at higher angles the total charge is spread over more strips,
leading to less charge on an individual strip which reduces the chance of exceeding the threshold.
For higher CS the charge is spread over even more strips which further reduces the chance of each
individual strip to cross the charge threshold.
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Impact of the Neighbor Logic on the yTPC Method: The impact of the NL on the resolution
of the pTPC method can be seen by comparing the left column (NL off) in figure 11.3 with the
right column (on). As for the threshold, the main effect can be observed at low incident angles.
Here the NL has a negative (positive) impact on the resolution for lower (higher) CS indicated
by the green (blue) markers. This brings the two curves with low and high amounts of CS closer
together when the NL is enabled. At larger incident angles the impact of the NL on the resolution
is below 10 pym for all different cases and therefore negligible. In terms of efficiencies, the NL has
no impact on the general shape of the plots shown in figure 11.4 but increases the value of the
efficiency by a few percent.

Summary: It can be concluded that CS and also the parameters of the readout electronics have
a significant impact on the precision and reconstruction efficiency of the different reconstruction
methods. The performance of the centroid method is mostly insensitive to the different settings of
the digitization, especially in terms of the efficiency, but by construction fails to provide reasonable
position resolutions at high incident angles. The pTPC method has a reasonable resolution at
very high angles, but at lower angles it is highly dependent on the amount of CS and the threshold
value. Furthermore the reconstruction efficiency of the yTPC method suffers at higher thresholds,
which is to be expected for the longest strips in the NSW. Therefore a combination of the different
methods, as suggested in section 11.2.4, will need to be deployed in order to improve the overall
reconstruction performance.

The results obtained with the yTPC method on simulated events are a lot better than those for
the test beam data (see section 8.3.4), especially in terms of efficiency but also for the precision.
The main reason for that is the very high noise levels that were present in the test beam, exceed-
ing 25000 electrons which was chosen as the upper threshold value for the simulation since the
noise levels could be improved after the test beam. Also, as discussed in section 10.3.7 already,
the simulation generally yields too optimistic results for the time resolution compared to mea-
surements carried out at the actual detectors. Furthermore it needs to be noted that the results
for the efficiency are not fully comparable, since some recovery methods for the efficiency were
implemented for the pTPC method in athena after completion of the test beam studies as a result
of the impact of the noise levels that have been observed.

11.3.4. Performance with Time Smearing

As shown in the previous section and also discussed in section 10.3.7, the simulation of the
Micromegas yields too optimistic values for the time resolution. This has a direct impact on the
performance of the reconstruction. Therefore a smearing of the hit time needs to be applied in
the digitization. In the following, the performance of the reconstruction with time smearing will
be discussed. Figure 11.6 shows the reconstruction performance where a Gaussian smearing with
a width of 20 ns is applied on the time measurement. Together with the intrinsic time resolution
of 15 ns obtained with the digitization, this yields an overall time resolution of 25 ns, compatible
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with the measurements on the final detectors in the cosmic ray test stand. For all other settings
the default parameters of the digitization were applied, i.e., a CS ratio of 0.3, a threshold of
15000 electrons, and the NL disabled.

By construction the time smearing has no impact on the centroid reconstruction method. There-
fore the same samples as for the plots above are used for the results of the centroid method.
However, the yTPC reconstruction method is heavily impacted by the time smearing. The res-
olution at low angles is comparable to the case without time smearing, but rather than quickly
dropping towards higher angles, the resolution slowly decreases up to an angle of 20° and then
starts rising again, barely improving the resolution of the centroid at high angles. In terms of
efficiency, the shape is similar to the case without time smearing but with lower efficiency values.
The efficiency at the plateau drops from 98 % to 94.5 %. The decrease in efficiency towards lower
angles is stronger compared to the case without time smearing. While in the latter case the effi-
ciency stays above 90 % even for the lowest angles, it drops to below 80 % with the time smearing
applied, still including the recovery mechanisms.

This degradation of the yTPC performance together with the results from the test beam made
it advisable to develop and implement different reconstruction methods which ideally have the
efficiency of the centroid method and the precision of the TPC method. An effective way to
achieve this is to use the information on the incident angle in the reconstruction algorithm. This
information is used in the CTP (see section 6.3.2) and in the constrained pTPC (see section 6.3.4)
methods, which are also included in the plots shown in figure 11.6. At low angles the CTP method
yields resolutions of 100 um compatible with the centroid algorithm. But with a rising angle,
the CTP method improves the resolution drastically compared to the values obtained with the
centroid or uyTPC procedures. At 30° a resolution of 250 ym is reached, improving the centroid
method by almost 250 um. For the settings without time smearing applied, the CTP method
yields resolutions well below 100 pm, over the full angular range. Since this is assumed to be too
optimistic given the underestimated time resolution, the CTP algorithm was not included in the
plots shown in the previous sections. For the efficiency the CTP method shows the same values
as the centroid one, since the way of grouping strips into clusters is the same. The CTP method
differs from the pTPC one in two major points which explain the improvements. As discussed,
the incident angle is an external parameter to the former algorithm allowing its determination
in a more precise way than with a fit of a 5mm short track segment in a Micromegas drift gap,
since it can be taken from a track segment reconstructed by all 16 layers of the NSW. The second
major difference is the weighing of the time value by the measured charge. In the future, one
could try to scale the uncertainties of the strips entering the pTPC fit according to the measured
charge.

The constrained pTPC method does not take a fixed input angle but constrains the angular
parameter in the final fit, which determines the position of the cluster, to the input with a
customizable width. For the results shown in figure 11.6 a narrow constraint of 3° has been chosen.
In this case, with the time smearing applied, the method is able to reduce the resolution at angles
above 25° compared to the centroid method and improves it at 30° by 100 gm. Furthermore it
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yields better results than the unconstrained pTPC method over the full angular range. Efficiency-
wise the constrained method has a plateau for high angles at a value of 97 %, but the efficiency is
dropping much quicker at angles below 15° compared to the unconstrained pTPC method. Since
the results obtained with the CTP method look much more promising, any further optimizations
of the constrained pTPC algorithm, e.g. changing the width, were not performed.

For both the constrained yTPC and the CTP methods, the incident angle was determined by
assuming that the muon comes from the interaction point. This assumption holds true for the
samples used to produce these plots but it is not always the case for the actual data from proton-
proton collisions. Therefore both methods will not be applicable in the first step of the clusteri-
zation. But given the robustness of the CTP method against a bad time resolution it is a good
candidate to be employed at a later stage of the track reconstruction where the incident angle
can be obtained from the combination of the NSW layers, i.e., the segment.
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Figure 11.6.: Reconstruction performance with a smearing applied to the time measurement. The
sample used for these plots was produced with the nominal parameters of the dig-
itization, i.e. a CS ratio of 0.3, a threshold of 15000 electrons, and the NL being
disabled, but adding a Gaussian smearing of 20 ns to the time measurement. Since
the centroid and the CTP methods use the same technique to form a cluster, i.e. com-
bining adjacent strips with a signal above threshold, they have the same efficiency
and only the curve for the efficiency of the centroid algorithm is shown (black).

11.4. Correction of Magnetic Field Effects on the Cluster Position

For all figures discussed up to now, the simulation was performed without the magnetic field of
the toroid magnet. This was done to be able to compare the results with those from cosmic data

133



11. Reconstruction with the Micromegas Detectors

Figure 11.7.: Sketch of the correction of the magnetic field. The red dot indicates the location
of a primary ionization from where the electrons would drift along the black arrow.
But due to the magnetic field they drift under the Lorentz angle ay(red arrow).
This increases the drift time and changes the position where the electrons arrive at
the mesh. The corrected drift distance d’, corresponding to the case of no magnetic
field, and the offset in position Az can be determined knowing «;, and the measured
drift distance d.

taking, but also to analyse the reconstruction performance without any distortions due to the
non-linear field. The field impacts the cluster shape and position by deflecting the electrons that
drift through the gas gap towards the mesh. The magnitude of the deflection is proportional to the
Lorentz angle. The correlation between the magnetic field and the Lorentz angle was determined
using the gas simulation software Magboltz [93]. The digitization uses a fourth-order polynomial
to parametrize it which was implemented prior to this thesis in |71].

For the Micromegas the two components of the magnetic field orthogonal to the drift field are
relevant. Since the position of a cluster is reconstructed in the orthogonal direction to the strips,
the field component parallel to the strips has the biggest impact on the resolution. The component
orthogonal to the strips only deflects the drifting electrons along a strip which is less relevant since
the resolution in that direction is worse by design of the detector. Up to now only the impact of
the parallel component is included in the simulation but it is planned to add the second direction
as well. In the scope of this thesis the general concept for the correction of the magnetic field
effects was introduced. An illustration of the correction principle is shown in figure 11.7. The red
dot indicates the position of a primary ionization. The electrons drift under the Lorentz angle oy,
with respect to the electric field, indicated by the red arrow. The calibration needs to recover the
difference between the position where the electrons arrive at the mesh, denoted by Az, and the
original drift distance d’, which is needed for all time-based reconstruction methods. Knowing
the drift distance d extracted from the time measurement of each strip and the Lorentz angle oy,
computed from the field strength parallel to the strip, the two relevant quantities can be obtained
as follows:

d =dcos(ar) and Az = dsin(ayp). (11.1)

This makes the corrected position of the strips and therefore all the reconstruction methods,
including the centroid method, time-dependent.

Figure 11.8 displays the distribution of the magnetic field component parallel to the strips in a
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11.4. Correction of Magnetic Field Effects on the Cluster Position

large Micromegas sector for the outermost gas gap. The field is non-uniform both in x and y
directions. In the center of the sector the strongest field strength can be observed while at the
outer positions it gets weaker or even flips polarity. While most of the field is dominated by the
end-cap toroid, the very outer part of the sector is also under the influence of the field from the
toroid coils in the barrel region. This leads to a strong field with the polarity opposite to the
central part. These non-uniformities of the field strength, especially along the strips, referred to
as the x direction herein, does not allow to perform the calibration in the initial clusterization.
The reason is that the position along the strip cannot be obtained from a single layer. Therefore
an algorithm has been developed, which allows to recalculate the cluster positions during the
fit of the segments and the fit of the full muon track through ATLAS using the track position
along the strip. The segment employs all 16 layers of the NSW and obtains the position along
the strips by combining the stereo and the 7 layers of the Micromegas and the wires of the
sTGC detectors. In addition the fit of the muon track through the full ATLAS detector receives
additional information on the second coordinate by other detectors, e.g. the TGCs on the Big
Wheels or the inner detector. For the recalculation of the cluster position the magnetic field is
taken at the 3D position of the track on the surface of the detector layer. This allows the use of
the coordinate along the strips.
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Figure 11.8.: ¢ - component of the magnetic field in a large Micromegas sector. The color coding
indicates the magnitude of the field in units of mT. The plot was created by filling
the magnetic field at the position of the reconstructed cluster and then taking the
mean value of all entries per bin. Missing bins are due to the lack of a particle
traversing that particular region of the sector. The plot is exemplarily done using
layer 8 of the large sector number 5 mounted at the 12 o’clock position.
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11. Reconstruction with the Micromegas Detectors

Figure 11.9 shows the mean residuals for all even gas gaps in large Micromegas sectors for the
A-side of ATLAS (n > 0) with and without the correction applied. The selection of gas gaps
included in the plot is based on the polarity of the magnetic field compared to the direction of
the drift field, which is the same for the selected gaps. Without this selection the mean residuals
would cancel each other out. It can be seen that the mean residuals as a function of the incident
angle without the correction of the field follow the shape of the magnetic field. A maximum
deviation of the mean residuals of 130 um can be observed. With the correction enabled the
residuals get closer to zero for the full range. Therefore it can be concluded that the correction
of the magnetic field is sufficiently effective. The remaining small variation of the mean residuals
as a function of the angle and the field are subject to further investigations.
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Figure 11.9.: Mean track residuals with and without the correction of the magnetic field. The
plot is done using all even gas gaps on the A side (n > 0) of ATLAS, with large (a)
and small (b) sectors separated. Without the magnetic field correction the shape
of the mean residuals follows the magnetic field, while with the correction enabled
the mean residuals get closer to zero. The remaining small variations of the mean
residuals are subject to further investigations.

11.5. Summary of the Work on the Reconstruction

In the scope of this thesis, significant contributions have been made to the part of the ATLAS
reconstruction software which processes the signals from the Micromegas, reconstructs the clusters
together with their positions on the individual layers, and uses these clusters in the track fitting
of the full ATLAS detector.
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First, different methods to build clusters and determine their positions on the individual Mi-
cromegas layers have been integrated into the software. The focus was laid on those methods
that exploit the drift time measurement for the cluster reconstruction, which is crucial to achieve
the required spatial resolution for the inclined particle tracks present in the NSW. Amongst the
methods under study were the pyTPC algorithm and two methods aiming for the recovery of
performance in non-ideal detector conditions, the CTP and the constrained pTPC methods. Fol-
lowing their integration into the software, the performance of the different algorithms has been
evaluated for different settings of the readout electronics, including the threshold and the NL, but
also detector parameters like the CS ratio between strips. Furthermore, a scenario was studied
where an artificial time smearing was applied to the simulated drift time measurements. This has
been introduced since it was evident that the detector simulation yields a resolution that is too
good compared to the actual value measured for the detectors (see section 10.3.7). Especially in
that last scenario, it turned out that neither the pTPC nor the centroid methods alone would
yield sufficient performance since they either suffer from an unacceptable resolution in particular
ranges of incident angles or a degraded efficiency, or both. Therefore an algorithm which combines
both methods has been implemented. For technical reasons it is not yet employed in the event
reconstruction and will be finished after this thesis.

In addition to the centroid and pTPC methods, two more algorithms for the reconstruction of
clusters have been implemented, namely the CTP and the constrained pTPC methods, where the
latter one was developed as part of this thesis. Both methods exploit the information of an external
estimate of the incident angle to improve the cluster position reconstruction. But since the
estimate for the angle first needs to be obtained by a fit of the cluster positions in the Micromegas
layers, these two methods can only be employed in a second clusterization step. Especially the
CTP algorithm shows very promising results in terms of resolution and efficiency in the scenario
with the time smearing applied. A weighted resolution of 100 um (260 pm) was achieved for small
(large) incident angles, constituting an improvement of the resolution at high angles by more than
200 pm compared to the results obtained with both the yTPC and the centroid methods. In terms
of efficiency the CTP algorithm yields values close to 100 % for the full angular range present in
the NSW. Therefore it will be used as the main cluster reconstruction algorithm in the upcoming
data taking period of ATLAS and beyond, playing a key role for the precise reconstruction of
muons which is crucial for the physics program of the ATLAS collaboration.

Following the performance studies, a procedure to correct the cluster positions from the impact
of the magnetic field has been developed. Furthermore the algorithms to calibrate the raw data
were introduced to athena within the scope of this thesis.
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12. Summary for the Software Part

In the scope of this thesis, major contributions have been made to two key components of the
ATLAS offline software framework, the first one being the simulation of events, i.e. the physics
of a hard scattering of protons, the subsequent propagation of the final state particles through
the detector, and the detector response and the readout electronics. The second component is
the reconstruction of the final state particles given the signals produced by either the actual
detector or its simulation. The contributions made in this thesis mainly targeted the processing
of Micromegas data in both of these components of athena.

On the side of the first component, most of the work was carried out on the simulation of the
detector and electronics response of the Micromegas, also referred to as digitization. First, several
important improvements have been developed which help to better mimic the detector response,
amongst them the implementation of the shaper response function of the VMM readout chip, a
strip-length-dependent threshold, and the effect of CS between a resistive strip and the copper
strips. Furthermore contributions to the technical performance of the Micromegas digitization
have been made, without which the technical requirements necessary to simulate millions of
events would not have been matched. In a second step, several quantities of Micromegas strip
clusters obtained from simulated events have been compared to data taken with the cosmic ray
test stand, which was used to verify the functionality of the final detector modules during their
integration. Amongst the studied quantities were the charge and width of the cluster as well as
the drift time distributions, especially the time resolution. The goal of this study was to optimize
the different parameters of the digitization, e.g. the gas gain, the charge threshold, or the ratio
of CS. With the optimized set of parameters obtained in these studies, the digitization describes
the detector response well in general, but is a bit optimistic for certain parameters like the time
resolution. In this specific case, and since the time resolution is of great importance for the
performance of the position reconstruction with Micromegas detectors, an additional smearing of
the time measurement is applied to the simulated data in order to match the results obtained
with the actual detectors. The final configuration of optimized parameters will be used starting
from the first round of large-scale event simulation for the upcoming data taking period of ATLAS.

On the side of the reconstruction, the main contribution was the development and integration
of several drift-time-based clusterization algorithms into athena. Those are crucial in order to
maintain a good spatial resolution for tracks that pass the detector under an angle, which applies
to all particle tracks penetrating the NSW detectors in ATLAS. Afterwards the impact of different
settings of the digitization, like the CS ratio, the threshold, or the NL, on both the resolution
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and the efficiency of the different reconstruction algorithms was studied. Also the impact of the
smearing of the time measurement on the reconstruction performance was investigated. Especially
in the latter case it became evident, that none of the two reconstruction methods under study,
i.e. the centroid and the uTPC algorithms, perform well enough to satisfy the requirements in
terms of both reconstruction efficiency and position resolution to be applicable over the full range
of track angles expected for the NSW. Therefore, two mitigation strategies have been applied.
The first one is to combine the yTPC and the centroid method in order to exploit the positive
aspects of both. The second mitigation strategy is the refinement of the cluster position by
employing the additional information of an external estimate of the track angle obtained, e.g., by
a fit of the centroid cluster positions in the NSW layers. This additional information is used in
the CTP and the constrained pTPC methods. Like for the test beam, the CTP method shows
most promising results even for the setting with the time smearing applied, i.e. a weighted spatial
resolution of 100—260 um depending on the incident angle and a reconstruction efficiency of close
to 100 % over the full angular range. Therefore it will be the algorithm applied to reconstruct
clusters in Micromegas detectors for the upcoming data taking period and beyond. Apart from
the developments and studies of the cluster reconstruction methods, also the general workflow for
the calibration of the raw data and the correction of the cluster positions for the impact of the
magnetic field have been developed in the scope of this thesis. All these developments are key in
the precise reconstruction of muon tracks, which are of fundamental importance for the physics
program of the ATLAS collaboration.
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The LHC is continuously improved with the goal to eventually provide a sevenfold luminosity
increase in the year 2027, compared to its design value. This upgrade targets an improved sen-
sitivity for the measurement of rare processes, which are predicted by the SM but have not yet
been discovered, to further increase the precision in the measurement of known processes, and
to potentially discover physics beyond the SM. In order to maintain their current excellent per-
formance in the increased luminosity scenario, the experiments surrounding the four interaction
points of the LHC undergo major refurbishments as well. One of the main upgrades of the ATLAS
detector already targeting the upcoming data taking period starting in 2022 is the replacement
of the inner-most end-cap of the Muon Spectrometer by the NSW. The NSW deploys two de-
tector technologies, Micromegas and sTGCs, where the former mainly targets at maintaining the
excellent tracking of the current SW at the substantially increased particle rates, while the latter
technology focuses on the identification of events with high-momentum muons in the final state
in real time. Both the excellent tracking and the fast event selection at trigger level are essential
for the ATLAS physics program.

The objective of this dissertation was to characterize the tracking performance of the Micromegas,
being one of the key parameters of the NSW. Special focus is set on the reconstruction of inclined
particle tracks as they will be present in the NSW, since it covers an azimuthal angle of 8 —31°.

In a first step, the tracking performance of a Micromegas module from the early series production
was studied during a dedicated test beam campaign as discussed in part II of this thesis with the
results being summarized in chapter 9. The first of the two major goals was to validate that the
VMM readout chip works well on a full-sized detector module, since it was the first time that a
final detector module was read out with this chip. The second aim was to fully characterize the
module’s reconstruction performance for inclined tracks. For the general proof of function, the
chamber was aligned perpendicular to the beam and the expected resolutions of around 100 um
were achieved together with reconstruction efficiencies of well above 90 %. Therefore the readout
of the module with the VMM is considered validated. Further studies carried out with the detector
in the same orientation were targeting the mitigation of voltage instabilities in the amplification
gap. First, the impact of different ratios between Argon and COg in the operation gas were
studied where an increased amount of COs stabilizes the amplification field. It was proven that
both the position resolution and the reconstruction efficiency reach the aforementioned values
for all investigated gas mixtures. Second, the impact of a reduction of the amplification voltage
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applied on the resistive strips from 600V to 570 V was explored. Although the signal gain scales
exponentially with the voltage also the reduced working point still showed the above-mentioned
resolutions and an efficiency of 90 %. Based on this important study, the NSW community decided
to accepted the loss of signal strength at 570V in favor of the substantially more stable detector
performance.

For the study of the reconstruction performance with inclined particle tracks, the detector module
was tilted by 28° relative to the beam axis. Two algorithms were explored for the reconstruction
of strip clusters, both exploiting additionally the time of arrival measured for each strip together
with the position of the strips. Focus was laid on the yTPC method, since it was known to be
able to reconstruct clusters from inclined tracks without any external information. Also it was
proven to yield excellent spatial resolution on small-scale Micromegas detectors with strip lengths
of about 10cm. The situation during the test beam studies was different in so far as strips with
a length of 1.7m were examined, which are almost the longest strips present in the NSW. Ad-
ditionally, due to non-perfect grounding of the test beam setup, significantly higher noise levels
were observed, which the yTPC method was not resilient against. Core (weighted) resolutions of
202285 um (312—411 um) were achieved depending on the settings of the VMM, but especially
the reconstruction efficiency deteriorated to values of 62 —81 % as a result of the noise levels. After
the test beam had ended, the non-perfect grounding was resolved and the noise levels could be
significantly reduced down to their theoretical lower limit. Another effect that impacts the pTPC
performance is the CS between the copper and the resistive strips which negatively influences the
precision of the time measurements. In the data obtained from the test beam, a CS ratio of up
to 67 % was measured. In order to mitigate the shortcomings of the pyTPC method, the CTP
method was investigated as well. Compared to the yTPC it uses an external estimate of the
incident angle together with the charge measured on each strip as additional information. Core
(weighted) resolutions of 213—268 ym (281356 pum) were achieved, which are compatible with
the results of the yTPC method. However, in terms of reconstruction efficiency the CTP method
outperforms the uTPC one significantly by reaching values of 9096 %.

The second half of this thesis was dedicated to the simulation of muon events in the Micromegas
detectors and the reconstruction of muon tracks with the ATLAS offline software athena. This
work is described in part III of this document, and summarized in section 12. First, several
major improvements were made to the simulation of the Micromegas chambers and electronics
response, which are very critical in terms of mimicking the actual detector response. Amongst
the new developments are the implementation of the actual VMM shaper response function, a
strip-length-dependent threshold, and the modeling of CS between resistive and copper strips.
Also the technical performance of the Micromegas digitization was significantly enhanced, which
is critical for it to be included in the full simulation of billions of events in ATLAS. In order to take
into account the voltage instabilities of individual Micromegas sections, a scaling of the gas gain
according to the applied voltage was integrated into athena as well. After all the improvements
were in place, the output of the simulation was compared to data obtained with the final detectors
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and the different parameters of the digitization were optimized such that the simulation models
the detector response in the most realistic way. Good agreement was observed in almost all
examined quantities, except for the time resolution, where the digitization yields too optimistic
results. Therefore a correction in the form of a Gaussian smearing will be applied on the simulated
time measurements in the future.

For the reconstruction of real and simulated muon events, several drift-time-based cluster recon-
struction methods have been integrated into athena. These are critical to maintain a high spatial
resolution at large incident angles. Achieving the best possible resolution over the full spectrum of
track angles is key for the precise reconstruction of muons, being a major ingredient to the physics
program of ATLAS. The performance of the various reconstruction algorithms was studied as a
function of different physics scenarios provided by the digitization. It was found that especially for
the case of the time smearing applied, the CTP method outperforms all other algorithms, reach-
ing a weighted resolution of 100 um (260 um) at low (high) angles with a reconstruction efficiency
close to 100 %. These values correspond to what was observed in the test beam. Furthermore
they are mostly in agreement with the requirements imposed by the physics motivation of the
NSW, especially in terms of the reconstruction efficiency, demanding an excellent performance of
the track reconstruction in order to ensure a high precision of the momentum measurement of
muons. Due to the great performance of the CTP algorithm, it will become the default cluster
reconstruction method for the upcoming data taking period and beyond. In addition, the general
concepts for the correction of cluster positions as a function of the magnetic field and the cali-
bration of the raw signal data, coming either from simulation or the detector, were introduced to
athena.

With the work presented in this thesis, major contributions have been made to the understanding
of the tracking performance of the Micromegas chambers deployed in the NSW. The cluster
reconstruction algorithms developed together with the improved digitization will be used for all
events processed from the start of the upcoming data taking period and therefore have a direct
impact on all future physics analysis conducted in ATLAS.
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A. Additional Material for the Software Part

A.1l. Parameters of the VMM Shaper Response Function

Paramter Name Value
Ky 1.584
K —0.792 — 0.1154
o (PT 1079) /1.5
P 1.263 / «
P 1.149 /a — 0.7867 / «

Table A.1.: Parameters of the VMM shaper response function given in equation 10.2. The pa-

rameter PT refers to the configurable peaking time of the VMM given in ns. The
parameters were kindly provided by [85].
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Figure A.1.: Weighted resolution of the centroid method for different magnitudes of CS and differ-

ent settings for the threshold (top-bottom) and the NL (left-right). The resolution is
extracted using a double Gaussian fit on the residuals and weighting the two widths
of the Gaussians by their integrals. The CS indicated in the plots refers to the ratio
of the charge shared with the next neighbor, the CS to the next-to-next neighbor is
the square of that value.
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Figure A.2.: Core resolution of the pTPC and the centroid methods for different magnitudes of

CS and different settings for the threshold (top-bottom) and the NL (left-right). The
resolution is extracted using a double Gaussian fit on the residuals and weighting the
two widths of the Gaussians by their integrals. The CS indicated in the plots refers
to the ratio of charge shared with the next neighbor, the CS to the next-to-next
neighbor is the square of that value. For the centroid the core resolution for the
default CS of 0.3 is shown.
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Figure A.3.: Difference between muon incident angle and the angle reconstructed by the uTPC
method for different levels of CS, and different configurations of the threshold (top-
bottom) and the NL (left-right).
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