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Abstract

The LHC at CERN will be upgraded to become the HL-LHC during the first half of the
2020s. The significant increase in instantaneous luminosity allows probing particle physics
with even greater sensitivity. At the same time, the physics environment will become even
harsher, compared to the present LHC conditions. To cope with these conditions, the CMS
detector at the LHC needs to be upgraded. This thesis focuses on the transition of CMS to
the HL-LHC era. Two main topics will be discussed: 1) novel GEM detectors for the CMS
detector upgrades and 2) innovative strategies for displaced muon searches at the HL-LHC.

For the installation in the first endcap stations of CMS (GE1/1), large-size triple-GEM de-
tectors have been mass-produced for the first time in high-energy physics. The CMS GEM
group was able to assemble, test, and qualify the needed 144 chambers. The integration of
GE1/1 detectors in CMS is currently taking place. The GE1/1 GEM chambers show accept-
able behavior in terms of gas tightness and high-voltage integrity. The gas gain variations
across the large detector area are found to be non-negligible. However, they do not exceed
acceptable levels. To understand the origin of these variations, additional gas gain measure-
ments with X-rays were performed while varying environmental and design parameters.
Different sources of gain variations have been identified, listed in decreasing importance for
the GE1/1 GEM chambers: induction field, drift field, thickness of GEM foil, contamination
to nominal gas mixture. For the production of large-size GEM foils, the single-mask etching
technique is used, as opposed to the double-mask technique. The influence of the etching
technique on the gas gain is found to be non-negligible. The double-mask foils show the
highest gain. The orientation of the single-mask foils with respect to the drift and induction
tields matters for the gas gain of the detector. To deepen the understanding of signal forma-
tion in a triple-GEM detector, microscopic simulations of the electron avalanches inside the
complex, active volume were performed. The best configuration of hole pitch and diameter
on the GEM foil with respect to the effective gas gain is the symmetric double-mask foil.

In addition, the sensitivity of a physics study for displaced muons at the HL-LHC is dis-
cussed in this thesis. The HL-LHC offers a unique possibility to search for exotic, rare sig-
natures. A possible search would significantly profit from the usage of dedicated tools for
triggering, reconstruction, and analysis techniques. The study is constructed in a signature-
driven and model-independent way to be sensitive to long-lived particles decaying to muons
from different beyond the standard model physics. For the smuon interpretation within
GMSB SUSY models, a search is sensitive to masses around 100 GeV. In the case of Dark
SUSY models, the study is sensitive to the discovery of a hypothetical dark photon with
10 < m.,,/GeV < 45 and 1078 < ¢ < 1077, where € gives the strength of the kinetic mixing
between the standard model photon and the dark photon. This addresses a phase-space of
dark photon models not yet covered by existing searches.



Zusammenfassung

Bis zur Mitte der 2020er Jahre wird der LHC am CERN zum HL-LHC aufgeriistet. Die sig-
nifikante Erh6hung der instantanen Luminositdt ermoglicht die Untersuchung der Teilchen-
physik mit einer noch grofleren Empfindlichkeit. Gleichzeitig wird die Umgebung fiir Physik-
suchen noch rauer als am LHC. Um mit den neuen, hirteren Bedingungen zurecht zu kom-
men, muss der CMS-Detektor am LHC erneuert und erweitert werden. Diese Arbeit beschif-
tigt sich mit dem Ubergang des CMS-Detektors in die neue HL-LHC Ara. Die zwei Haupt-
themen dieser Arbeit sind, einerseits, neuartige GEM-Detektoren fiir die CMS-Detektor-
Upgrades und, andererseits, innovative Strategien fiir Suchen nach raumlich versetzten My-
onen am HL-LHC.

Fiir die Installation in die inneren CMS-Endkappenstationen (GE1/1) wurden, zum er-
sten Mal in der Geschichte der Hochenergiephysik, triple-GEM-Detektoren im Grofsformat
mittels Massenproduktion hergestellt. Der CMS-GEM-Arbeitsgruppe war es moglich, die
notwendigen 144 Kammern zu montieren, zu testen und erfolgreich zu validieren. In 2019
und 2020 findet die Integration der GE1/1-Detektoren in CMS statt. Die GEM-Kammern
zeigen ein anstdndiges Verhalten in Bezug auf Gasdichtigkeit und Hochspannungsintegritat.
Die Schwankungen der Gasverstarkung tiber den grofien Detektorbereich sind nicht zu ver-
nachlédssigen. Sie tiberschreiten jedoch nicht die zuldssigen Werte. Um den Ursprung dieser
Schwankungen zu verstehen, wurden zusétzliche Studien und Messungen mit Rontgenstrah-
len durchgefiihrt, wobei die Umgebungs- und Konstruktionsparameter des untersuchten
GEM Detektors gedndert wurden. Es wurden verschiedene Ursachen fiir Verstarkungs-
schwankungen identifiziert, die hier in abnehmender Bedeutung fiir die GE1/1 GEM-Kam-
mern aufgefiihrt sind: Induktionsfeld, Driftfeld, Dicke der GEM-Folien, Verunreinigungen
der nominalen Gasmischung. Bei der Herstellung von grofiformatigen GEM-Folien wird
im Gegensatz zur standardméfsigen Doppelmaskentechnik die Einmaskentechnik fiir das
Atzen der Locher in den GEM-Folien verwendet. Es wurde herausgefunden, dass der
Einfluss der Atztechnik auf die Gasverstidrkung nicht zu vernachlissigen ist. Die Dop-
pelmaskenfolien zeigen die grofite effektive Gasverstarkung. Die Ausrichtung der Einzel-
maskenfolien in Bezug auf die Drift- und Induktionsfelder ist fiir die Gasverstarkung des
Detektors von Bedeutung. Um das Verstdndnis der Signalbildung in einem triple-GEM De-
tektor weiter zu vertiefen, wurden mikroskopische Simulationen der Elektronenlawinen in-
nerhalb des komplexen aktiven Detektorvolumens durchgefiihrt. Die beste Konfiguration
tiir Lochabstand und Durchmesser in Bezug auf die effektive Gasverstarkung scheint die
symmetrische Doppelmaskenfolie zu sein.

Die Sensitivitédt einer physikalischen Suche nach rdumlich versetzten Myonen am HL-
LHC wird ebenfalls in dieser Arbeit diskutiert. Der HL-LHC bietet eine einzigartige Moglich-
keit, nach exotischen, seltenen Signaturen zu suchen. Eine mogliche Suche wiirde erheblich
von der Verwendung dedizierter Tools fiir Trigger- und Rekonstruktionstechniken als auch
fur Analysestrategien profitieren. Die Studie ist signaturbasiert und modellunabhingig
aufgebaut. Somit ist man empfindlich auf verschiedenartige langlebige Teilchen, die in My-
onen zerfallen und die nicht der Standardmodellphysik entsprechen. Fiir Smuonen aus
GMSB-SUSY-Modellen wire eine Suche empfindlich auf Massen um 100 GeV. Im Falle von
Dark-SUSY-Modellen ist die Studie empfindlich auf die Entdeckung eines hypothetischen
Dark-Photons mit 10 < m,,,/GeV < 45 und 107® < € < 1077. Dabei gibt ¢ die Stirke
der kinetischen Mischung zwischen dem Standardmodell-Photon und dem Dark-Photon
an. Dies adressiert einen Phasenraum von Dark-Photon-Modellen, der noch nicht durch
bestehende Physiksuchen abgedeckt ist.
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1 Introduction

The guiding question in the field of particle physics for many decades and even centuries
has been, and still is:

What are the elementary particles and forces, that build up everything around us?

On the quest for answers, experimental and theoretical particle physicists have developed
the standard model (SM) of particle physics, which describes very accurately the currently
known elementary particles and forces. In the last decades, enormous and stringent efforts
led to the discovery of the Higgs boson; the last piece of the SM puzzle. The discovery was,
among others, reported by the Compact Muon Solenoid (CMS) experiment at the Large
Hadron Collider (LHC) in 2012 [1]. This constituted a major milestone in the history of
particle physics and the experiments at the LHC.

Despite the enormous success, theoretical shortcomings of the SM, as well as experimen-
tal evidence, in particular from astroparticle physics observations, suggest that the SM is not
the ultimate theory of particle physics. Theories beyond the standard model (BSM) - often
called new physics - extend the SM trying to solve the apparent issues. However, so far, no
significant signs of new physics have shown up in the data from the LHC experiments.

By the mid-2020s, the LHC will be upgraded to the high-luminosity LHC (HL-LHC).
The HL-LHC, or Phase-2 period, is expected to provide about 10 times the amount of data
taken so far by the experiments at the LHC, substantially increasing the sensitivity to (very)
rare processes. With its higher luminosity, the physics environment for the experiments at
the HL-LHC will be even harsher than before. Among other things, the experiments will be
exposed to a larger radiation dose, more pileup interactions, and background rates. To cope
with the new challenges, the CMS experiment at the LHC needs to be upgraded for Phase-2.
This begs the following questions, that also direct the work of this thesis:

What detector technologies are suitable for particle detection at the HL-LHC and
how do these technologies behave for the use case of the CMS experiment?

How will the large amount of data be used? Where should one look for new physics?
How can the sensitivity for exotic signatures at the HL-LHC be increased?

Possible answers to these questions include modern and novel detector technologies and
innovative search strategies. The following two paragraphs fill these catchwords with life
by introducing the main topics of this thesis!.

Modern gaseous detector - GEM detectors for the CMS Phase-2 detector at the HL-LHC
Gaseous detectors have paved the road for particle physics for many decades. The detec-
tors have proved to be stable, flexible, and cost-effective solutions for high-energy particle
detection. One of the most modern technologies is the gas electron multiplier (GEM) intro-
duced by F. Sauli [2]. GEM detectors belong to the class of micro-pattern gaseous detectors
(MPGDs). They are based on polyimide foils, covered with a thin copper layer on top and
bottom. The foils are perforated with a pattern of holes. The detection principle relies on
electron multiplication in the holes of the foils, where a large electric field is present. Detec-
tors based on GEM technology are used in high-energy physics as well as in several nuclear
physics experiments, i.e. COMPASS [3], PHENIX [4], STAR [5], TOTEM [6], LHCb [7] and
the CMS Phase-2 detector. With an excellent performance in high rate environments [8],

'In general, there is a manifold of answers to the questions, which go far beyond the scope of this thesis.



2 1 INTRODUCTION

resistance to aging [9], and a flexible geometry, GEM detectors fulfill the high demands for
a detector system in CMS at the HL-LHC. With the addition of GEM detectors, the CMS
trigger and reconstruction capabilities can be maintained, likely, even improved for Phase-
2[10,11].

During 2019 and 2020, 144 GEM chambers are in process of being installed in the first
endcap stations of the CMS detector (GE1/1). For the first time, large-area (O(1 m?)) GEM
detectors are being mass-produced for a high-energy physics experiment. A dedicated and
robust quality control procedure is needed for production. This thesis discusses the quality
control steps for the GE1/1 detectors. With their large area, special attention is paid to the
check of uniform performance across the detector area. Non-uniformities can cause severe
performance degradations. New etching techniques are applied to produce large-area GEM
foils. The influence of those and other parameters on the gas gain of GEM detectors is
studied. Other recent studies on the performance parameters of GEM chambers can be
found in Refs. [12, 13].

Innovative search strategy - sensitivity study for displaced muons at the HL-LHC For
the HL-LHC, not only new detector technologies are needed but also innovative strategies
for physics searches should be considered. This includes new, or improved, techniques in
triggering, reconstruction, and analysis. This thesis presents a sensitivity study for the exotic
signature of displaced muons at the HL-LHC using the upgraded CMS Phase-2 detector. At
the HL-LHC, with the large amount of data provided to the experiments, it is promising
to look for exotic signatures from rare processes, such as displaced muons emerging from
the decay of long-lived particles (LLPs) from BSM models. A large fraction of the possible
phase-space is currently not covered by existing searches. The expected sensitivity at the
HL-LHC of a possible search for displaced muons from BSM physics is determined in this
work. Two examples of BSM models predicting LLPs are considered: a lighter (O(10 GeV))
dark photon from so-called Dark SUSY models, and a heavier (O(1 TeV)) smuon from GMSB
SUSY models. Expected exclusion limits and discovery significances are calculated for the
two interpretations assuming the foreseen amount of data provided by the HL-LHC. Recent
searches at the LHC from CMS [14] and ATLAS [15] at /s = 8 TeV, as well as /s = 13 TeV,
looking for dark photons have shown no signs of new physics. Existing constraints from
those LHC searches, as well as heavy-ion colliders (PHENIX [16]), cosmological observa-
tions [17], and low-energy electron-positron colliders (KLOE [18], BaBar [19]) are compared
with this sensitivity study. Furthermore, the influence of dedicated displaced trigger, recon-
struction, and analysis techniques on the sensitivity is investigated.

Structure of this thesis This thesis is divided into introductory sections (Sec. 2, 3 and 4)
and those sections that contain - among other things - the work performed by the author
(Sec. 5,6 and 7). The introductory sections should be regarded as a collection of the essential
information necessary for the work presented afterwards.

e In Sec. 2, the standard model of particle physics is briefly introduced. Its theoreti-
cal limitations and experimental evidence, that is contradictory to the predictions of
the standard model, are discussed. Additionally, mathematical descriptions of parti-
cle decays are given. This section can be regarded as a prerequisite for the HL-LHC
sensitivity study presented in Sec. 7.

e Sec. 3 provides an introduction to gaseous detectors with a clear focus on modern
technologies, such as GEM detectors. The fundamental principles of particle detection,
from the interaction of charged particles with matter to the signal generation inside



gaseous detectors, are scrutinized. Finally, the development of gaseous detectors over
the last decades is considered with a strong emphasis on the GEM technology. The
information sets the ground for the discussion of the CMS GEM projects in Sec. 5 and
the characterization of GEM detectors in Sec. 6.

In Sec. 4, the CMS experiment and the LHC are presented. In addition to a descrip-
tion of the current status of the detector and its subdetectors, the foreseen upgrades
towards the high-luminosity era of the LHC are discussed. This is important to moti-
vate and understand the requirements for the CMS GEM projects in Sec. 5. The work
presented in Sec. 6 is also guided by the ideas presented in this section.

In Sec. 5, an overview of the foreseen CMS GEM projects is given in the beginning.
The GE1/1 project is motivated and the requirements, design, and performance are
discussed in detail. Special attention is paid to the production of the GE1/1 GEM
detectors. The huge effort of planning, constructing, and testing of the chambers is
shared among the CMS GEM group. The author of this thesis contributed to a great
extent to the construction and commissioning of the Aachen setup. This effort led to
the approval of the setup by the CMS GEM group. The measurements and analyses
within the GE1/1 quality control, that were performed by the author of this thesis, are
highlighted in this section.

Sec. 6 consists of a collection of measurements and simulations for the characterization
of GEM detectors. Various design and environmental parameters are studied to get a
deeper understanding of the behavior of the gas gain in GEM detectors. The studies
presented in this section have been planned, executed and analyzed by the author of
this thesis.

In Sec. 7, a sensitivity study on displaced muons at the HL-LHC is presented. In the
beginning, the general strategy of the study is discussed. BSM models predicting long-
lived particles, that decay into muons inside the active volume of the CMS detector,
are discussed. The analysis is considered with a particular emphasis on novel trigger
and reconstruction techniques for displaced signatures. This study comes from the
pen of the author.
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Contributions to publications related to this thesis Parts of the results of the HL-LHC
sensitivity study on displaced muons have been published before in a Physics Analysis
Summary (PAS) [20] by the CMS collaboration.

e CMS collaboration, Search sensitivity for dark photons decaying to displaced muons with
CMS at the high-luminosity LHC, CMS-PAS-FTR-18-002, 2018

The author of this thesis has been the leading author of this publication. Additionally, com-
prehensive summaries of the study are included in documents with a larger scope than this
thesis. The study can be found, on the one hand, in the HL-LHC Yellow Report [21] and,
on the other hand, in the LHC LLP white paper [22]. The study was presented - together
with other results from the ATLAS and CMS collaborations - by the author at the following
international conference and workshop.

e SUSY2018: 26th International Conference on Supersymmetry and Unification of Fun-
damental Interactions, 23-27 Jul 2018, Barcelona (Spain),
Beyond-Standard-Model Physics at the High-Luminosity LHC (ATLAS+CMS)

e LLP2-2017: Searches for long-lived particles at the LHC: Second workshop of the LHC
LLP Community, 18-20 Oct 2017, Trieste (Italy),
Upgrade studies at CMS in the context of LLPs

An overview of the outcome of the GE1/1 quality control tests performed in Aachen, as
well as parts of the additional studies on GEM detectors, have been presented by the author
on two occasions in the form of a poster.

e Posters@LHCC: Students” Poster Session at the 2019 Winter LHCC meeting, 27 Feb
2019, CERN, Geneva (Switzerland)
Present and future CMS GEM activities in Aachen

e INSTR20: Instrumentation for Colliding Beam Physics, 24-28 Feb 2020, Novosibirsk
(Russian Federation)
Influence of hole geometry on gas gain in GEM detectors



2 Basics of particle physics

This section builds up the theoretical base for the HL-LHC sensitivity study, described in
Sec. 7. In Sec. 2.1, an overview of the standard model (SM), which is the best current de-
scription of particle physics, is given. Theoretical arguments and experimental evidence
suggest that the standard model is not the ultimate theory of particle physics (Sec. 2.2).
Models addressing these topics and extending the SM are subsumed under the term be-
yond the standard model (BSM) physics. A subset of BSM models predicting long-lived
particles (LLPs) is discussed in Sec. 7.2. For the HL-LHC sensitivity study, the processes
predicted by those BSM models are considered as signals. Sec. 2.3 explicitly states some of
the formalisms used for long-lived particles. The theoretical parts of this section are based
on Refs. [23-25]. Experimental considerations rely on Refs. [26-28].

2.1 Standard model of particle physics

The standard model of particle physics is the product of decades of theoretical and exper-
imental work. The standard model offers a unification of special relativity and quantum
mechanics. It describes all known elementary particles and their interactions, expect grav-
ity. The particle content is shown in Fig. 2.1. For each of the particles listed in Fig. 2.1, an

mass — =23 MeVic? =1275 GeW/c? =173.07 GeVic? 0 =126 GeVic?
charge - 2/3 u 2/3 C 23 t 0 0 H
spin = 1/2 1/2 172 1 9 0
Higgs
up charm top gluon boson
=4 § MeVic? =95 MeVic? =4 18 GeV/c* 0
13 d 113 S 13 b 0
1/2 1/2 1/2 1 »
down strange bottom photon
0.511 MeVic? 105.7 MeV/c? 1.777 GeVic? 91.2 GeVic?
A -1 -1 0
1/2 e 1/2 u 1/2 T 1 b
electron muon tau Z boson
<22 eVfc? <0.17 MeW/c? <155 MeW/c? 80.4 GeVic?
0 0 0 +1
1/2 -I)e 1/2 v}l 1/2 -I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 2.1: Particle content of the standard model showing the matter particles with spin 1/2, called
fermions, the gauge bosons with spin 1 and the Higgs boson with spin 0. The fermions are divided
into leptons and quarks. Properties such as mass, spin, and charge of the standard model particles
are listed. The figure is taken from Ref. [29].

antiparticle exists with the same quantities but opposite-sign charges. There are two cate-
gories of particles: fermions with half-integer spin and bosons with integer spin. The matter
particles have spin % and are called fermions. The fundamental interactions, i.e. electro-
magnetic, weak and strong interaction, are mediated by the force carriers having spin 1 and
being called bosons. The Higgs boson with spin 0 completes the theory.
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From a theoretical point of view, general concepts need to be imposed to construct a
meaningful theory. In the following, the perturbative structure of a theory and renormaliz-
ability are discussed. The perturbative structure of a theory relies on the assumption that
the theory can be written as an expansion in a given coupling parameter «. In this case, the
full theory is described by the (infinite) power series in .. The term of the power series at
leading order (LO) can be used to obtain an approximation of the full theory. To get an even
better approximation, one can determine the higher-order terms, called next-to-leading or-
der (NLO, NNLO,....). This technique can be visualized by Feynman graphs. Each term of
the power series is associated with a set of Feynman diagrams. The theoretical prediction of
a process consists of the sum of all Feynman graphs. Phenomenologically spoken, a theory
is said to be renormalizable if the divergences can be handled. If the power series, discussed
above, contains divergent terms, they can be compensated by divergent bare quantities.
These bare quantities are not measurable. An example of this procedure is given by the cal-
culation of the Higgs mass (Sec. 2.2.1). Besides the standard model, also BSM models are
constructed in a way that they obey these concepts. Further information on renormalizabil-
ity and the perturbative structure of a theory, as well as Feynman graphs and rules, can be
found in Ref. [23].

2.1.1 Electroweak sector

The electroweak sector is a unification of the electromagnetic force, mediated by the photon
7, and the weak force, mediated by the W= and Z bosons. The theoretical work goes back to
the physicists Glashow, Weinberg, and Salam [30, 31]. All fermions with an electric charge
interact with the photon. Those fermions with a weak charge interact with the W* and Z
bosons. Additionally, self-interactions of the gauge! bosons are present.

2.1.2 Higgs mechanism

The Higgs mechanism denotes a theoretical concept of spontaneous symmetry breaking of
the electroweak gauge group®. This idea allows integrating mass terms for the fermions,
as well as for the W and Z bosons, in the standard model. The concept was proposed by
Brout, Englert, and Higgs [32, 33] in the 1960s, long before the Higgs boson was discovered
in 2012 [1]. According to today’s knowledge, the Higgs boson is the only elementary particle
in the standard model with spin 0 [34].

2.1.3 Quantum chromodynamics

Quantum chromodynamics (QCD) describes the strong interaction of gluons (gauge bosons
of the strong force) and quarks (matter particles with a color charge). The gluons are mass-
less and carry a color charge themselves, as opposed to, e.g. the electrically neutral photon
in the electromagnetic case. In total, there are 8 gluons. The gluons do not couple to leptons.

2.2 Beyond the standard model

The standard model is supposed to be one of the best-tested theories in the history of
physics. The agreement of measurements and theoretical predictions of the standard model
is remarkable®. However, there are several theoretical limitations evident in the standard

'This name goes back to the close connection of gauge symmetries and force carriers, which is discussed in
the given literature.

*The concepts of symmetry breaking are discussed in Ref. [24]

3To convince yourself, consult e.g. Ref. [35].
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model and there is experimental evidence, showing that the particle content of the standard
model is not enough to explain certain phenomena. This leads to the conclusion that the
standard model is not the ultimate theory of particle physics. There is a wide range of pro-
posed BSM models extending the standard model and trying to solve the apparent issues.

2.2.1 Theoretical limitations

One of the theoretical issues of the standard model is that gravity, one of the fundamental
forces, is not included. General relativity offers a precise description of gravity. Unifying
the concepts of general relativity and quantum field theory has not been achieved. At the
Planck scale, corresponding to the Planck mass of Mp; = 1.22 - 10! GeV, quantum effects
of gravity start to play a role - similar to the TeV-scale for the electroweak force. Thus,
BSM physics must appear somewhere between the electroweak scale (~ TeV), where current
particle physics experiments perform measurements, and the Planck scale.

In the standard model, the value of the Higgs mass, my, can be calculated by adding
two contributions: the bare mass m$ and the quantum corrections to the mass by loop cor-
rections dmy,. With the approach of an effective field theory, the loop corrections have been
determined to be

(6mp)? o< G3 [Afy +...] .- (2.1)

G% is the coupling constant of the Higgs to the fermions and Ay, denotes the fundamental
scale of new physics. Depending on the scale of new physics, the quantum corrections could
be very large compared to the measured Higgs mass of 125 GeV. If the scale of new physics
is, e.g. the Planck scale of ~ 10'® GeV, one would need a huge bare mass m{) > my,. Itis seen
as highly unnatural, that the Higgs mass is the result of quantities that are several orders of
magnitude larger. This is called the hierarchy or fine-tuning problem of the Higgs mass [36].

2.2.2 Experimental evidence

Observations by astrophysical experiments show, that, in our universe, there is a type of
matter called dark matter, which cannot be described by the standard model. A selection of
dark matter observations is given in the following. In Ref. [37], a more extensive list can be
found.

WIMPs and freeze-out Weakly interacting massive particles (WIMPs) denote a concept
that proposes a massive elementary particle x that is stable, electrically neutral and yet
undiscovered. In the early universe, the x’s are in thermal equilibrium with the SM par-
ticles. The back-and-forth processes xx <+ ff, where f denotes a given SM particle, ensure
this equilibrium. As time passes by, the universe expands and the temperature drops. The
particles get less kinetic energy and one direction of xy <+ ff is suppressed due to the
high mass of the x’s. From exclusion limits of collider searches, m, > 100 GeV can be
imposed [38]. As a consequence, the WIMPs decouple from the standard model particles
and the number of WIMPs in the universe becomes more or less constant. In astroparticle
physics, this phenomenon is called freeze-out of the WIMPs. The remaining cosmological
abundance can be estimated by
=37 om2
Q, = 1072 em® - ¢ 2.2)

<U ’ JX>’<—>ff>freeze .

0,5 ff denotes the annihilation cross section. c is the speed of light and v the velocity of
the x’s. The brackets in the denominator indicate that the average of the quantities at the
freeze-out is taken into account. The velocity of the x’s can be estimated to be v ~ %c, based
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on freeze-out calculations of heavy particles [39]. By inserting the abundance of dark matter
in the universe (2,

Ovgmff ™ 10730 cm? = 1 pbarn (2.3)

is obtained [39]. The annihilation cross section happens to be of the same order of magnitude
as typical cross sections of the weak interaction in the standard model. This coincidence of
orders of magnitude in cross section is called the WIMP miracle. Thus, it makes sense to
search for dark matter particles in collider experiments at the LHC.

Observation of cluster merger The cluster merger 1E0657558 provides strong evidence of
dark matter [40]. It is observed with X-ray detection and, at the same time, with gravita-
tional lensing. The detection via X-rays creates an image of the ordinary matter. With grav-
itational lensing, the distribution of all the matter interacting via gravity can be seen. The
resulting matter distributions of the two detection methods differ significantly (see Fig. 2.2).
Introducing dark matter could explain the observation.

56

—55'58

6'58M42% 3g6° 308 248 18% 128

Figure 2.2: Observation of cluster merger 1E0657558. The colored contour shows the result of the
X-ray detection. In green contours, the result of the measurement using gravitational lensing is
depicted. The figure is taken from Ref. [40].

Matter-antimatter asymmetry The universe is full of matter but there is almost no anti-
matter (matter-antimatter asymmetry). A priori, matter and antimatter should have been
equally abundant during the Big Bang. In the literature, one idea to explain the observed
matter-antimatter asymmetry is CP violation at the electroweak energy scale [41]. CP viola-
tion is present in the electroweak sector of the standard model. In QCD, experiments do not
indicate any CP violation. However, the amount of CP violation in the standard model is not
large enough to describe the matter-antimatter asymmetry in the universe. Any extension
of the standard model should contain more CP-violating terms than the standard model.

2.3 Long-lived particles

The phenomenology of long-lived particles deserves some dedicated considerations. A
short introduction into the basic concepts of particle decays is presented, followed by a
discussion of the LLPs in the standard model. The section is based on Ref. [42].
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2.3.1 Decay and lifetime

Fermi’s golden rule The decay rate of a particle with mass M into n daughter particles is

given by

(2m)"
2M

where M denotes the matrix element. d®,, is the n-body phase-space. The physics of the
decay, e.g. coupling constants, is contained in the matrix element, while the kinematic be-
havior of the decay is described by the phase-space. Eq. 2.4 is valid in the rest frame of the
mother particle and is often referred to as Fermi’s golden rule. The total decay rate of a
particle is the sum of the individual decay rates for all possible decays.

dl' =

|M|2d®,, (P;p1, .., pn), (2.4)

Lifetime and survival probability The decay of a particle is a Poisson process. The sur-
vival probability P of a particle with the 4-momentum (E, p) after a time ¢ can be written
as

P(t) = exp(l;t) = exp(f%ljt). (2.5)

I' is the decay rate. 7 denotes the relativistic kinematic factor. A similar equation can be
established for the probability that a particle travels the distance d or greater before it decays.

P(d) = exp(—f\;[lfd). (2.6)

The lifetime 7 is defined as 7 = . The quantity cr is also called lifetime. In natural units
with ¢ = 1, itis indeed the same. However, in classical units, c¢7 describes a distance and not
a time.

The factorization of Eq. 2.4 in matrix element and phase-space allows drawing some
conclusions for the lifetime. A small matrix element or a small available phase-space can
cause a small decay rate and, thus, a long lifetime. The magnitude of the matrix element de-
pends on the coupling constants of the process responsible for the decay. A small coupling
would cause a large lifetime. The matrix element can also be small due to tiny violations
of quantum numbers, e.g. lepton flavor violations in the neutrino sector of the SM. The
degeneracy of the masses of mother and one of the daughter particles would limit the avail-
able phase-space for the decay and would lead to a larger lifetime. Mass degeneracies can
be caused by approximate symmetries. An example is given by the isospin which leads to
almost degenerate masses of the proton and neutron.

Two-body decay The kinematically most simple case is the particle decay into two daugh-
ter particles. Fig. 2.3 defines the variables used for the description of the two-body decay. In

P, my

p2y m2

Figure 2.3: Illustration of the variables of the two-body decay. Uppercase letters denote the momen-
tum and mass of the mother particle. The lowercase letters denote the momentum and mass of the
daughter particles. The figure is taken from Ref. [42].
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case of a two-body decay, the general form of the decay rate shown in Eq. 2.4 boils down to

Ip |

hde, 2.7)

_ 1 2
dl’ = 39,2 M|
with dQ = d¢d(cos 61 ) being the solid angle of particle 1.

Definition of long-lived particles for collider searches Before long-lived particles in the
standard model and in BSM theories are discussed further, it has to be defined what is meant
by long-lived in the context of collider searches with the CMS detector (see Sec. 4.2) at the
LHC. In this thesis, the LLPs of the BSM models do not leave any signal in the detector.
However, if they decay to detectable SM particles inside the detector volume, a measurable
signal can be analyzed. If the LLP lifetime is short, it might not be possible to separate the
decay vertex from the primary vertex. If the LLP lifetime is too long, the probability that it
leaves the detector without any signal is too high. The former case can be covered by prompt
searches and the latter case can be addressed by searches for missing transverse momentum
in the detector.

2.3.2 Long-lived particles in the standard model

In the standard model, there are several examples of long-lived particles. Fig. 2.4 gives
a comprehensive summary of the currently known lifetimes of elementary particles and
several bound states. The figure illustrates the fact, that SM physics is full of long-lived
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Figure 2.4: Overview of lifetimes of elementary SM particles and several bound states. Leptons are
shown in red, baryons in blue, mesons in green, gauge bosons in orange and the top quark in violet.
An arrow attached to the circle indicates that only a lower limit on the lifetime of the particle exists.
The figure is taken from Ref. [43].

particles. The range of lifetimes of elementary particles can vary from a few microns, e.g.
the 7 lepton, to several hundred meters, e.g. the muon.
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3 Gaseous detectors

In the beginning of this section, the basics of particle detection are introduced (Sec. 3.1
and 3.2). In Sec. 3.3, relevant processes in gaseous particle detectors are discussed. A de-
scription of the most modern technologies of gaseous detectors, among them the GEM tech-
nology, can be found in Sec. 3.4. A large fraction of the content is based on Refs. [42, 44—48].

3.1 Interactions of charged particles with matter

Charged particles traversing a material interact with the matter via forces. The gravitational
force is by far negligible compared to the other forces on the scale of elementary particles.
For the processes, which are relevant for particle detection with gaseous detectors, the strong
force can be neglected!. The electromagnetic and weak force must be considered. Except for
neutral particles, e.g. neutrinos, the electromagnetic force plays the most dominant role. The
interaction between the electromagnetic field of the charged particle and of the matter leads
predominantly to excitations and/or ionizations of the matter. Free charges are released in
these processes, which can be used to generate a detectable electric signal. In the following,
heavy charged particles, i.e. with a mass much greater than the electron, traversing matter
are discussed. Sec. 3.2 provides information about interactions of electrons and photons
with matter.

3.1.1 Contributions to energy loss

Interactions of heavy charged particles traversing matter are predominantly leading to ion-
ization and/or excitations of the atoms inside the medium. For the ionization process, an
electron in an atomic shell acquires enough energy to escape the binding potential of the
nucleus. This creates electron-ion pairs in the medium. The electrons can interact further
with the surrounding matter. The interaction with the incident particle can also cause an
excitation of the atoms. When the atoms de-excite, photons are emitted. The energy of the
incident charged particle is reduced after each collision.

The mean rate of energy loss (or mass stopping power), (—%£), for an anti-muon in cop-
per is shown in Fig. 3.1. The function of the mass stopping power can be divided into three
regions: low (8vy < 0.1), intermediate (0.1 < v < 1000) and high (8 > 1000) momenta of
the incident particle. 5 and ~ are the relativistic kinematic factors of the incident particle.

Bethe-Bloch regime For the stopping power at intermediate momenta and for materials
with low and intermediate atomic numbers, the mean energy loss is well-described by the
Bethe-Bloch formula

dE, 271 (1 2meB* " Winae o 6(87)
-3 = k22 L (3 -5 - 221, 6

B 2 12 2

where K = 47 Nar?m, with Ny denoting the Avogadro constant, with r. and m. being
the classical electron radius and the electron mass, respectively. z is the charge number of
the incident particle. Z and A denote the atomic number and atomic mass of the absorber
material. The § term denotes the contribution due to the density correction for higher en-
ergies [45]. I denotes the mean excitation energy of the medium. W,,, is the maximum

'In multiple scattering processes of hadronic particles, the strong force must be taken into account.
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Figure 3.1: Mass stopping power (or mean energy loss) for an anti-muon in copper. (—9%£) is shown

as a function of the relativistic expression v and as a function of the muon momentum. The solid
curves indicate the total stopping power. The validity regions of the different approximations are in-
dicated by the vertical blurred lines. For intermediate energies, the Bethe-Bloch formula is valid. The
red and green lines show the Bethe-Bloch energy loss with and without the ¢ correction, respectively.
At higher energies, radiative losses (dashed yellow line) dominate. At lower energies, called the
Anderson-Ziegler region, the stopping power is given by a parametrization of data. The Lindhard-
Scharff region is a theoretical model, where the energy loss is proportional to 5 (pink dashed line).
The figure is taken from Ref. [42], where the reader can find more details and explanations.

energy transfer possible in a single collision and is given by

2m6/8272
1+ 2yme/M + (me/M)?

Whaz = (3.2)

for an incident particle with mass M. Although (—94£) forms a good general understanding
of the energy loss in a material, this quantity must be taken with caution because the mean
is pushed to higher values by a few collisions with large amounts of energy loss. In some
studies, instead of the mean energy loss, the most probable energy loss is preferred. At low
energies (5y < 0.1), several corrections must be applied to Eq. 3.1, e.g. corrections for atomic
binding effects. A detailed discussion of all the corrections needed for the low energy region
can be found in Ref. [42].

Radiative effects For v > 4, radiative effects, i.e. eTe™ pair production, bremsstrahlung
and photonuclear effects, start to play a role. The stopping power at higher energies (5y >
1000) is fully driven by radiative effects. For high-Z materials, the radiative effects become
important even at lower energies. A convenient way to describe the energy loss at high
energies is

dE

(—5) = alE) + b(E)E, (3.3)
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where a(F) and b(E) denote the contributions to the energy loss by ionization and radia-
tive effects, respectively. a(E) is given by Eq. 3.1. In Fig. 3.2, the components of b(E) are
presented, exemplary for muons in iron.
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Figure 3.2: Contributions to the fractional energy loss b(E) of muons in iron due to pair production,
bremsstrahlung and photonuclear effects. The figure is obtained from Ref. [49].

Applications For several use cases, relativistic particles, e.g. cosmic ray muons, fall into
the category of minimum ionizing particles (MIPs), which means that the energy loss is close
to the characteristic minimum of the mean energy loss at around 3y ~ 3—4 (see Fig. 3.1). For
muon detection with gaseous detectors at the LHC, radiative effects of high-energy muons
(O(100 GeV -1 TeV)) are essential for a precise muon reconstruction. Another use case
of (—9£) is directly related to the detection principle of muon detectors in CMS. Most gas
mixtures of the CMS muon detectors are based on argon. With the argon density at hand, the
mean energy loss per cm of a MIP, e.g. a muon coming from the center of the detector, can
be calculated. Knowing the dimensions of the detector, the expected number of ionizations
happening inside the gas volume of a detector can be estimated.

3.1.2 Multiple scattering

When traversing matter, a charged particle is deflected by small-angle scatters mostly due to
Coulomb scattering from a nucleus. The theory of Moliere [50] provides a good description
of the Coulomb scattering distribution. For many small-angle scatters, the distribution of
deflection is Gaussian via the central limit theorem. A Gaussian distribution can be used to
describe the central 98% of the projected angular distribution with

13.6 MeV x x> )
0p= —— 2 [— (140.038In(——) ), (3.4)
o VX < S
if one assumes 6y = 67, = %9;;};6, where 677" and 677:¢. denote the width of the

angular distribution in the projected plane and in the three-dimensional space, respectively.
The thickness of the material in radiation lengths is given by +-. 5, p and z denote the
velocity, momentum and charge number of the incident particle. Eq. 3.4 is well-describing
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the p and =z dependence at small Z (atomic number of absorber). At large Z and with a
thin material layer, the velocity dependence of Eq. 3.4 is not accurate anymore. Multiple
scattering happens in CMS, when particles travel through the detector material or the iron
yoke. It is essential to consider multiple scattering, when reconstructing the trajectory of a
particle.

3.2 Interactions of electrons and photons with matter

Electrons lose their energy when traveling through matter primarily either by ionization
processes or bremsstrahlung depending on their energy. At low energies, ionization pro-
cesses cause a higher energy loss. For higher energies, the loss due to bremsstrahlung be-
comes the dominant effect. These two dominant processes as a function of the electron
energy together with the sub-dominant processes can be seen in Fig. 3.3.
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Figure 3.3: Different contributions to the fractional energy loss of electrons or positrons in lead. At
low energies, energy losses due to ionizations are dominant. Contributions of subdominant effects,
such as Moller scattering, Babha scattering, and e annihilation are shown in this figure. At high
energies, losses due to bremsstrahlung are dominant. The figure is taken from Ref. [42].

The behavior of photons going through matter can be accurately described by the fol-
lowing processes: photoelectric effect, Compton effect, and e*e~pair production®. Due to
the nature of the processes, beams of photons are attenuated when going through matter. In
contrast to the interaction of charged particles with matter, the photoelectric effect and pair
production, which are the dominant processes over a large range of photon energies, “ab-
sorb” the photon. The attenuation can be described by the intensity of an incoming photon
beam I decreasing with the mass thickness x of the material via

I(w) = Iy exp(—(u/p)a). (3.5)

Here, 11 is the attenuation coefficient and p is the material density of the target. In the litera-

ture, the mass attenuation coefficient (%) is often used. ;1 depends on the cross section of the

*For simplicity reasons, the Rayleigh scattering is ignored being a subdominant effect at low photon ener-
gies.
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photon-matter interactions. Analog to a total cross section, the total attenuation coefficient
is simply the sum of the attenuation coefficients of the different processes:

ptot/p=1/p (Mphoto effect T HCompton T+ Hpair production) . (3.6)

Fig. 3.4 presents the total mass attenuation coefficient in Carbon, together with the contribu-
tions from different processes. With rising photon energy, first the photoelectric effect, then
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Figure 3.4: Mass attenuation coefficient in Carbon as a function of the photon energy. In this figure,
the subdominant process of Rayleigh scattering is shown together with the dominant contributions of
the photoelectric effect, Compton scattering, and pair production. The figure is taken from Ref. [51].

the Compton effect and finally the pair production is dominant. The photon/electron pro-
cesses in matter are worth considering. The CMS muon chambers are subject to, both, elec-
trons and photons coming from radiative effects of high-energy muons. Furthermore, sev-
eral R&D studies on GEM detectors and the GE1/1 quality control measurements (Sec. 5.3.6)
rely on the interactions of photons with matter.

3.2.1 Photoelectric effect

The photoelectric effect denotes a process where the incident photon is interacting with an
atom of the medium. In this interaction, the photon is absorbed and gives its energy to a
bound electron of an atom. If the photon energy is greater than the binding energy of the
electron, the electron is kicked out of the atom and obtains the kinetic energy of Ej;, =
E, — Ejinq. After the interaction, the medium is in an excited state. The medium de-excites
to the ground state via two mechanisms. The first mechanism is called Auger effect. The
inner-shell vacancy left by the kicked-out electron is filled with an outer-shell electron. The
released energy is transferred to another outer-shell electron which leaves the atom. This
second ejected electron is called Auger electron. The other mechanism, called fluorescence,
describes a similar process where the released energy is escaping in the form of a photon.
This is the fluorescence light with the energy of Ex_,., = E; — E;, where E; and E; are
the binding energies of the i- and j-shell, respectively. The cross section of the photoeffect
strongly depends on the charge number of the material and steeply falls with the photon

energy: o o< g—z [52].
v
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3.2.2 Compton effect

The Compton effect becomes the dominant effect at intermediate photon energies. It is an
interaction of the photon with an electron of the absorber material. The photon is deflected
and part of the photon energy is transferred to the electron. The process is illustrated in
Fig. 3.5 In the calculations, the electron is assumed to be at rest and quasi-free. The rela-

Recoil
electron

incident photon
{energy = hv)

Scattered photon
{energy = hv')

Figure 3.5: Illustration of the Compton scattering process. The incoming photon with the energy
E, = hv is scattering off the recoil electron. The scattered photon has the energy E’ = hv'. 6 and ¢
are the deflection angles of the photon and electron, respectively. The figure is taken from Ref. [52].

tion between the photon energy before the Compton scattering, ., and after the Compton
scattering, E,w can be written as

E/ — E'Y
1+ T% (1 —cos(h))

~ , (3.7)

where m, is the mass of the electron. For the energy transfer to the electron with E, 1, =0,

one can write 5
E, =2 (1 —cos(0))
/ ! Y me
ein = A = E = By = 1+ &2 (1 —cos(0))
Me

(3.8)

The energy transfer depends on the deflection angle of the photon, called §. The deposited
energy spectrum is a continuum. For small 0, very little energy is transferred and, thus,
Bl ~ Eyand E, ;;, =~ 0. At = 180°, the energy loss of the photon reaches its maximum

e,kin
and one can write £/ = E, /(1 + 2 yand E. . = E,/(1+ 27%‘; ). The back scattering marks

Me e, kin

the end of the continuous spectrum, which is called the Compton edge.
With a higher number of electrons per atom in the material or - in other words - with
higher Z, the Compton scattering process becomes more probable. The angular distribution
of the scattered photons is described by the Klein-Nishina formula (see Ref. [52]). High

energy photons tend to scatter in the forward direction.

3.2.3 Pair production

The process of e™e™ pair production is energetically possible if E, > 2m,, where m, denotes
the electron mass. Due to momentum conservation, pair production can only take place in
the vicinity of an electric field. In matter, this electric field is given by a nucleus or an electron
of the medium. At high photon energies, pair production is the dominant effect. The kinetic
energies of the produced electron and positron are given by

electron positron __
Ekm + Ekm - E”/

— 2Me. (3.9)
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The electron traverses the material as described earlier in the section and the positron is
(most probably) annihilated by another electron of the material producing two annihilation
photons. If those secondary photons have high enough energy, another secondary pair pro-
duction is possible. Repeating this procedure creates electromagnetic showers, which are
used for particle detection and identification.

3.3 Processes in gaseous detectors

To understand how to detect particles with gaseous detectors, the principles mentioned
above are fundamental. First, charged particles traveling through the gas volume of the
detector ionize the gas atoms. The extracted electrons drift towards the amplification region,
guided by an electric field. In the amplification region, the electric field is large enough
that the electrons gain enough kinetic energy to ionize other gas atoms causing an electron
avalanche. Depending on the detector type, there are one or several amplification regions.
The created negative charge inside the gas volume is collected and registered at the anode
of the detector to obtain electrical signals®.

3.3.1 Ionization

When ionizing particles travel through matter, electron-ion pairs are created in the medium.
This is called primary ionization and the electrons are called primary electrons. The primary
electrons can have enough energy to cause secondary ionization in the medium. The sum
of the two processes (primary and secondary ionization) is called total ionization. The total
number of electron-ion pairs is called /V; and can be determined via

(3.10)

where AFE is the energy loss of the incident particle in a given detector volume. W; denotes
the effective average energy needed to create an electron-ion pair. In gaseous detectors, the
medium consists typically of a mixture of different gases. In these cases, IW; can be calcu-
lated by a weighted sum. A commonly used gas mixture in gaseous detectors is Ar/COa.
Noble gases, such as argon, are used as the counting gas due to the absence of rotation and
vibration states. Thus, ionization processes dominate. Polyatomic gases, such as CO,, are
added to the counting gas acting as quenchers (see Sec. 3.3.2). For a MIP passing through a
gaseous detector filled with Ar/CO; (70/ 30)%, one can determine N; for a length of 3 mm
(typical length of the drift gap in a CMS GEM detector):

0.7 n 0.3

Ny = AFE x < > ~ 30 pairs. (3.11)

AFE can be determined by using Eq. 3.1. W;(Ar) = 26 eV and W;(CO3) = 33 eV are values
taken from Ref. [48].
3.3.2 Quenching gas and Penning transfer

Instead of an ionization, the incident particle can excite a gas atom. The excited atom can
emit the de-excitation energy via a photon presumably causing an ionization elsewhere in

*In general, the positive charge of the ions at the cathode can also be processed and used as a signal.
“In the following, the percentages of the components in gas mixtures are given in parenthesis, i.e. omitting
the % symbol.
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the gas. In some applications, such photon-induced events are unwanted, since they intro-
duce a spatial and temporal spread of the avalanche. With the addition of a polyatomic gas,
e.g. COy, these photons can be absorbed. This component is called quenching gas. In mix-
tures of gases, the excited atom of one component can also transfer the energy via collisions
to the other gas component. If the excitation energy exceeds the ionization energy of the
collision partner, another avalanche can be induced. This process is called Penning transfer.

3.3.3 Electron motion in gas

The electron motion in gas is complicated to describe due to the energy-dependent interac-
tion cross sections with the gas atoms and the inelastic scattering given by the numerous
excitation levels of the atoms. The cross sections of the different interactions in argon and
CO;, are presented in Fig. 3.6.
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Figure 3.6: Cross sections of elastic and inelastic electron scattering as a function of the electron
energy in argon (left) and CO; (right). The legend shows which line corresponds to which type of
interaction. The figure is taken from Ref. [45].

In general, the evolution of a localized distribution of charges, e.g. electrons, in a gas can
be described by the Boltzmann transport equation [45]. Phenomenologically spoken, two
terms are contributing to the evolution of a distribution of charges. The first contribution
describes the diffusion of the charged particles over time. This happens to all inhomoge-
neous distributions of charges. The second contribution is induced by an external field,
i.e. electric and magnetic field, and is called drift. To obtain the evolution of the charge
distribution, the Boltzmann equation has to be solved. Naturally, the solution is highly de-
pending on the interaction cross section (see Fig. 3.6). Before discussing diffusion and drift,
commonly used parameters to describe electron motion in gases are introduced:

o \(e) = #(6) is the mean free path, where ¢ denotes the electron energy and o denotes
the interaction cross section. The number of gas atoms per volume is given by n.

A(e)

e 7(e) = =~ is the mean time between two collisions. v is the electron velocity.

Diffusion Without an external field, a localized distribution of electrons in a gas diffuses
over time ¢. Using simple kinetic theory of gases [53] and assuming the number of electrons
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N to be constant over time, the evolution of the charge distribution can be described by

. N 7
p(ryt) = (4 D12 exp <_4Dt) ; (3.12)

where 7’is the position vector and D the diffusion coefficient. The standard deviation of this
distribution is a measure for the diffusion of the charges over time

or = V2Dt and oy = V6Dt, (3.13)

for a linear and a volume diffusion assuming an isotropic diffusion. Thus, a point-like dis-
tribution of charges diffuses proportional to v/¢. The diffusion coefficient can be written as
D = M\v/3. In the general case, the diffusion depends on the electric and magnetic field in-
side the gas volume of the detector and, depending on their orientation, the diffusion can be
non-isotropic. Fig. 3.7 shows the dependence of the longitudinal and transverse® diffusion
coefficient on the electric field strength in Ar/CO; (70/30) with a constant magnetic field of
3 T. The results are obtained with the Garfield simulation toolkit [54].
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Figure 3.7: Longitudinal (¢) and transverse (o) diffusion coefficient for Ar/CO, (70/30) with
B = 3 T and with an angle between the electric and magnetic field of /(E,B) = 8°. These val-
ues correspond to the electric and magnetic fields present at the GE1/1 position in the CMS detector.
The figure is taken from Ref. [10].

Drift The drift of electrons is induced by external fields. In the presence of a uniform
electric field E, electrons are accelerated along the electric field lines until reaching their
drift velocity vp, which can be expressed by

vp o pE x LrE, (3.14)

Me

with the definition p o T‘ff 7, which is called electron mobility6. ge and m,. denote the elec-

e

tron charge and mass, respectively. The mean time between collisions, 7, is in general a

>Longitudinal and transverse means here along and perpendicular to the electric field lines, respectively.
®The formulae are given as proportionalities, because the numerical factor in front of the physical quantities
depends on the assumptions made during the calculations.
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function of the electric field E. In the ideal gas approximations, the mobility is related to the
temperature 7" and pressure P of the gas via

T1 /2
In the presence of an electric and magnetic field, the electron drift is not simply following
the electric field lines. If the magnetic field has a component perpendicular to the electric
tield, called By, the direction of the drift velocity and the electric field lines are rotated with
respect to each other by the so-called Lorentz angle ;.. The Lorentz angle is given by

tan ay, = wr, (3.16)

with the cyclotron frequency w = ;= Br. Investigations on drift and diffusion of electrons

are essential to understand the performance of gaseous detectors. For example, the electron
diffusion should be well understood for a good time and spatial resolution.

3.3.4 Recombination

While drifting through the gas volume, electrons can recombine with the positive ions. The
recombination process often leads to radiation:

Xt 4e™ = X +1. (3.17)

Recombination is not negligible for those detector geometries, where large parts of the elec-
tron drift path go through the volume where the ionizations happen. The process can be crit-
ical for the detector performance if the radiated photon induces another electron avalanche
disturbing the original signal.

3.3.5 Electron attachment

Electronegative atoms or molecules, e.g. O», can capture electrons in their shells. After the
electron attachment, the excess of the binding energy and the kinetic energy of the electron
can be emitted via radiation, dissociation or collision (see Tab. 3.1). A priori, electronegative

Type H Process ‘ Example
Radiation e+ X X+~ e+ 02— 05 +v
Dissociation e+ XY X" +Y e +09—0"+0

Collision e+ X+Y X" +Y | e +Ne+ 0Oy — Ne+ Oy

Table 3.1: Different types of electron attachment. Exemplary, processes with oxygen are shown. The
table is extracted from Ref. [45].

atoms, leading to smaller signals, are not desired in a gaseous detector. However, in gas
mixtures, the electronegative gas components can be used to absorb unwanted signals and,
thus, these components might contribute to a better detector performance.

3.3.6 Gas amplification and operational modes

In regions of high electric field, typically around 10-50 kV /cm, electrons can obtain enough
kinetic energy between two collisions to ionize another atom. It comes to the formation of
an electron avalanche. The number of created electron-ion pairs in the gas volume increases
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dramatically over a small distance. This is essential to create a signal that can be read out.
The region is called the amplification region.
The number of produced electron-ion pairs per unit length, the so-called first Townsend
coefficient, is given by
1

)
)\ion

(3.18)

& = OjonN =

where ojon and Ajon denote the ionization cross section and the mean free path between
ionizing collisions. n is the particle density. The increase of electron-ion pairs dNV per path
length ds is

dN = a(E)Nds. (3.19)

It follows

N(s4) = No exp ( / - a(E(s))ds> , (3.20)

S0

where Ny and N(s,) are the numbers of electrons before amplification and at the anode,
respectively. The gas gain is defined as

6= V) < / - a(E(s))d3> . (3.21)

S0

This is also called effective gas gain. The total gas gain is defined as G, := ]\]f\t,gt , where Ny,
is the total number of electron-ion pairs including those pairs, where the electron does not
reach the anode. In general, the Townsend coefficient « is a function of the energy, which
depends on the position-dependent electric field. Assuming « is independent of s, one can

write
G = expl(alsa — 50)), (322)

where the exponential dependency of the gas gain on the Townsend coefficient becomes
apparent.

Gaseous detectors operate in different modes according to the value of the gas gain G.
Fig. 3.8 shows the signal pulse height as a function of the applied voltage. In the region,
where G ~ 10® — 10°, the signal is proportional to the initial charge before the amplification.
Assuming that in every collision the number of electron-ion pairs is doubled, the number of
collisions can be estimated to 13—20. In this simplified view, half of the charge is produced in
the last step, i.e. close to the "boundary” of the amplification region. The gas gain cannot rise
above a certain limit due to positive space charges counteracting the external electric field.
The limit is called the Raether limit, which is empirically determined to be G4z ~ 107 —108.
In the following, the different operational modes are discussed.

Recombination (G < 1) For low electric fields, the charges from primary ionizations dom-
inantly recombine. Only if the electric field is strong enough in order to separate them, the
output signal starts to rise proportional to the electric field. With a higher electric field, the
effect saturates, once all primary charges reach the electrodes.

Ionization mode (G ~ 1) The ionization mode is defined by the region where the signal
height is saturating in the absence of gas amplification. This mode is useful to measure
particle fluxes, e.g. with dosimeters. Measuring a single incident particle is not possible due
to the low electric output signal.
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Figure 3.8: Pulse height as a function of the applied voltage for « and 3 particles. The regions of the
different operational modes are separated by vertical dashed lines. Ny and N, are the numbers of
primary electron-ion pairs for incident 3 and « particles, respectively. Detailed information on the
operational modes can be found in the text. The figure is taken from Ref. [55].

Proportional mode (G ~ 103—10°) In a high electric field, the electrons gain enough kinetic
energy between two collisions to ionize further gas atoms inducing an electron avalanche.
Over a wide range of electric fields, the output signal is proportional to the primary charge.
This can be used to distinguish between different incident particles (particle identification).
The proportional mode is of utmost importance for this thesis, since the CMS GEM chambers
operate in this mode (see Sec. 3.4.3).

Limited proportional mode (G ~ 10°—10%) The proportionality between the output signal
and the primary charge is perturbed by space charge effects. A cloud of ions is formed close
to the anode due to their lower drift velocity. This counteracts against the electric field
causing less amplification. In addition, this operational mode can lead to a higher discharge
probability compared to the proportional mode.

Geiger mode (G > 10%) For even higher electric fields, the pulse height is saturating and
independent of the primary charge. Detectors, operating in this mode, are called Geiger
counters. They cannot distinguish particles based on their signal strength. The saturation
is due to the high density inside the positive and negative charge distribution. The external
electric field can be neutralized in between those charge distributions. This allows recom-
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bination processes with the emission of photons. The photons can then produce another
avalanche. In the end, the avalanche covers large parts of the anode. One drawback of the
Geiger mode is the large dead time after each pulse (50-100 ys).

3.3.7 Signal generation

The signal generation inside a gaseous detector is one of the key elements determining its
capabilities and performance. The produced charge inside the gas volume must be reg-
istered at the readout electrode in order to be further processed by the electrical readout.
The signal generation on an arbitrary readout electrode usually relies on the principle of
induction. Thus, the charges do not need to physically reach the electrode. The charges
moving towards the readout electrode are inducing charges. The induced charges on the
electrode can be registered as a current signal, called induced current. The Shockley-Ramo
theorem [56, 57] offers a convenient way to calculate the induced current ig on the electrode
i of an arbitrary (multi-)electrode setup by

isi = qEw 7, (3.23)

where ¢ is the charge of the particle, e.g. electron, moving towards the electrode. E,, ; is the
weighting field of the electrode i. The weighting field is obtained by setting the potential
of all electrodes U,.; = 0, while keeping the potential U; = 1.7 E,; is independent of
the electric field inside the detector and only depends on the geometry of the electrodes. ¥/
denotes the velocity of the moving charge, where the electric field needs to be calculated
and plays an important role.

3.4 Evolution of gaseous detectors

In 1908, H. Geiger and E. Rutherford introduced a single-wire counter operating in the
Geiger mode [58]. Since then, the success of gaseous detectors has continued to grow, mainly
profiting from the cost-effective coverage of large volumes. The modern era of gaseous
detectors begins in 1968, when G. Charpak introduced a multi-wire proportional chamber
(MWPC) [59]. In parallel, the development and availability of cheap and compact electronics
in the early 1970s made it possible to readout larger detectors with even higher granularity.
The development of MWPCs enabled the precision tracking of ionizing particles. The lat-
est evolution in gaseous detectors is the micro-pattern gaseous detector (MPGD). MPGDs
overcome the limitations of MWPCs in rate capability, resolution, flexibility of geometry and

aging.

3.4.1 Proportional counter

A basic type of a gaseous detector working in proportional mode is the proportional counter.
Typically, simple symmetric geometries are used, where the anode is a thin wire and the
cathode is placed around the wire in the shape of a cylinder. The incident particle ionizes
the gas atoms and the primary (and secondary) electrons are moving towards the anode
wire. The electric field rises with 1/r, where r is the distance to the wire. Reaching the
anode wire, the electrons have enough energy to create an avalanche. With a proportional
counter and modern readout electronics with low noise, the production of single electron-
ion pairs in the gas volume can be observed. With a typical gain of 10%, a charge of around
1 {C is registered at the anode being enough to be distinguished from electronics noise [45].

"The potential value is an arbitrary number and, for simplicity reasons set to 1, because the weighting field
is independent of Us;.
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3.4.2 Multi-wire proportional chamber

The development of MWPCs determines a milestone in the history of gaseous detectors. The
basic detection principle is similar to the one of a proportional counter. It is also operating
in proportional mode. The new concept consists of a pattern structure of the anode wires
allowing for a precise position measurement of the incident particle. A stack of several layers
of such detectors permits precision tracking of ionizing particles. MWPCs consist typically
of a plane of parallel wires with a distance of O(1 mm). Above and below the wires, the
cathode planes close the active volume of the MWPCs. The distance between the anode
wires and the cathode plane is typically 3 to 4 times larger than the wire spacing. Fig. 3.9
gives an idea about the geometry and illustrates the working principle of an MWPC. The
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Figure 3.9: Working principle of an MWPC. The incident ionizing particle (red line) produces pri-
mary electron-ion pairs. The electric field lines are presented in white. The electron and ion flows
are shown in blue and violet, respectively. The figure is taken from Ref. [13].

increasing demands of particle physics experiments, especially at the LHC, have revealed
limitations in rate capability and granularity. The limitation in rate capability manifests
itself in a decrease of the gas gain. The ions in the avalanche are slowly moving towards the
cathode and generating a cloud of positive charges modifying the electric field around the
anode. This causes a drop in gas amplification at particle fluxes above 10* Hz/mm? [53].
The granularity is limited due to the electrostatic repulsion of the anode wires, which results
in a displacement of the wires. In general, it is difficult to reduce the wire spacing below
O(1 mm). The Cathode Strip Chambers of the CMS detector present an example of MWPCs
operated in a high-energy physics experiment.

3.4.3 Micro-pattern gaseous detector

Micro-pattern gaseous detectors were developed with the main goal to overcome the limi-
tations of MWPCs. The microstrip gas chamber (MSGC), as the first type of MPGDs, was
introduced in 1988 by A. Oed [60] presenting an alternative to more expensive solid-state
detectors for precision tracking in high rate environments. The main feature of the MSGC is
a pattern of thin metal strips on a thin layer of an insulating substrate. The strips are alter-
natingly connected as cathodes and anodes. The small distance between anode and cathode
reduces the travel time for ions in the detector drastically and, thus, prevents the build-up
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of positive charge near the anode leading to a higher rate capability compared to MWPCs.
Additionally, the small interstrip pitch gives a spatial resolution of the order of 100 pm.

This new technology also showed some weaknesses under sustained operation leading
to imperfections on the electrodes. A high rate of destructive discharges can be the conse-
quence [61]. Recent efforts led to the latest generation of MPGDs, e.g. micromegas® and
GEM detectors. In the following, the two detector types are discussed with a focus on GEM
detectors. In order to present alternatives to GEM detectors, the micromegas are discussed.
Both types will be used in high-energy particle physics experiments: micromegas in AT-
LAS [62] and GEMSs in CMS [10].

Micromegas Micromegas (MM) detectors were introduced in the mid-1990s [63]. Starting
from the MWPCs, the fundamental idea is to replace the wire plane by a thin metallic mi-
cromesh. MM detectors consist typically of a drift electrode, a metallic mesh, and a readout
board. The gas gap of a few millimeters between the drift electrode and the metallic mesh
is called drift gap. The distance between the mesh and the readout electrode is around 100-
150 pm. This gap is the amplification region with a large electric field of around 40 kV/cm.
Variations of the distance of the amplification gap cause non-uniformities in the gas gain.
The consequence is a degradation of the detector performance. To ensure a uniform ampli-
fication gap across the detector, insulating pillars can be inserted [62]. MM detectors will
be used to reconstruct muons in the forward region of the ATLAS experiment. A schematic
view of the ATLAS micromegas is shown in Fig. 3.10. Due to the small amplification gap
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Figure 3.10: Working principle of micromegas for the ATLAS experiment at the LHC. The red arrows
represent two examples of incident particles. The thick red points show the primary electrons drifting
towards the micromesh. In the amplification region, an avalanche is sketched. The dimensions of
the gaps are written on the left and the applied voltages on the right. The additional insulation layer
(pink) protects the readout strips from discharges. The figure is taken from Ref. [64].

and fast collection of ions, the MM detectors have a higher rate capability than standard
MWPCs [63]. A well-known challenge for MM detectors is the discharge rate. The rate can
be decreased by using the drift gap as a pre-amplification region [65].

Gas Electron Multiplier The gas electron multiplier (GEM) detector was introduced in
1997 by F. Sauli [2]. GEM-based detectors are used in high-energy physics, as well as in

8 An abbreviation for MICRO MEsh GAseous Structure.
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several nuclear physics experiments, i.e. COMPASS [3], PHENIX [4], STAR [5], TOTEM [6],
LHCb [7], and the CMS Phase-2 detector. Different types of the GEM technology have been
developed over the years, e.g. thick GEMs [66] and ;-RWELL [67]. In the following, the
standard GEM technology, as it is referred to in the literature, is described.

The heart of a GEM detector is the GEM foil, which consists of a thin (50 xm) layer of
insulating polymer with a 5 um layer of copper cladded on both sides. The foil is perforated
with a hexagonal pattern of holes which is made by chemical etching. The hole pitch is typ-
ically 140 yum and the upper hole diameter is 70 um’. The hole has a double semi-conical
shape. In a simplified view, the shape is rotationally symmetric around the axis perpendicu-
lar to the foil plane. Thus, the hole shape is defined by three diameters, i.e. two outer diam-
eters located on the top and bottom copper layer (rtop, Tpottom) and one inner diameter in the
polymer (rmigqie)'’. The hole dimensions depend on the etching procedure. There are two
commonly used etching procedures: the single-mask and the double-mask technique [8].
Fig. 3.11 gives an overview of the main manufacturing steps performed during the two dif-
ferent production techniques. For large-size GEM foils, the single-mask procedure does not
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Figure 3.11: Illustration of the double-mask (left) and single-mask (right) manufacturing steps. The
copper is depicted in orange, the polyimide in yellow color. The photoresistive mask is shown in
gray color. The single-mask technique was developed to overcome alignment issues of upper and
lower masks. The figure is taken from Ref. [8]. The text of the figure was re-written compared to the
original figure due to bad readability.

need any alignment of top and bottom masks as in the double-mask procedure. On the other
hand, with the double-mask technique one has a better control of the lower hole diameter
and more symmetric holes can be etched. For the double-mask technique, the standard di-
mensions of the holes are rtop/Tmiddle/ Tbottom = 70/50/70 pm. The foils produced with the
single-mask technique and having the same upper diameter of 70 pm, typically have a larger
lower diameter. This leads to standard dimensions of 70/53/85 pm. Fig. 3.12 (left) contains
a picture of a GEM foil taken with an optical microscope in a clean room in Aachen. Fig. 3.12
(right) shows a Scanning Electron Microscope picture of a GEM foil.

The detection principle is illustrated in Fig. 3.13. The GEM foil is surrounded by a gas

°The thickness of the layers, as well as the hole pitch and the hole diameters, are the standard GEM foil
dimensions. Other thicknesses are also realized, e.g. in thick GEMs (THGEM).

!%This holds, if the inner diameter is centered along the depth of the foil. For typical hole shapes investigated
in this thesis, this is a good assumption.
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Figure 3.12: Left: Picture of a GEM foil produced by TECHTRA®. The hexagonal pattern of GEM
holes with a pitch of 140 pm is depicted. The outer diameter of the holes is 70 ym. The picture was
taken with an optical microscope in a clean room in Aachen. Right: Scanning Electron Microscope
picture of a GEM foil. The polyimide foil with copper cladded on both sides can be seen. The arrows
indicate the hexagonal pattern of holes with a pitch of 140 ym and an outer diameter of 70 ym. The
figure is taken from Ref. [8].

volume. When an ionizing particle crosses the volume, primary electron-ion pairs are pro-
duced. Guided by an electric field, the electrons drift towards the GEM foil. A high electric
field of around 60 kV/cm guides the electrons inside the holes and leads to the acceleration
of electrons and, as a consequence, to gas amplification. Typically, an amplification factor of
around 20 can safely be reached for one GEM foil.
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Figure 3.13: The working principle of a GEM foil. The red line indicates the path of an ionizing
particle. The electric field lines are presented in white. The ion and electron flow are shown in
purple and blue, respectively. The figure is taken from Ref. [10].
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Triple-GEM technology The triple-GEM technology is equipped with a stack of three
GEM foils. Consequently, three stages of amplification lead to a total amplification of 203 ~
10*. In principle, one could also reach this amplification factor with a single or double-GEM
detector. The drawback would be a higher discharge probability due to a higher electric
field inside one foil. The triple-GEM detector is less affected by discharges (see Fig. 3.14). A
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Figure 3.14: Effective gain (solid line) and discharge probability per incident « particle (dashed line)
as a function of the GEM voltages AV;. The curves are shown for the single-, double- and triple-
GEM configurations. For the double-GEM and triple-GEM configurations, AV is the same for all

GEM foils. The figure is taken from Ref. [8].

small hierarchy in the voltage differences applied to the three GEM foils (highest potential
to the first GEM foil) can further help to reduce the discharge probability [68]. The discharge
probability is a decisive factor for the longevity of the detector and its readout electronics.
Besides the stack of three GEM foils, a triple-GEM detector hosts the drift board and
the readout board. These boards enclose the GEM stack and, together with the gas frames,
close the gas volume of the chamber. In total, there are 7 electrodes (one electrode for the
drift board and six electrodes for the three GEM foils), which need to be powered. The
readout board is set to the electrical ground. The gap between the drift board and the upper
GEM foil is called the drift gap. The gaps in between foils are called transfer gaps. The

gap between the lower GEM foil and the readout board is called the induction gap. As an
example, Fig. 3.15 presents the cross-section of the CMS triple-GEM chamber with gaps of

3/1/2/1 mm.
Due to the micro-pattern structure of the foils, a fast collection of the ions on the elec-

trodes is achieved and, thus, GEM detectors are expected to sustain a high rate. Indeed, a
rate capability of 100 MHz/cm? [8] has been measured for a GEM foil, exceeding those of
MWPCs by several orders of magnitude. For triple-GEM detectors, recent R&D studies in
the CMS GEM group show a decent behavior of gas gain up to 10 MHz/cm? [69].



3.4 Evolution of gaseous detectors

29

Drift cathode | ] |

Transfer 2

Readout PCB

Amplifier

GE1/1 Gap Sizes

3mm

T mm

2mm

Tmm

Figure 3.15: Sketch of the cross-section of a triple GEM chamber used for the CMS experiment con-
sisting of a drift cathode, three GEM foils and a readout board [10]. A detailed description of the

figure can be found in Sec. 5.2.2.
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4 The CMS detector at the LHC and
beyond

This section is devoted to the introduction of the LHC (Sec. 4.1) and the CMS detector
(Sec. 4.2). Sec. 4.3 describes the LHC and CMS detector upgrades foreseen for the Phase-
2 period.

4.1 The LHC

The Large Hadron Collider (LHC) is a circular particle accelerator with a circumference
of 26.7 km. It is located underground near Geneva at the European Center For Nuclear
Research (CERN). The LHC accelerates bunches of protons or lead ions in two opposite
rings providing collisions to ATLAS [70], ALICE [71], CMS [72], and LHCb [73] at four
interaction points. Before the particles enter the LHC, they go through the so-called injector
chain of the LHC which is a series of pre-accelerators [74]. For the proton case, the particles
are injected into the LHC with an energy of 450 GeV and are accelerated using RF cavities
to the final energy of nominally 7 TeV. In 2010, the LHC was successfully commissioned for
proton-proton collisions. The lifetime of the LHC consists, very coarsely spoken, of periods
of data taking, called Runs, and periods of shutdown, called Long Shutdowns (LS)!. In the
beginning of the high-energy operations, the LHC delivered collisions with a center-of-mass
energy of \/s = 7 TeV. In 2012, in the second part of the Run-1 period, the center-of-mass
energy increased to 8 TeV. After some consolidation actions during Long Shutdown 1 (LS1),
the LHC has operated at 13 TeV for the Run-2 period until the end of 2018 providing proton-
proton collisions with the largest center-of-mass energy ever produced by mankind so far.
A detailed description of the LHC can be found in Ref. [75]. The following discussion of the
LHC and its evolution towards the HL-LHC is based on Ref. [76].

41.1 The LHC and accelerator basics

The main goal of the LHC is to provide a high rate of particle collisions to the experiments.
The number of events per second of a given physics process Nproc produced by the LHC is
given by

Nproc =L- Oproc; (4.1)
where oo is the cross section of the physics process under study and £ is the instantaneous

luminosity. To change the rate of produced events, the cross section or the luminosity must
be changed.

LHC luminosity The (instantaneous) luminosity of the LHC can be written as [76]

nbN2fre'U QCUZ
L=~v——>""R R=1 1
K Amf*e, AR 20

(4.2)

where 7 is the relativistic gamma factor, n;, the number of bunches per beam, N the number
of particles per bunch, f,., the revolution frequency, 3* the beta function at the interaction
point (IP), €, the normalized transverse beam emittance, and R the geometric luminosity

The term Long Shutdown allows to distinguish this period from the Year End Technical Stop (YETS), which
is scheduled between years of data taking.
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reduction factor due to the crossing angle at the IP omitting the Hourglass effect?. 6, is the
tull crossing angle between colliding beams, while ¢ and o, denote the transverse and longi-
tudinal RMS beam sizes. The LHC has performed extraordinary well in terms of luminosity
delivered to the experiments. Exemplary, the evolution of the total integrated luminosity
delivered to the CMS detector is shown in Fig. 4.1 for the Run-1 and Run-2 data taking
periods. In total, Run-1 and Run-2 led to almost 200 fb™'.

CMS Integrated Luminosity Delivered, pp
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T T T T 200
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Figure 4.1: Total integrated luminosity delivered to the CMS detector from 2010 to 2018 [78]. The
years, where no line is shown, are years of a shutdown of the LHC. At the beginning and end of
every year of operation, there is a technical stop of the LHC. The years 2010-2012 belong to the Run-1
data taking period, while the years 2015-2018 belong to the Run-2 period.

LHC performance parameters In Tab. 4.1, the nominal LHC performance parameters are
summarized, together with the parameters during Run-2 operations in 2018.

Parameter H Nominal (design report) Run-2 (2018)
Number of bunches per beam n, 2808 2556
Number of particles per bunch N (10'!) 1.15 1.25
Bunch spacing (ns) 25 25
Revolution frequency f;, (kHz) 11.2 11.24 [79]
g* at IP (m) 0.55 0.30
Normalized transverse beam emittance ¢,, (um) 3.75 ~ 1.9
Crossing angle 0, (urad) 285 320-260
Beam energy in collision (TeV) 7 6.5
Total beam energy (M]) 362 332
Peak Luminosity at IR1/IR5 (103*ecm—2s71) 1.18 21

Table 4.1: List of nominal values of the LHC performance parameters [80] and the corresponding
values from 2018 [81] for proton-proton collisions. The interaction regions, IR1 and IR5, belong to the
ATLAS and CMS experiments, respectively. The ¢, and N values are valid when the LHC operation
is in the beginning of the stable beam mode. The time between two consecutive bunches is called
bunch spacing.

2 An explanation of what is meant by the Hourglass effect in this context is given in Ref. [77].
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Cross sections of LHC physics The cross section of a process under study is fully deter-
mined by theoretical considerations. Consequently, the cross section itself is not relevant
for accelerator physics. However, the cross section varies with the energy of the incoming
particles, or - in the case of the LHC accelerator - with the center-of-mass energy which is,
again, a parameter that is fixed by the setup and not by theory. Fig. 4.2 shows selected stan-
dard model cross sections including the total proton-proton (pp) cross section over a large
window of center-of-mass energies.
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Figure 4.2: Standard model cross sections including total pp cross section at proton-(anti)proton
colliders as a function of the hadronic center-of-mass energy [82]. The total pp cross section is based
on a parametrization of the Particle Data Group. All other cross sections are calculated at either NLO
or NNLO pQCD, using MSTW2008 parton distributions. The lack of continuity in some of the curves
is due to the fact, that for /s < 4 TeV the cross sections are valid for proton-antiproton colliders and
for \/s > 4 TeV the cross sections are valid for proton-proton colliders.
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LHC superconducting magnets The working principle of the LHC relies on supercon-
ducting multipole magnets. Inside the LHC tunnel, 1232 main dipole (15 m long) and 392
main quadrupole (3 m long) magnets are installed to steer the particle beam and collimate
the beam bunches. Additionally, around 6000 superconducting corrector magnets are put
underground. Around the interaction regions (IRs), dedicated quadrupoles and dipoles
are inserted [83]. The cutting-edge technology of the superconducting magnets consists of
cooling the NbTi superconductor material down to 2 K using superfluid helium allowing
operation at magnetic fields above 8 T.

Due to cost-saving measures, the already existing tunnel of the Large Electron-Positron
(LEP) collider has been used after its decommissioning in 2001 for the LHC project. This
brings some constraints to the design of the LHC beam pipe, mainly because of the limited
space inside the tunnel. With an internal diameter of 3.7 m, it is extremely challenging to
install two completely separate proton rings. To overcome this challenge, the twin-bore
magnet design has been adopted for the LHC which was introduced by John Blewett at the
Brookhaven laboratory in 1971. A drawback of the twin-bore magnet solution is that the
rings are magnetically coupled.

4,2 The CMS detector

In the beginning, a general description of the Compact Muon Solenoid (CMS) detector is
provided. A more detailed discussion of the individual subdetectors of CMS is presented
afterwards. The upgrades of the CMS detector for the Phase-2 data taking period are de-
scribed in Sec. 4.3. This section is based on Ref. [72].

4.2.1 General information

The CMS detector at the LHC is installed about 100 meters underground close to Cessy,
France. It is designed to provide the full coverage of the interaction region and high-
precision measurement of the particles coming from the interactions of the colliding beams.
The detector consists of a barrel region and two endcap regions. As the naming suggests, a
core piece of the CMS detector is the superconducting solenoid, which provides a magnetic
tield to the CMS detector volume. Inside the solenoid, there is a homogeneous magnetic
field of 3.8 T along the beam line direction. Due to the existence of the magnetic field,
charged particles inside the detector volume are bent which allows measuring their mo-
mentum. The innermost (closest to the beam line) subdetectors of CMS are the pixel and
outer tracker. Going outwards, the electromagnetic calorimeter (ECAL) and the hadronic
calorimeter (HCAL) can be found. Outside of the superconducting solenoid, muon de-
tectors are installed forming the muon system. To confine the magnetic field outside the
solenoid, magnet return yoke made of iron is interleaved with the muon chambers. In total,
the CMS detector measures 28 m in length, 15 m in width and 15 m in height and it weighs
about 14 x 103 t, where the iron return yoke contributes to a large extent. Fig. 4.3 provides a
perspective view of the CMS detector.

4.2.2 Coordinate system

To allow a description of positions and directions, a spatial coordinate system needs to be
established for the CMS detector. The definition of the right-handed Cartesian coordinate
system consists of setting the origin to the nominal interaction point (center of the CMS de-
tector) and letting the z-axis point towards the center of the LHC. The y-axis points upwards
and the z-axis points in the beam direction. For some calculations, it is more convenient to
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Figure 4.3: Perspective view of the CMS detector and its subdetectors [72].

use spherical coordinates instead of Cartesian coordinates. The azimuthal angle ¢ is mea-
sured in the = — y plane starting from the z-axis. The polar angle 6 is measured starting from
the z-axis. One can transform the polar angle by writing

=In tng
n= a2 .

n is called pseudorapidity. Transforming the polar angle into the pseudorapidity makes
sense because, for relativistic particles, differences in pseudorapidity are invariant under
Lorentz transformations and, thus, better to handle in physics analyses. Another useful

quantity is defined by
AR =/ An? + A¢?,

which is the distance of two different vectors (directions) in the 7 — ¢ plane. The x and y
components of the momentum and energy of a particle make up the transverse momen-
tum, pr, and the transverse energy, Er, of a particle. Consequently, the missing transverse

MiSSs

momentum, p’***, is the imbalance of momentum measured in the transverse plane.

4.2.3 Solenoid magnet

One of the main parts of the CMS detector is the superconducting solenoid magnet [84,
85]. The 4-layer winding superconducting solenoid is made of a stabilized reinforced NbTi
conductor with a cold mass of 220 t. The dimensions of the solenoid are enormous: 6.3 m
cold bore diameter, 12.5 m length. The radial thickness of the cold mass is 312 mm, resulting
in a radiation thickness of the cold mass of 3.9 X(. The magnet is designed to provide a

3The radiation length X, gives, among other interpretations, the distance, that a high-energetic electron
travels inside a material until it loses all but 1/e of its initial energy. X is given in g/cm®. Ref. [86] provides
further details and value tables.



36 4 THE CMS DETECTOR AT THE LHC AND BEYOND

4 T magnetic field in the central region of CMS. During the Phase-1 period of the LHC, the
magnet of CMS provides |B| = 3.8 T in the center of CMS. Once the aging behavior of the
coil is better understood, one might re-evaluate the possibility to increase the magnetic field
to the design value of 4 T [87]. A full prediction of the magnetic field strength and field lines
inside the CMS cavern is shown in Fig. 4.4. At full current and with |B| = 3.8 T, an energy
of 2.6 GJ is stored in the magnet. In order to return the flux, iron yoke is installed around
the solenoid. Three layers of return yoke can be found in the barrel, as well as in each of the
endcaps. The different layers of the iron yoke are depicted in Fig. 4.4. The total amount of

iron yoke sums up to around 10 000 t.
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Figure 4.4: Magnet field value | B| and field lines for the longitudinal cross-section of the CMS detec-
tor [87]. The prediction is based on the assumption of |B| = 3.8 T in the center of CMS. Every field
line stands for a magnetic flux increase of 6 Tm?.

4.2.4 Tracker

The subdetector closest to the beam line and, thus, closest to the proton-proton interac-
tions is the tracker detector [88, 89]. The general purpose of the tracker is to efficiently and
precisely measure the trajectory* of particles coming from the interaction region. One can
deduce the momentum of a particle by measuring the bending of its trajectory in the mag-
netic field. Since the tracker provides precise tracking hits in r-¢ and z, secondary vertex
reconstruction can be performed in CMS. With its length of 5.8 m and its diameter of 2.5 m,
it surrounds the interaction point. The endcaps of the tracker extend the pseudorapidity
coverage to || < 2.5. The design of the tracker is motivated by various demands on the
system. To ensure highly efficient and precise tracking, high granularity is needed. During
LHC operation, around 1000 particles are expected to travel through the tracker for each
bunch crossing, leading to a hit rate density of 1 MHz/ mm? at a radius of 4 cm, which re-
quires a fast response of the tracker”. Large particle fluxes are additionally increasing the
risk of radiation damages and preventing longevity. To engage all of the above-mentioned
challenges, the tracker design entirely relies on the silicon detector technology.
A schematic view of the tracker design of the CMS tracker is given in Fig. 4.5.

*In the following, the abbreviation track is also used for trajectory.
>The hit rate is decreasing to O(kHz/mm?) for larger radii of around 1 m.
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Figure 4.5: Schematic cross-section of the CMS tracker in the 7-z plane, taken from Ref. [90]. The
tracker design is symmetric with respect to rotations around the z—axis. The star at v,z = 0 in-
dicates the approximate interaction point in the middle of the detector. In green, one can see the
abbreviations for the different tracker subsystems and the green dashed lines help to separate which
modules belong to which subsystem. Thin, black lines represent strip tracker modules providing
two-dimensional hits, while thick, blue lines stand for the modules giving three-dimensional hits.
The pixel layers are shown in thick, red color.

Pixel tracker The inner pixel detector includes three cylindrical barrel layers at r = 4.4,7.3
and 10.2 cm and two pairs of endcap disks at z = £34.5 and +46.5 cm. Overall, the 1440
modules include 66 million pixels and cover an area of 1 m?. Each pixel of a module consists
of a 285 um thick silicon tile with dimensions of 100 x 150 ym? in r¢ x z coordinates. A
charged particle traversing the silicon pixels creates electron-hole pairs. Together with the
electric current applied to the modules, it gives rise to a signal that can be read out. Due to
the powering of a large number of pixels, the detector heats up. The heating up is mitigated
by mounting the pixels on cooling tubes. The pixel tracker provides three-dimensional (3D)
position measurements. In the transverse plane, the hit position resolution is around 10 ym,
and for the longitudinal direction around 20-40 m due to the shape of the pixels.

Strip tracker The outer tracker consists of different submodules, namely the Tracker Inner
Barrel (TIB) and Disks (TID), covering 20 cm < r < 55 cm and 58 cm < |z| < 124 cm. The TIB
includes four cylindrical layers, while the TID consists of 4 disks. In the endcaps, there are
the Tracker Outer Barrel (TOB) and Tracker Endcaps (TECs), covering 55 cm < r < 116 cm
and 124 cm < |z| < 282 cm. The TOB comprises six cylindrical layers, while the TEC consists
of 9 disks. The TIB, TID and inner four TEC rings have silicon strips of 320 um thickness,
while for the TOB and the outer three TEC rings silicon strips of 500 ym thickness are used.
The strip pitch differs for all subsystems and is around 100 ym. The outer strip tracker
counts in total 15 148 silicon modules or 9.3 million strips, covering a surface of about 198
m?2. 3D position measurement is not only possible in the pixel tracker, but also in some
parts of the strip tracker, where a second strip detector module is mounted back-to-back to
another module with a stereo angle of 100 mrad (shown as thick, blue lines in Fig. 4.5). Hits
coming from these modules are called stereo while the others are called mono.
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4.2.5 Calorimeter system

Electromagnetic calorimeter The main task of the electromagnetic calorimeter (ECAL) [91]
is the detection of electrons, positrons, and photons. Even hadrons or MIPs can deposit a
non-negligible and detectable amount of energy in the ECAL. The detection principle relies
on the fact that these particles cause electromagnetic showers in the material of the calorime-
ter.

For CMS, high-resolution and high-granularity crystals are used as the calorimeter ma-
terial. With its large Z (nucleus charge number) value, lead tungstate fulfills the require-
ments. This choice of material ensures a compact calorimeter thanks to its large density
and small radiation length. On top, the light decay time is in the order of one LHC bunch
crossing for 80% of the light yield, allowing a fast readout. In total, the ECAL consists of
61 200 lead tungstate (PbWQ,) crystals mounted in the barrel part, and 7 324 crystals in
each of the two endcaps. In order to detect the photons of the electromagnetic shower,
in the barrel, Avalanche Photodiodes (APDs) and, in the endcaps, vacuum phototriodes
(VPTs) are used. The crystals emit blue-green scintillation light with a broad maximum at
420 — 430 nm [92, 93]. The light output is relatively low: at 18°C about 4.5 photoelectrons
per MeV are collected in both APDs and VPTs [94].

The energy resolution of the ECAL is measured to be

o 28% 1%
E  \JE/GeV = E/GeV

combining the stochastic, noise and constant term [95]. The errors are combined in quadra-
ture.

@ 0.3%, (4.3)

Hadronic calorimeter The hadronic calorimeter (HCAL) [96] serves as a device for mea-
suring the energy of hadrons and hadronic jets. With its large coverage, the HCAL con-
tributes to a meaningful measurement of p7***. To measure the position, energy, and arrival
time of the particles, an active scintillation material is interleaved with an absorber material.

The HCAL is the outermost subdetector which is still located inside the solenoid coil.
This restricts the radial size of the HCAL between the outer extent of the electromagnetic
calorimeter (r = 1.77 m) and the inner extent of the solenoid (r = 2.95 m) and, consequently,
it restricts the total material that can be placed there. The hadron barrel calorimeter (HB)
covers a pseudorapidity range of || < 1.3. The HB is about 79 cm deep at = 0 corre-
sponding to 5.15 hadronic interaction lengths. Thus, the installation of the hadron outer
calorimeter (HO) outside the solenoid as a tail catcher of deeply penetrating hadronic show-
ers is needed. The hadron endcap calorimeter (HE) occupies 1.3 < || < 3.0. The absorber
material was chosen to be a specific type of brass, which consists of copper (70%) and zinc
(30%) having an interaction length of 16.42 cm. It is complemented by plates of steel. The
scintillation materials for the HB and HE subsystems are selected to fulfill the requirements
of radiation hardness and long-term stability. In the very forward region and far outside
(11.2 m from the interaction region), the hadron forward calorimeter (HF) allows extending
the coverage up to around || = 5. The HF relies on a Cherenkov-based, radiation-hard
technology.

In order to determine the energy resolution of charged pions, test beam studies have
been performed with the complete calorimetric system resulting in
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The total resolution is given by a stochastic term and a constant contribution [97].
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4.2.6 Muon system

The name given to CMS is already suggesting that measuring muons belongs to the main
goals of the detector. Interleaved with the iron yoke to return the magnetic field lines, the
muon system is the outermost subdetector system in CMS. Since all other detectable SM
particles coming from the interaction point should end up in either the electromagnetic or
the hadronic calorimeter, only muons are left to detect®. The importance of the muon system
for CMS is undoubtedly high with respect to the event trigger, muon reconstruction, and
offline analysis.

The main goal of the CMS muon system is to efficiently and precisely reconstruct muons
by itself (standalone), as well as together with the information coming from the tracker. The
performance of the muon system must be excellent over the large range of possible muon
momenta from O(GeV) to O(TeV).

The CMS muon system with its three subsystems, namely the Drift Tubes (DTs), the
Cathode Strip Chambers (CSCs) and the Resistive Plate Chambers (RPCs), will be discussed
in the following. Fig. 4.6 shows a quadrant of the CMS detector, highlighting the muon
system. The following considerations are based on Ref. [98]. This section summarizes the
details of the CMS muon system, while the general working principle of gaseous detectors
is discussed in Sec. 3.
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Figure 4.6: R-z cross-section of a quadrant of the CMS detector. The three different muon subsystems
are highlighted. In the barrel region, the positions of the DTs (MB) and RPCs (RB) are depicted. The
detectors in the barrel are organized in cylindrical wheels enclosing the magnet. Each wheel consists
of 4 stations, where the first station is the innermost. In the endcaps, the positions of CSCs (ME) and
RPCs (RE) are shown. The endcap muon system is divided into 4 stations, counting along the z-axis.
The stations accommodate up to 3 rings. The figure is taken from Ref. [99].

®Neutrinos escape the detector without leaving any signal. They contribute to the missing transverse mo-
mentum in an event.
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Drift Tubes Muon chambers based on the drift tube technology are located in the barrel
region of the CMS detector up to || = 1.3. The drift tube technology can be used in this
region of the CMS detector, because the expected detector occupancy is low compared to
the forward region at higher 7.

The chambers are arranged in 5 wheels. Each of the wheels contains 4 cylindrical sta-
tions. The wheels are identical in terms of chambers except for the wheels 1, where a
cryogenic chimney is reducing the available space. Summing up the wheels, there are 60
chambers installed in each of the three innermost stations, and 70 chambers in the fourth
station. A drift-tube chamber contains 3 (or 2 for the fourth muon station) Superlayers (SL).
Each SL is made of 4 layers of staggered drift cells, the smallest unit of the DT chambers. In
total, the DT system contains 172 000 sensitive wires. A sketch of the rectangular design of
the drift cell is presented in Fig. 4.7.

Muon

Figure 4.7: Sketch of the rectangular design of a drift cell. The anode wire is shown together with
the electrode and cathode strips shaping the electric field inside the drift cell. The light blue lines
indicate the electron drift lines. The dimensions of the drift cell are depicted in green. The figure is
taken from Ref. [72].

High voltages are applied to the electrodes creating a strong electric field around the
anode wire. The drift cell is filled with Ar/CO; (85%/15%). The chosen design of the drift
cell is subject to various restrictions. The wire length is limited by the longitudinal space
inside the iron yoke. The transverse dimension of the cell is motivated by the calculation
of the electron drift time in Ar/CO; (85%/15%): 380 ns for 21 mm. This design ensures
negligible occupancy while keeping the number of active channels low.

The orientation of the wires varies inside a DT chamber for the three SLs. The wires of the
two outer SLs are oriented parallel to the beam axis providing a measurement in ¢ direction,
which corresponds to the bending direction of the muons. The inner SL is equipped with
wires oriented orthogonal to the beam line providing a measurement in z direction. In the
fourth station, the inner SL is missing, resulting in only a ¢ measurement. For a single DT
chamber, a global resolution in 7 — ¢ of 100 m has been achieved. Not only the position
measurement is essential, but also a precise time-tagging. An SL is capable of excellent
time-tagging with a resolution of ~ 3 ns [100]. This plays an important role in local and
standalone reconstruction, as well as in identifying the correct bunch crossing for muons.
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Cathode Strip Chambers The Cathode Strip Chambers (CSCs) belong to the class of multi-
wire proportional chambers. Similar to the DT chambers, the working principle relies on gas
ionization and electron multiplication. Fig. 4.8 (a) shows the cross-section of a chamber to
illustrate the detection principle.

The CSC detectors are inserted in the CMS endcaps at pseudorapidities in the range of
0.9 < |n| < 2.4. For the overlap region of the barrel and endcap (0.9 < || < 1.2), particles
from the interaction region travel through both the DTs and the CSCs. For 0.9 < || < 1.6, the
CSCs are complemented by the RPCs which will be discussed in the following paragraph.

The total number of CSCs in CMS is 468. They can be found in the different disks of
the endcaps. A single chamber has a trapezoidal shape and covers either 10° or 20° of the
disk. The biggest CSC detector installed in CMS is 3.4 m long and 1.5 m wide. The CSC
modules contain 6 planes of anode wires interleaved with 7 cathode panels with milled
strips resulting in 6 gas gaps per chamber. The wires run azimuthally and the strips radially
(with a constant A¢). The layout of a CSC is presented in Fig. 4.8 (b).

wire plane (a few wires shown)
cathode plane with strips

induced charge
— — — cathode with strips

4 avalanche wires

cathode

7 trapezoidal panels forming 6 gas gaps
(a) (b)

Figure 4.8: (a) Working principle of the CSCs for a single gap. On top, a muon is passing through
the gas volume of the chamber with the anode wires and cathodes. On the bottom, an avalanche
together with the induced charge on the cathode strips is indicated. By interpolating these charges,
a good position measurement of the avalanche along the wire direction can be obtained. (b) Sketch
of the layout of a CSC. The 7 trapezoidal panels form 6 gas gaps. Exemplary, a few wires are shown
running azimuthally. The cathode plane is depicted here with the strips running radially. The figures
are taken from Ref. [72].

The detector design with a wire spacing of 3.2 mm and a strip pitch of 8.4(16) mm at the
narrow (wide) end of the trapezoid ensures 2 mm resolution in r — ¢ direction at the trigger
level and less than 150 pm at offline reconstruction. This precision can only be reached if
one makes use of the original CSC idea, where the interpolation of the induced charge helps
measuring the muon coordinate along the wire direction (¢ direction in CMS coordinate
system).

The CSCs need to sustain high rates (1 kHz/cm?) being installed in the forward region
of CMS. For the CSC system, a muon detection efficiency of 99% is required.
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Resistive Plate Chambers The Resistive Plate Chambers (RPCs) are part of the CMS muon
system in both the barrel region and the endcaps. In the barrel region, the RPCs complement
the DT system in the 4 stations of the wheels. For the endcaps, the RPCs complement the
CSC system except in the innermost rings of each station.

RPCs belong to the class of gaseous parallel-plate detectors. The chamber consists mainly
of two parallel, highly-resistive plates, which are separated by a gas volume. In CMS, Bake-
lite is used with a bulk resistivity of 1—2x10'° Qcm. Graphite plates form an anode, which is
set to ground, and a cathode at a negative high voltage. The RPCs are working in avalanche
mode [101, 102]. The design of the RPC modules in CMS is a double-gap detector, where
the readout strips are located between the gaps. They pick up the induced signal from both
gaps. This allows operating the individual gas gap at a lower gain while increasing the total
efficiency compared to the single-gap configuration. A schematic of the RPC module can be
seen in Fig. 4.9.

isolator
1‘1 graphite
<+—— bakelite

*+— pgas

,_— readout strips

> To FEB

spacer

Figure 4.9: Schematic of the RPC module. The double-gap configuration is shown with the highly-
resistive bakelite, as well as the plates of graphite, which make up the electrodes. The readout strips
are located in between the two gaps. The induced signal is sent to the front-end board (FEB). To keep
the gap size uniform across the detector, spacers are inserted. The figure is taken from Ref. [103].

The RPC system ensures efficient muon reconstruction and identification. On top of
that, thanks to the excellent time resolution (= 3 ns [98]), the RPC system is a good device
to unambiguously tag the arrival time of an ionizing particle and associate it to the correct
bunch crossing.

4.2.7 Trigger system

At a hadron collider, such as the LHC, a trigger system [104] is needed to reduce the rate
of recorded data by selecting online interesting physics events. With the time difference of
25 ns between the BXs, an event rate of 40 MHz is obtained. Considering a typical event size
of 1 Megabyte, the rate needs to be reduced to ~ 1 kHz in order to transfer and store the data
with currently available technology. This rate reduction is performed in two steps. The first
step is called Level-1 (L1) trigger where not more than 100 kHz of event rate is forwarded to
the High-Level triggers (HLTs). The HLTs reduce the event rate further to reach the required
~ 1 kHz.

The L1 trigger relies on decisions given by the front-end electronics. The idea of the L1
system is to scan coarse, reduced data from the calorimeters and the muon system to find
signatures of physical objects, that are defined by the needs of physics analyses, i.e. di-lepton
and multi-lepton data for the Higgs analysis. The L1 trigger performs a fast summation of
global pr and p**. Thresholds of pr and Er are applied to these objects. While the L1
trigger system is deciding on whether the event is discarded or is passed to the HLT, high-
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resolution data is stored in the buffers of the front-end electronics. Thus, the maximum time
allowed for a L1 trigger decision is limited by the storage capacity of the buffers. In the case
of the current CMS detector, it is 3.2 us corresponding to 128 bunch crossings. Based on the
L1 trigger decision, the front-end electronics of all subdetectors send out their data to the
central data acquisition of CMS.

At the HLT level, the data is processed on dedicated computer farms. Initial filtering is
done on a subset of the full event data with information from the calorimeters and muon
system. An event rate reduction of one order of magnitude is achieved by this step. Eventu-
ally, the information of the tracker and the full granularity of the calorimeters, which is not
available at L1, is used to decide if an event is permanently stored and fully reconstructed
or discarded.

4.2.8 Event processing

The overall collection of software used for processing and reconstruction of CMS data and
simulated events is called CMS software (CMSSW). An introduction is given in Ref. [105],
including links to the CMSSW source code. All the software is built-up in a common mod-
ular framework. The information of an event is organized in the Event Data Model (EDM).
This ensures a common starting point for all physics analyses. For data, the event contains
the information coming from the HLT system, which is called RAW data. In the software, the
event is filled either with RAW data from the detector or with the simulated event. Starting
from this step, the RAW data follows the same processing path for both data and simulation.
The RAW data is digitized and reconstructed, using the calibration and alignment informa-
tion from the detector services. The reconstructed data (RECO) is stored in modular data
objects. Since most analyses do not need the full event content (RAW+RECO), the data of
an event is further reduced to the Analysis Object Data (AOD) format. This data format is
the starting point of the analysis presented in Sec. 7.3”.

4.2.9 Muon reconstruction

The standard muon reconstruction algorithms used in CMS are described in great detail
in Ref. [106]. This section discusses the prompt® muon reconstruction algorithms. For the
HL-LHC sensitivity study (Sec. 7), dedicated non-prompt (or displaced) reconstruction al-
gorithms are used. The similarities and differences are discussed explicitly in Sec. 7.3.2. The
basic concepts, as well as notation and definitions, are introduced in the following.

Muons, coming from the beam spot region, produce hits in the tracker system. With
pr > 5 GeV, muons typically reach the muon system, outside of the solenoid. The hits in
the muon system are essential for muon triggering and identification. The reconstruction
of muon trajectories begins with the separate reconstruction of the inner trajectory, using
the tracker information, and the standalone trajectory, using the information of the muon
system. The discussion is focused on the reconstruction with the muon system. Details
about the track reconstruction in the tracker can be found in Ref. [90].

Standalone muon reconstruction The starting points of the standalone muon reconstruc-
tion are track segments in the muon chambers. Segments consist of matching hits in a muon
chamber and play the role of seeds for the reconstruction. For each seed, a track finding
algorithm, based on the Kalman-filter technique [107], is initialized to search for matching

"Further reduced data formats, i.e. miniAOD and nanoAOD, exist. However, the information on displaced
muon reconstruction is not (yet) available in these reduced formats.
8Prompt denotes particles coming from the beam spot region of the detector.
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hits in neighboring muon chambers. This algorithm is performed by going from the inner
muon stations to the outer muon stations, updating the track parameters for each step. After
that, the algorithm searches for tracks by going from the outer to the inner muon stations.
The final track fit, which gives the standalone muon track, includes a beam spot constraint’.

Global muon reconstruction For the global muon reconstruction, standalone tracks and
tracker tracks are matched. The standalone track is propagated to the outer tracker layer
and compared to the available tracker tracks. If matching pairs are found, another track fit
is performed using the hits of both individual tracks.

4.3 The HL-LHC and CMS Phase-2 upgrades

In recent years, the LHC has played a fundamental role in the modern era of particle physics
with the highlight of the Higgs boson discovery. To continue to play that role in particle
physics for (at least) the next decade, the LHC and the experiments need to maintain or
even extend their discovery potential.

4.3.1 Current limitations of the LHC

Before discussing the upgrades of the LHC towards Phase-2, it is important to recall the
current limitations of the LHC in terms of operations for another one and a half decades
with an even higher nominal luminosity. The following selection of limitations is inspired
by Ref. [76].

¢ Inner triplet magnets: During operation, the components of the inner triplet quadrupol-
es and their corrector magnets are subject to radiation damage. After around 300 fb™ " of
integrated luminosity (nominal target value for Phase-1) the components will have ac-
cumulated a dose of 30 MGy. This dose could already cause a failure of some corrector
magnets and lead to a major breakdown. To avoid this, the inner triplet magnets must
be replaced beforehand.

e Collimation: The planned increased beam intensities can be reached safely only if the
impedance of the collimator materials is reduced. Too large electrical resistivity could
trigger beam instabilities. The current system was not optimized for lowering the
impedance but rather for robustness during the first years of the LHC. Furthermore,
the system needs to be renewed to protect the new triplets at IR1 and IR5.

e Dispersion suppressor region (DSR): During Phase-1, a leakage of off-momentum par-
ticles into the neighboring main dipoles has been observed in the DSR, possibly con-
tributing to LHC performance limitations. Dedicated and complex interventions are
needed for the different IPs which consist, for example, of placing additional dipoles
with higher bending strength compared to the existing ones. Due to space limitations
at certain IPs, this is not a trivial task.

e Radiation to electronics: The electronics of the current magnet power converters are
equipped with radiation-sensitive boards. There are two options to solve this problem:
Either replace the existing boards with radiation-hard boards or move the electronics
away from the beam. For the second option, the use of a novel technology, i.e. su-
perconducting links (SCLs), is preferred to ensure powering in the low temperature

°To be exact, also the earlier steps in reconstruction impose a beam spot constraint (see discussion in
Sec.7.3.2)
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environment of the HL-LHC magnets. Studies are currently trying to find the best
solution for the HL-LHC.

4.3.2 The LHC towards Phase-2

The LHC will be upgraded allowing to operate the machine for another decade. Two main
parameters of the accelerator are supposed to profit from the upgrade. The center-of-mass
energy will be increased to 14 TeV and the instantaneous luminosity will be roughly quadru-
pled.

LHC roadmap By the end of the Run-2 period in 2018, the LHC delivered proton-proton
collisions to the experiments with a center-of-mass energy of 13 TeV and an instantaneous
luminosity of around 10** cm~2s™!, summing up to more than 150 fb~! of integrated lumi-
nosity. In 2019 and 2020, during the Long Shutdown 2 (LS2), mainly the upgrade of the LHC
injector chain will take place allowing to exceed the current instantaneous luminosity by a
factor of 2. The following data taking period (Run-3) is scheduled until the end of 20231°.
A total integrated luminosity of 300 fb~! is targeted. During LS3, major upgrades will be
implemented roughly quadrupling the instantaneous luminosity with respect to Run-2. The
data taking after these upgrades is called the Phase-2 or HL-LHC, aiming at 3000 fb~!. In
an ultimate scenario, an even higher integrated luminosity of 4000 fb~! is expected!!. The
LHC roadmap from 2011 until Phase-2 is presented in Fig. 4.10.
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Figure 4.10: LHC planning from the beginning of data taking in Run-1 (2011) until the start of Phase-2
(HL-LHC). The thick and thin red lines show the evolution of the center-of-mass energy and the in-
stantaneous luminosity, respectively. In the light blue boxes on the bottom, one can find the expected
integrated luminosity at the end of a Run period. The gray boxes indicate those periods where the
LHC is shut down and major work for upgrades of the LHC and the experiments is performed. The
figure is taken from Ref. [76].

HL-LHC performance parameters The performance parameters of the HL-LHC are sum-
marized in Tab. 4.2. The table is repeating some of the content of Tab. 4.1 to allow a direct
comparison with the parameters of the LHC.

The end of Run-3 is subject to recent discussions. Run-3 will be expanded by one year.
n this work, 3000 fb~! is assumed for the HL-LHC period.
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Parameter H Nominal (design report) Run-2(2018) HL-LHC (standard)
Number of bunches per beam n;, 2808 2556 2748
Number of particles per bunch N (10'!) 1.15 1.25 22
Bunch spacing (ns) 25 25 25
Revolution frequency fe, (kHz) 11.2 11.24 [79] 11.25
B* at IP (m) 0.55 0.30 0.2
Normalized transverse beam emittance ¢, (um) 3.75 ~ 1.9 2.50
Crossing angle 6, (urad) 285 320-260 250
Beam energy in collision (TeV) 7 6.5 7
Total beam energy (M]) 362 332 700
Peak Luminosity at IR1/IR5 (1034cm~2s71) 1.18 2.1 5

Table 4.2: List of nominal values of the (HL-)LHC performance parameters taken from Ref. [76, 80]
and the corresponding values from 2018 taken from Ref. [81] for proton collisions. The HL-LHC
performance parameters of the standard projection are shown here. In Ref. [76], other projections are
discussed.

Pileup at the HL-LHC The increased luminosity at the HL-LHC comes with a larger num-
ber of inelastic proton-proton collisions per bunch crossing. Fig. 4.11 shows the recorded
luminosity of CMS as a function of the mean number of inelastic pp interactions per bunch
crossing for the LHC in 2017. For the HL-LHC era, the mean value of pileup interactions
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Figure 4.11: Recorded luminosity of CMS as a function of the mean number of inelastic pp interac-
tions per bunch crossing for the 2017 proton-proton data taking at /s = 13 TeV. The mean number
is < p >= 32. The value of the inelastic pp cross section at /s = 13 TeV is given in the figure. The
figure is taken from Ref. [78].

is expected to be around 200, almost a factor 7 higher compared to 2017. The higher num-
ber of pileup interactions comes along with an increased rate of low-energy particles in the
detectors. This introduces challenges for the detector performance due to increased trigger
and background rates, especially in the forward region.
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4.3.3 Overview of CMS Phase-2 upgrades

To cope with the harsher environment at the HL-LHC, the CMS detector has to be upgraded
to maintain or even improve its performance. Main concerns for the CMS detector during
Phase-2 consist of high pileup, higher background rates, and larger radiation doses leading
to higher risks of detector or electronics damages. To illustrate the challenges, Fig. 4.12 (a)
displays the expected absorbed dose inside the CMS cavern after the HL-LHC and Fig. 4.12
(b) shows an event with high pileup measured with CMS in 2016.
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Figure 4.12: (a) Absorbed dose inside the CMS cavern assuming an integrated luminosity of 3000 fb—!
(nominal HL-LHC value) obtained with simulations. The figure is taken from Ref. [108]. (b) A high-
pileup event measured with the CMS detector in 2016 with 86 reconstructed vertices. The figure is
taken from Ref. [109].

The Phase-2 upgrades of the CMS detector are divided in several steps. During the LS2,
the EYETS, and the LS3, the existing subsystems will be upgraded and new subsystems will
be installed for the first time. The following discussion is based on Refs. [108, 110].

Tracker After Phase-1 and before the start of Phase-2, the tracker subsystem must be com-
pletely replaced because of expected significant radiation damage. To maintain the excellent
tracking capabilities at high pileup, the granularity of the complete Phase-2 tracker will be
increased. For the pixel tracker, smaller pixels and thinner sensors will be installed increas-
ing the impact parameter!? resolution and ameliorating the separation power of two close-
by trajectories. The outer tracker granularity will profit from shorter silicon sensor strips
while leaving the strip pitch almost the same. A powerful consequence of the new outer
tracker modules is the possibility of adding tracker information to the L1 trigger. In the for-
ward regions, new pixel disks will extend the pseudorapidity coverage up to |n| = 4 match-
ing the calorimetry coverage. The foreseen Phase-2 tracker design is sketched in Fig. 4.13.
An extensive description of the Phase-2 tracker can be found in Ref. [111].

Calorimeter system The calorimeter system will already suffer from radiation before the
end of Phase-1. Simulations show that the current CMS ECAL and HCAL cannot withstand
the radiation exposure of the HL-LHC in the endcaps. Consequently, the endcap calorimeter
system must be replaced. The new system, called High Granularity Calorimeter (HGCAL),
ensures good transverse and longitudinal segmentation. The ultimate goal is to provide
three-dimensional shower images. The concept of a sampling calorimeter is applied, where
active and absorber materials are interleaved. In the electromagnetic case, silicon sensors
act as an active material and tungsten and copper plates as an absorber. In the hadronic

?The impact parameter is defined in Sec. 7.3.
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Figure 4.13: Sketch of the r» — z view of the Phase-2 CMS tracker system. The upgrade extends the
coverage up to |n| = 4. The inner tracker consists of modules with two readout chips (green) and
of modules with four readout chips (yellow). The outer tracker is made of modules with two strip
sensors (2S), shown in blue, and modules with a strip and a pixel sensor (PS), shown in red. The
figure is taken from Ref. [111].

case, brass and copper plates interleaved with silicon sensors are used in the inner part, and
brass plates interleaved with plastic scintillating tiles are used in the outer part. A complete
description of the Phase-2 calorimeter can be found in Refs. [112, 113].

Muon system The current CMS Phase-1 muon system has one region (1.5 < || < 2.4),
covered only by the CSC detectors without another subsystem increasing redundancy. Mean-
while, it is very challenging to measure muon trajectories and muon momentum due to high
background rates and decreasing magnetic field in this very same region. To ensure good
L1 trigger acceptance in this region for the HL-LHC, additional muon chambers are fore-
seen complementing the existing CSC modules in the innermost ring of the first and second
endcap station. There, the magnetic field is still large enough to perform a reasonable mo-
mentum measurement. The chosen detector type is the GEM technology. The third and
fourth endcap stations will be equipped with improved RPCs (iRPCs) with lower granular-
ity but excellent timing resolution. Additionally, the insertion of GEMs in the freed space of
the new HGCAL is proposed, extending the muon system coverage up to || ~ 3.

Trigger and electronics One main difference between the Phase-1 and Phase-2 trigger sys-
tem is the foreseen increase of the L1 trigger latency from 3.2 us to 12.5 us. This latency
gives enough time to reconstruct the trajectories hardware-based in the tracker and match
the information with the muon and calorimeter systems. For this upgrade, new front-end
electronics are needed and for some subsystems, i.e. DT and CSC subsystems, the existing
electronics must be replaced. With the new electronics, the L1 trigger rate can be increased
to ~ 500 kHz (for beam conditions with PU 140) while maintaining the thresholds of the
Phase-1 period [114].
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5 CMS GEM projects

This section starts with an overview of the upgrades of the CMS Phase-2 Forward Muon Sys-
tem related to the GEM technology (Sec. 5.1). In Sec. 5.2, the focus is on the first CMS GEM
project, called GE1/1. The installation of GE1/1 is motivated (Sec. 5.2.1) and the GE1/1 de-
tector layout is discussed (Sec. 5.2.2). Sec. 5.3 deals with the production of the GE1/1 cham-
bers. In particular, the quality control steps performed in the Aachen GEM laboratory are
discussed. Sec. 5.4 gives the current status of the GE1/1 project, as well as an outlook about
future CMS GEM projects. The introductory part of this section is based on Refs. [10, 11].

5.1 Overview

The installation of new muon chambers using the modern GEM technology is an essential
part of the CMS Forward Muon System Upgrade for the CMS Phase-2 detector. GEM detec-
tors will be installed in the innermost ring of the first (GE1/1) and second (GE2/1) stations
of the CMS endcaps. Another installation of GEM detectors, called MEQ, is foreseen in the
space freed-up by the upgrade of the calorimeter system. Fig. 5.1 provides an r — z view of
the CMS detector highlighting the endcap stations where the GEM detectors are inserted.
In the following, the GE1/1 project is discussed in detail. The subsequent projects, namely
GE2/1 and MEO, will profit a lot from the experience of GE1/1 regarding detector design
and performance, as well as mechanics and readout electronics.
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Figure 5.1: Sketch of the r — z view of the CMS Phase-2 detector. The GEM stations (GE1/1, GE2/1,
and MEQ) are highlighted in red and orange. GE1/1 is the first major upgrade of the Phase-2 CMS
muon system. In violet, those stations with iRPCs (RE3/1 and RE4/1) are shown. The other subsys-
tems of the CMS muon system are labeled in the same way as for the Phase-1 detector (Fig. 4.6). The
HGCAL is sketched in the forward region. The figure is taken from Ref. [11].
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5.2 GE1/1 project

The GE1/1 project is the first major Phase-2 upgrade of the muon system. For the first time
since the initial commissioning of CMS, a new subdetector system with a novel detector
type is installed in CMS. For both CMS endcaps, the chambers are arranged in a disk cov-
ering 1.64 < |n| < 2.15. One disk consists of 36 modules, called superchambers (SCs). A
superchamber is formed by putting two single chambers on top of each other. A sketch of
the GE1/1 disk and a sketch of a superchamber are shown in Fig. 5.2. The trapezoidal shape

Figure 5.2: Sketch of one GE1/1 endcap disk including 36 superchambers (72 single chambers) and
a sketch of one superchamber. The long chambers are shown in cyan while the short chambers are
shown in a reddish color. The support structure of the GE1/1 disk limits the available space. To
maximize the coverage with this constraint, long and short chambers are inserted. The figures are
taken from Ref. [10].

of a superchamber with an opening angle of 10.15° provides some overlap between neigh-
boring chambers and ensures full coverage. Due to mechanical constraints of the GE1/1
support structure, there are long and short chambers.

5.2.1 Motivation

The installation of GE1/1 is motivated by the challenges of the data taking at the HL-LHC.
In the forward region of the CMS detector, background rates, radiation dose, and pileup will
be significantly larger than during Phase-1. The GE1/1 GEM chambers will help to maintain
or even improve trigger and reconstruction capabilities.

Trigger capabilities At the L1 trigger level, the measurement of the muon momentum
strongly influences the trigger capabilities. The measurement is based on the bending of
the muon trajectory inside the magnetic field. Since the magnetic field decreases signifi-
cantly when going outside the solenoid, the bending power is dropping accordingly in this
region of the detector. This leads to a poor momentum resolution. Thus, low-momentum
muons are misidentified as high-momentum and pass the trigger thresholds. Without any
upgrades of the forward muon system, the muon trigger rates would increase drastically at
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the HL-LHC compared with current data taking. Together with the first CSC endcap station
(ME1/1), the deployment of the GE1/1 station will help to reduce the rates (see Fig. 5.3).
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Figure 5.3: Sketch illustrating the principle of the muon momentum measurement combining GEM
and CSC stations. Exemplary, two low-momentum muons coming from the interaction point (IP) to
the magnet return yoke in the first endcap station (YE1/1) are shown in green (pr = 20 GeV) and red
(pr = 5 GeV). Combining the position information of both stations allows to efficiently discriminate
between those two muons. The figure is taken from Ref. [10].

Due to an excellent position resolution of both stations and an increase of the path length,
that is traversed by muons within the first muon station, the muon momentum measure-
ment is improved. This results in a decrease of the standalone muon trigger rate. The rate
curve of the single muon trigger with and without the GE1/1 station is depicted in Fig. 5.4.
The reduction of trigger rate allows reducing pr trigger thresholds for Phase-2. This is es-
sential to be sensitive to phenomena in the low-momentum region.

During Phase-2 with the new tracker and track trigger, a combined L1 trigger will be
established providing even better measurements of muons coming from the interaction re-
gion. For muons emerging from the decay of long-lived particles or for other exotic particles
produced in the detector, the new standalone muon trigger, relying only on the information
given by the muon system, will provide high efficiency for these exotic signatures. The
standalone trigger will serve as an add-on and backup of the combined L1 trigger.

Impact on physics searches Physics searches ranging from phenomena including new
physics to Higgs measurements profit to a large extent from maintaining low-pr trigger
thresholds. Some of the striking examples illustrating the power of lowering thresholds are
discussed in Ref. [10].

In the context of this thesis, another benefit of the GE1/1 station is worth mentioning.
The combined usage of GEM and CSC detectors in the first and second muon station signifi-
Cantly improves the muon direction measurement, and thus, the momentum reconstruction
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Figure 5.4: L1 muon trigger rates in the forward region as a function of the pr thresholds with an
average number of 50 pileup interactions per event. The L1 trigger rates with the Run-1 detector,
i.e. only using the first CSC endcap station (ME1/1), and with the addition of the first GEM endcap
station (GE1/1) are drawn in blue and purple, respectively. MS1/1 (= ME1/1) denotes the first
muon endcap station of the Run-1 detector. Stubs are local measurements in the muon stations, that
are used as trigger primitives. The range in n differs slightly from the pseudorapidity range covered
by GE1/1. This is due to an old version of the detector geometry used in Ref. [10], which was written
in 2015.

for displaced muons. Fig. 5.5 shows the direction resolution with and without the combina-
tion of GEM and CSC detectors for muons coming from the decay of a long-lived particle.

5.2.2 Detector design

In the beginning, this section deals with the requirements of the GEM chambers for the CMS
GE1/1 use case. The parameters of the detector design are listed and some performance
studies provided by the CMS GEM group are mentioned in the end.

Requirements To fully explore the potential for the trigger and physics performance, as
indicated in Sec. 5.2.1, the GEM chambers have to meet some requirements.

e Maximum coverage: Obviously, the maximum coverage yields the maximum physics
output.

e Rate capability of 10 kHz/ cm?: For the operation during HL-LHC, the maximum ex-
pected hit rate on the surface of the GE1/1 disk is ~ 5 kHz/cm?. With a safety factor
of 2, one ends up imposing a rate capability of 10 kHz/cm?.

e No aging up to 200 mC/cm? of integrated charge: The expected integrated charge for
the operation during HL-LHC (= 20 years) at the GE1/1 position closest to the beam
line is around 100 mC/cm?. Again, a safety factor of 2 is applied.
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Figure 5.5: Resolution of the muon direction measurement Agt! — A¢'™e. The study uses events with
soft, displaced muons in the forward region. The solid blue line and the dashed black line show the
resolution of the combined first and second muon stations, respectively. The dashed red line depicts
the resolution using only the CSC detectors of the second muon station. The figure is taken from
Ref. [11].

e Minimum detection efficiency of 97% for single chambers: Imposing a minimum sin-
gle chamber efficiency of 97% for detecting MIPs, leads to a superchamber efficiency
of 99.9% applying a logical OR of the two single chambers.

e Minimum angular resolution of 300 prad: The angular resolution is defined here as
the resolution on A¢ = ¢gg1/1 — ¢mE1/1, 1-€. the difference between the GE1/1 and
ME1/1 angular position measurement. An excellent angular resolution ensures good
discrimination between low-pr and high-pr muons, which is essential for the trigger
rate reduction.

e Minimum timing resolution of 10 ns for a single chamber: With the combined timing
information from the two GE1/1 single chambers, 10 ns of timing resolution ensures
good matching with the ME1/1 information while having a 25 ns bunch spacing.

e Maximum gas gain variations of 37% for a single chamber: Gain variations inside a
single chamber may cause deterioration of efficiency, angular and timing resolution.

Recent performance studies, checking if prototypes of the GE1/1 detectors fulfill the require-
ments, are discussed later in this section. The requirements on the gas gain uniformity and
the single chamber efficiency are examined by the GE1/1 quality control tests (Sec. 5.3.3).

Design parameters The GE1/1 detectors are based on the GEM technology, which is de-
scribed from a general point of view in Sec. 3.4.3. Fig. 5.6 presents an exploded view of
a single chamber for GE1/1. The CMS GEM chambers belong to the type of triple-layer
GEM chambers, hosting a stack of three GEM foils. The stack is surrounded at the top and
bottom by a drift and readout board, respectively. These components are mounted with a
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COOLING PIPE

OUTER FRAME

DRIFT BOARD

Figure 5.6: Exploded view of a GE1/1 chamber. The figure is taken from Ref. [10], which was pub-
lished in 2015. Over the years, minor modifications of the chamber design have been implemented.
For example, the optical board is not located at the long edge of the trapezoid, but in the middle of
the chamber in the final design. The general concept, however, is shown correctly.

spacing of 3/1/2/1 mm between each other. A sketch of the cross-section of the CMS GEM
configuration is depicted in Fig. 5.7. High voltages are applied to the drift boards, as well
as to the top and bottom of the three GEM foils. The applied voltages gradually decrease

/ GE1/1 Gap Sizes Typical Potentials Typical Voltages Typical El Fields [kV/cm]
Drift cathode | i w
3200V 770V 2.6
i Drift 3mm '
GEM | eessbtsssss=s=s=s=ss ggggz 380V 64.0
Transfer 1 Tmm 300V 3.0
GEM 2 1750V
= EEEEEEEEES 1380V 370V 62.0
Transfer 2 2mm S50V 600V 3.0
GEM3 =  SEEEEEEEEE 430V 350V 60.0
i Tmm
Induction ov 430V 43
Readout PCB

Amplifier

Figure 5.7: Sketch of the cross-section of a triple-GEM chamber consisting of a drift cathode, three
GEM foils and a readout board. The drift, transfer 1/2 and induction gap are defined here. The
table on the right provides typical voltages, potentials and electric fields of the gaps and inside the
holes of the foils. The straight line indicates an ionizing particle traversing the detector and inducing
an electron avalanche. The thin black lines give an idea of the drift lines of the avalanche electrons
inside the GEM detector. The figure is taken from Ref. [10].



5.2 GE1/1 project 55

from drift to the third GEM foil. A standard gas mixture for GEM chambers is Ar/CO;
(70/30), which is also chosen for the operation in CMS. Other gas mixtures were considered
and studies with Ar/CO;/CF, (45/15/40) have been performed. However, the significantly
more eco-friendly solution without CF, is preferred. One striking feature of the CMS GEM
detectors is their large size of 0.35 and 0.41 m? for short and long modules, respectively.
Other experiments in high rate environments, such as LHCb [73] or COMPASS [3], make
use of medium-size GEM chambers (30 x 30 cm?). The enlarged active area makes the in-
tegration of GEM stations in CMS affordable. Throughout this thesis, the unprecedented
large size of the CMS GEM detectors and its implications on components, reliability and
detector performance is discussed. Tab. 5.1 gives an overview of the design parameters for
the GE1/1 detectors.

Parameter [ GE1/1
Chamber
Shape of active area trapezoidal; opening angle of 10.15°
Short chamber dimensions L: 106.1 cm (center line), W: (23.1 - 42.0) cm, D: 0.7 cm
Long chamber dimensions L: 120.9 cm (center line), W: (23.1 - 44.6) cm, D: 0.7 cm
Active readout area 0.345 m? (short ch.); 0.409 m? (long ch.)

Active chamber volume 2.6 1 (short ch.); 31 (long ch.)
Geometrical acceptance in 1.61 - 2.15 (short ch.); 1.55 - 2.15 (long ch.)
Readout

Structure Truly radial readout strips
Number of 7-segments in readout 8
Number of readout strips per 7-segment 384
Number of readout strips per chamber 3072
Operation
Gas mixture Ar/COs (70/30)

Nominal operational gas flow 1 chamber volume per hour

Number of gas inlets/outlets 1/1
Nominal operation gas gain 1-2-10%

Table 5.1: Design and operation parameters of the GE1/1 GEM chambers for the CMS experiment.
The information of this table is taken from Ref. [10], except for the outdated geometrical acceptance,
which is taken from Ref. [11].

Technical design of GEM foils The trapezoidal GEM foils produced for the GE1/1 project
are identical to each other (except for details of the foil design for long and short chambers).
Following the typical GEM design, they consist of a 50 ym thin polyimide foil with 5 ym
of copper cladded on both sides. The (upper) hole diameter of 70 ;m and the hole pitch
of 140 ym also follow the common GEM standard. The foils for GE1/1 are produced with
the single-mask technique. In this procedure, the etching of the hole pattern is done with
one mask as opposed to two masks for the double-mask technique. The advantage for the
production process, especially for large-size GEM foils, is that the alignment of the two
masks becomes obsolete. The drawback is a more asymmetric hole compared to the double-
mask technique, which results in a slightly larger hole diameter on the bottom of the foil. In
Sec. 3.4.3, the etching procedures are described in detail and, in Sec. 6.2.3, the impact of hole
geometries on the properties of GEM detectors is studied.

The side of the foil oriented towards the readout board is a continuous conducting sur-
face, while the other side is segmented into HV sectors running across the width of the
trapezoid. Fig. 5.8 shows schematically the HV segmentation of long and short GE1/1 foils.
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The width of the sectors is adjusted when going from the larger base to the smaller base, so

GE1/1-S

]

GE1/1-L

Figure 5.8: Schematic view of HV segmentation of GE1/1-S (short) and GE1/1-L (long) chambers.
The corresponding readout sectors in 7 are color-coded. For long foils, there are 47 strips and, for
short foils, there are 40 strips. The figure is taken from Ref. [10].

that each HV partition covers a similar total area. The segmentation limits the amount of
charge that can flow during a discharge from top to bottom of the foil and, thus, limits the
destructive power of discharges propagating towards the readout board/electronics. The
strips are connected to a common HV supply point via individual traces with a 10 M2 pro-
tective resistor mounted on top of the GEM foil. In the case of a shorted foil, thanks to the
segmentation only a fraction of the surface is lost as a dead area. This holds, if the HV is
given to the foils by an HV divider, as it is done during the quality control up to the gain
uniformity tests. For the following quality control tests and the operation in CMS, a mul-
tichannel HV supply is used. In this case, the current is flowing through the shorted foil
preventing to create the needed potential difference between top and bottom.

Mechanical structure of GE1/1 chambers The chamber assembly itself and, in case of
problems, the re-opening of chambers, as well as the exchange of damaged foils, can be
performed faster and easier without glue. The GE1/1 chambers will stay approximately
two decades in the CMS detector. Thus, any outgassing of glue inside the detector volume
may - even though unlikely - pollute the gas mixture and have an impact on the detector
performance. To exclude this possibility, the mechanical design, which is shown in Fig. 5.9,
completely avoids the usage of glue. When it comes to large-size GEM detectors, the tech-
nique of stretching the GEM foils is a delicate item. For GE1/1, stainless-steel screws are
inserted in brass pullouts all around the trapezoid of the active area. The stack of GEM foils
interleaved with spacers is held together with another stainless-steel screw. In the stack of
spacers, a winding is foreseen for the pullout screws. By applying a predefined and fixed
torque to those screws, the whole stack of GEM foils is stretched simultaneously. The stretch-
ing technique is a development of the CMS collaboration. The gas volume is closed by the
gas frame plus o-ring.
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Figure 5.9: Sketch of the mechanical structure of the GE1/1 chambers. The main components are
the drift and readout board on the bottom and top, respectively. The inner frame holds the stack of
GEM foils. The outer frame, with the o-ring inserted, closes the gas volume. The figure is taken from
Ref. [10].

HYV distribution to the GEM foils and drift board The GEM foils are powered through
HV pins mounted on the drift board inside the gas volume. The pins are equipped with
a spring and get pushed to the corresponding electrode. The different electrodes (top and
bottom of three GEM foils) are at different heights. Via traces on the drift board, the HV
pins are connected to pads outside the gas volume. A schematic view showing the working
principle of the HV pins is given in Fig. 5.10.

Powering Pad of the second GEM foil

-4+— Readout Board

GEM Foil 03
GEM Foil 02
GEM Foil 01

1mm

2mm

1mm

3 mm Drift Board

Powering Pin

Figure 5.10: Schematic view of the HV distribution via pins. Exemplary, the powering of the second
GEM foil is shown. The figure is taken from Ref. [115]



58 5 CMS GEM PROJECTS

Readout board The readout board features 3072 truly radial readout strips. The layout of
the readout strips is presented in Fig. 5.11 for a short GE1/1 chamber. Gold-plated copper

Figure 5.11: Layout of the readout strips for a short GE1/1 chamber. In total, there are 3072 radial
readout strips grouped in 8 7-sectors.

is used as the strip material. The active area, that is spanned by the strips of one chamber,
covers the angle of 10.15° allowing an overlap of 2-3 strips between chambers. The angular
width of the strips measures 230 prad and the strip pitch measures 463 purad. The readout
board is divided into 8 sectors along 1. Each n-sector consists of 384 strips. For long cham-
bers, the strip length varies from 11 cm to 19 ecm for n-sector 1 and n-sector 8, respectively.
The readout board has vias that connect the readout strips to the outer side of the readout
board. On the outer side, traces are routed from the vias to 24 (8 x3) 130-pin panasonic con-
nectors. 128 pins are connected to the traces of the corresponding readout sector and 2 pins
are connected to the common chamber ground. Each n-sector is divided into 3 parts. In
the following, the 24 readout sectors are denoted as (7, ¢)-sectors, where n € {1,..,8} and
¢ € {1, ..,3}. Tab. 5.1 mentions some of the specifications of the readout board.

Readout electronics in CMS The readout electronics of the GEM detectors in CMS are
divided in two parts, on-detector and off-detector electronics. Starting with the on-detector
electronics, each readout sector is connected with a front-end ASIC (VFAT3). The VFAT3 has
been developed for the readout and triggering of GEM detectors in CMS. It is based on its
predecessor, called VFAT2 [116]. Basic features of the VFAT3 can be found in Ref. [11]. The
VFATS3 is, on the other side of the ASIC, plugged into the GEM electronics board (GEB). The
GEB is a flat printed circuit board (PCB) hosting the electrical links for powering, readout,
and remote control of the VFATs. Another board, called Optohybrid (OH), is also plugged
into the GEB. It is equipped with an FPGA and optical receivers and transmitters to allow the
data transfer/control via optical fibers to/from the off-detector electronics. The trigger and
tracking data is sent via the off-detector electronics to the CMS DAQ and trigger systems.
Additionally, the trigger data is directly sent to the CSC boards to improve the L1 trigger
capabilities (see Sec. 5.2.1).

Performance studies This paragraph is devoted to the discussion of a few studies per-
formed during the R&D phase of the CMS GEM project. These studies demonstrate that the
predefined requirements are met by GE1/1 prototype chambers.

For the detector efficiency measurement, a full-size GE1/1 prototype was tested in 20-
120 GeV hadron beams at the Fermilab test beam facility (FTBF) flushing the chamber with
the nominal Ar/CO, (70/30) gas mixture. The studies were performed either with an earlier
version of the readout electronics or with a predecessor of the readout board used during
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the quality control. The measured efficiency reaches a plateau of 97.1 £ 0.2 (stat)% for pions.
An angular resolution of 136.8 + 2.5 (stat) urad was found for an emulated binary readout.
This matches the expected resolution of strip pitch divided by /12 = 131.3 prad. The results
are taken from Ref. [12].

The discharge probability was measured for the GE1/1 Technical Design Report (TDR) [10]
with a 2! Am a-source. The measurement was performed at a higher gain (4-6 x 10°) com-
pared to the expected nominal gain for CMS operations (O(10%)) to obtain good statistics
of discharges. Extrapolated to the nominal CMS working point, the discharge probability
was found to be approximately 9 x 1071° per a particle. The probability with incident MIPs
is expected to be two orders of magnitude lower, since a-particles produce 10? times more
primaries in the gas volume.

The rate capability has been studied intensively during the R&D phase, as well as in
the latest phase of the CMS GEM project. The triple-GEM technology exceeds the required
10 kHz/cm? by several orders of magnitude [10].

Recent aging studies have shown that no aging effects are observed up to an accumu-
lated integrated charge of 800 mC/cm? [9].

5.3 GE1/1 detector production

The goal of the GE1/1 detector production is to assemble, test, and qualify the amount of
chambers needed for the GE1/1 endcap disks. In total, 144 GEM detectors (72 long and 72
short single chambers) are required for the installation during LS2 in 2019 and 2020.

5.3.1 Production community

Production sites in seven different countries around the world have been set up to assemble
and test detectors. Besides sharing the knowledge among the members of the collaboration,
this structure prevents large production stops. To ensure uniformity in production among
the different laboratories, all candidate sites must undergo a predefined approval procedure.
This includes intensive training of the staff, as well as a check of equivalent equipment,
tools, readout system, and analysis framework. After successfully testing the setup with
GEM prototypes, the candidate site is accepted to participate in the production of the GE1/1
chambers.

The central production site is a laboratory located at CERN, where all the components
(drift boards, readout boards, GEM foils, gas frames, o-rings, screws, etc.) are received and
inspected. All other sites are receiving components and/or detectors from the CERN site.
In some sites, both the assemblies and the quality control (QC) tests take place (production
sites). In other sites, only QC tests are performed (testing sites). One of the testing sites is
located in Aachen. The chambers tested in Aachen are assembled at either Ghent or CERN
and then shipped to Aachen. After full validation, the chambers are sent back to CERN. The
structure of the GE1/1 production group is sketched in Fig. 5.12.

5.3.2 Overview of assembly and quality control tests

The GE1/1 GEM chambers have to undergo a precise protocol of quality control steps [117]
before the installation in CMS. Fig. 5.13 provides an overview of the production workflow
including assembly and QC tests. In the following, the production steps are discussed with
a special focus on those steps performed in Aachen (QC3-5). Up to QC7, the test are per-
formed with single chambers. After QC7, the single chambers are paired and, in QCS, the
superchambers are tested.
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Figure 5.12: Illustration of the structure of the Figure 5.13: Overview of the production work-
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QCS are performed. After validation, all cham-
bers are collected at CERN and QC6 to QC8 are
carried out.

Powering of electrodes for QC tests There are two main approaches how to connect HV
to the pads on the drift board and, thus, to the electrodes. One approach is to use a single
HYV channel connected to the drift board and to solder a divider distributing HV to the other
electrodes according to its resistor values. The other approach consists of connecting each
pad to an individual HV channel using a multichannel HV supply. For QC4 and QCS5, the
choice is to distribute HV to the electrodes via a ceramic divider what turned out to be a cost-
effective solution during the R&D phase and to be easily adaptable by all production sites.
A picture of the ceramic divider, as well as the resistance values!, are given in Fig. 5.14. For
all subsequent QC tests and in CMS, a multichannel HV supply is used. This is the reason,
why two HYV tests are listed in Fig. 5.13.

5.3.3 Assembly and first quality control tests

The assembly of the GEM chambers takes place in a clean room to minimize the probability
that (dust) particles can enter the GEM holes which may cause electric shorts on the foils.
Some of the assembly steps are shown in Fig. 5.15. After cleaning all the components, the
assembly starts with forming the GEM foil stack. First, each foil is prepared to connect it
to the HV pins. The three GEM foils are then put on top of each other, interleaved with the
spacers. The alignment of the different components is guaranteed by dedicated alignment
pins along the sides of the trapezoid. The alignment pins are removed when lifting the GEM
stack. The protruding parts of the foils are cut off, so that the leftover trapezoidal stack can
be put on the drift board. By applying a fixed torque to the pullout screws the complete
stack of GEM foils is stretched. First, the torque is applied simultaneously along both the

"Whenever a divider is mentioned throughout the course of this thesis, these are the default values.
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Figure 5.14: Left: Resistance values of the ceramic HV divider. GEM1 Top and GEM1 Bot denote top
and bottom of the first GEM foil. The labels for the other electrodes follow this convention. Right:
Ceramic divider mounted on the drift board. The figures are taken from Ref. [10].
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Figure 5.15: Collection of pictures taken at Ghent while assisting the Ghent production team during
an assembly of a GE1/1 chamber. Clockwise, one can see highlights of the assembly procedure in
chronological order: 1) Three GEM foils as they are received by the production site. The trapezoidal
shape of the active foil area can be seen. The protruding part of the polyimide is removed during
the assembly. 2) Corner of the trapezoid with the stack of GEM foils. In yellow, the spacers can be
seen. 3) Stack of GEM foils put on top of the drift board. By applying a predefined torque to the
pullout screws, the GEM foils are stretched. 4) Large base of the trapezoid. The spacers (yellow),
brass pullouts, the external gas frame (green) and the o-ring (black) are shown. 5) Fully assembled
GE1/1 chamber. The readout board with the 24 sectors can be seen. 6) Ghent and Aachen team after
the assembly in the clean room.
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edges and then along the long and short bases of the trapezoid. With the o-ring inside its
groove, the gas frame is put in place. To close the chamber, the readout board, with the
gas in- and outlet, is mounted on top and fixed by inserting screws in the windings of the
pullouts. More details about the assembly steps can be found in Ref. [115].

Before leaving the clean room after the assembly, the impedance of the gaps and the GEM
foils is tested with an insulation meter to verify that the foils are not electrically shorted and
that different layers of the stack do not touch each other. If the chamber fails the test with
the insulation meter, the foils can be cleaned or the torque applied to the pullout screws can
be carefully and slightly increased. While increasing the voltage up to typically 500 V on the
foils during the test, the number of sparks is registered. The measured impedance should
exceed 10 G2 for the GEM foils and 100 G2 for the gaps. Once the maximum impedance is
reached, no sparks should be observed within one minute of measurement time.

After the assembly, a unique name is given to each detector for further reference and
tracking. The name consists of the prefix for the GE1/1 production, the generation of the
detector, whether the detector is long (L) or short (S), the laboratory, where the detector was
assembled, and a unique serial number, in chronological order of the assemblies. The final
version of the detector is the 10th generation. Consequently, the first GEM detector assem-
bled at Ghent for integration in the CMS GE1/1 station is called GE1/1-X-L-GHENT-0001.
When showing the results of the measurements performed in Aachen, a shorter version is
sometimes used in this section, e.g. GHENT-0001. Since only long chambers are tested in
Aachen, this convention drops information that is the same for all tested chambers.

5.3.4 Gas tightness

Motivation The gas tightness is checked to ensure safe operation over a long period of
time. Gas tightness minimizes the probability of polluting the gas volume with contam-
inants of any kind from the surroundings. Pollutants could severely impact the detector
performance. Especially metallic dust entering the detector could harm the GEM foils.

Setup and procedure The chamber is connected via the gas in- and outlet to a gas panel
and flushed with pure CO, for several hours. Upstream of the detector, pressure and tem-
perature sensors are installed to measure the atmospheric pressure and temperature, and,
most importantly, the overpressure inside the gas volume. The sensors are read out with
an Arduino®. These sensors plus the chamber volume are surrounded by input and output
valves. GE1/1 detectors can sustain an overpressure of up to 50 mbar, which is the reason
why a safety valve is added. Fig. 5.16 shows a schematic overview of the setup.

While flushing the chamber with CO», the output valve is closed until the overpressure
reaches 25 mbar. Then, the input valve is closed and the flow is set to zero. The valves are
kept closed and the overpressure, as well as the atmospheric pressure and temperature, are
registered every minute for one hour.

Results and interpretation Fig. 5.17 presents a typical result of a gas leakage test for the
GE1/1 detector production. The overpressure as a function of time follows an exponential
decay: p(t) = po x exp(—L), where py denotes the initial pressure at t = 0 and 7 is called the
gas leak time constant. The parameter 7 serves as an indicator of gas leakage. With a larger
7, the chamber is more gas tight. Fig. 5.18 shows the gas leak time constant of those GE1/1
chambers tested in Aachen (left) and of all GE1/1 chambers (right).

Passing the acceptance limit of 7 = 3 h ensures a maximum loss of gas flow rate around
0.02 1/h for the operation in CMS. Possible leaks could be due to a poor matching of the gas
frame groove and o-ring diameter. Another leak source is the way of closing the chamber
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Figure 5.16: Schematic overview of the setup for the gas tightness test (QC3). The figure is taken
from Ref. [117].
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Figure 5.17: Typical result of a gas leakage test performed with a GE1/1 chamber from production.
The green and red lines show the atmospheric pressure and temperature, respectively. The blue
points represent the monitored overpressure and the light blue line depicts the parametrization of an
exponential function.

by putting the drift and readout board on top and bottom. When fixing the boards by tight-
ening the screws on top and bottom of the brass pullouts, the force is not applied on top of
the o-ring but instead on the pullouts.
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Figure 5.18: Left: Gas leak time constant of those GE1/1 detectors tested in Aachen. The gas leak
time constant is shown as a function of the detector serial number. Right: Gas leak time constant of
all GE1/1 detectors. The figure is taken from Ref. [118]. The dashed red line indicates in both figures
the acceptance limit of 7 = 3 h. 149 GE1/1 chambers passed this test, while two failed.

5.3.5 HYV integrity

Motivation During this measurement, the chamber is operated for the first time with HV
connected. It is of utmost importance to check the integrity of the circuits and to identify
possible malfunctions while slowly ramping up the HV. The intrinsic chamber noise is de-
termined by recording the spurious signal rate. To ensure an excellent detector performance
during operation, the rate of spurious signals should be well below the background hit rate
in CMS at the GE1/1 position (O(kHz/cm?)).

Setup and procedure Before testing, the chamber is equipped with the ceramic HV divider
(see Fig. 5.14) and a single HV channel is connected to the drift electrode. The chamber is
flushed with pure CO; at 5 1/h, which ensures safe operation and the absence of ampli-
fication inside the GEM holes. The readout is done using a charge-sensitive preamplifier
connected to the GEM3 bottom (G3b) electrode through a decoupling capacitance?. The out-
put of the preamplifier goes to an amplifier /shaping unit and then to a discriminator with
a preset threshold. At the end of the readout chain, a scaler registers the rate of spurious
signals. The chain of data acquisition is presented in Fig. 5.19. The panasonic connectors on
the readout board are equipped with 50 2 terminations. The grounding is carried out using

Pre-amplifier Amplifier Shaper Linear fan in/out Discriminator Dual timer Scaler
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Figure 5.19: Data acquisition chain of the HV integrity test (QC4). The figure is taken from Ref. [117].
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