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Abstract

The Mu3e Experiment searches for the charged lepton-flavour violating decay
�+ ! e+e�e+. The main detector is a multi-layer pixel tracker consisting of
High-Voltage Monolithic Active Pixel Sensors (HV-MAPS). Due to vibrations,
thermal fluctuations, and limited assembling accuracy, misalignment of the de-
tector is a major precision bottleneck. An online alignment procedure based on
particle tracks is foreseen to be integrated, to address this problem. In order to
be suitable for online alignment, candidate particles should have a constant rate
and a high momentum. With a detectable rate of about 10 Hz and momenta of
a few GeV/c, cosmic muons meet these requirements. However, selecting cos-
mic muons from the decay particles produced at a beam rate of 108 Hz imposes
great demands on data processing. To tackle this challenge, the utilization of
hardware-based Pattern Recognition using associative memory chips has been
proposed to filter potential cosmic muon tracks. This would reduce the heavy
combinatorial effort and the data throughput to the reconstruction.

Within this thesis, the Cosmic Trigger simulation was developed, which al-
lows for a feasibility study of this aforementioned approach. Furthermore, the
optimisation of the concrete pattern design was a main objective. Based on in-
sights gained from the simulation, recommendations towards a future implemen-
tation in hardware could be derived. In the scope of the study, it was possible to
reach trigger selectivities such that only every 28th frame must be reconstructed
while detecting cosmic muons with an efficiency of 50 %.

Zusammenfassung

Das Mu3e-Experiment sucht nach dem leptonzahlverletzenden Zerfall von Anti-
Myonen �+ ! e+e�e+. Die Hauptkomponente des Detektors bildet ein Pixel-
tracker, bestehend aus bis zu vier Lagen von hochspannungsbetriebenen mo-
nolitischen aktiven Pixelsensoren (HV-MAPS). Externe Einflüsse, wie Tempe-
raturschwankungen, Vibrationen oder begrenzte Fertigungsgenauigkeit, können
für Verformung und Fehlausrichtung sorgen, was die Messgenauigkeit des gesam-
ten Systems beeinträchtigen kann. Um diesem Problem entgegenzutreten, ist ei-
ne geometrische Echtzeitkorrektur (Alignment) mithilfe von Teilchenspurdaten
im Detektor vorgesehen. Geeignete Teilchen für Alignment haben eine konstan-
te Rate und weisen einen hohen Impuls auf. Diese Anforderungen werden von
kosmischen Myonen erfüllt, die mit ca. 10 Hz und mehreren GeV/c im Detek-
tor eintreffen. Die Herausforderung besteht darin, die raren Myonen aus den
bei einer Rate von 108 Hz produzierten Zerfallsteilchen herauszufiltern. Einen
möglichen Lösungsansatz bietet die hardwarebasierte Mustererkennung (Pattern
Recognition) mithilfe von assoziierten Speicherchips. Dadurch kann sowohl der
Datendurchsatz als auch der kombinatorische Aufwand bei der Rekonstruktion
deutlich reduziert werden.

Die vorliegende Arbeit bestand im Wesentlichen aus der Entwicklung einer
Simulationssoftware, die eine Machbarkeitsstudie des Cosmic-Trigger -Konzepts
ermöglicht. Desweiteren sollte das verwendete Musterdesign optimiert werden.
Basierend auf den Erkenntnissen aus der Simulation konnten Empfehlungen hin-
sichtlich einer zukünftigen Realisierung gegeben werden. Bei einer Signaleffizienz
von 50 % der kosmischen Myonen, war es möglich die Frame-Rate um einen Fak-
tor von 28 zu reduzieren.
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Introduction

The �eld of experimental particle physics aims to answer some of the very
fundamental questions of the universe by studying physical processes at the
smallest spatial and largest energy scales possible. Since the precision of the
detectors limits the observation of new discoveries, these are constantly im-
proved. Mechanical misalignment is a major bottleneck for such high precision
measurements. In order to achieve high measurement accuracy, detector align-
ment and calibration procedures are required.

One major alignment approach is the utilisation of external particles and
their corresponding tracks through the detector from which systematic spatial
deviations of individual sensor tiles can be calculated. Cosmic ray muons o�er
ideal alignment data due to their constant rate, high momentum and little
scattering. Therefore, they are envisaged to be used for an online alignment
of the Mu3e experiment.

Detecting cosmic muons with a rate in the order of 10 Hz, while the decays
originated at the beam produce a event rate in the order of 108 Hz is a non-
trivial task. It could be accomplished by reconstructing the complete data,
which on the other hand leads to an enormous computational e�ort. Indeed,
most particle physics experiments deal with event rates so high, that the pro-
duced data exceeds the handling capabilities of the associated data processing
system if every event was supposed to be stored. Nevertheless,trigger systems
o�er a solution to this challenge and are a key component in most particle
physics experiments. They are capable to make fast decisions which events to
keep, while only a fraction of the total events can be stored.

At Mu3e, a trigger could be capable of narrowing down the rate of frames
that potentially contain a cosmic muon track. In a second step, these frames
are fully reconstructed. The selectivity of the trigger would reduce the total
required data throughput to the reconstruction and thereby the hardware
requirements.
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The concrete trigger approach studied in this thesis is based on hardware
pattern recognition using custom Associative Memory (AM) chips. Patterns
of cosmic muon tracks are pre-computed using a Monte Carlo simulation data
and subsequently loaded to the AMs. Reduced granularity hit information
from the detector is used to quickly lookup if any pre-computed cosmic muon
patterns can be found in the detector data within one frame of 50 ns. If this
is the case, the frame is reconstructed.

This Thesis is dedicated to a detailed feasibility study of the presented
approach, i.e. theCosmic Trigger. Within its scope, a simulation framework
that allows for the study of a pattern recognition on the Mu3e pixel detector
was developed. The thesis takes the �rst step towards an evaluation and
performance estimation of the Cosmic Trigger concept.

The Thesis is structured into three main parts. The Introduction (I)
presents the physics theory and motivation for the Mu3e Experiment as well
as some basics relevant for the further study (Chapter 1), and gives an in-
troduction to the Mu3e experiment (Chapter 2). The Methodology part (II)
focusses on pattern recognition in general, as well as in regard of the Mu3e
experiment (Chapter 3). Furthermore, an introduction to the developed simu-
lation software is given and important �gures of merit are de�ned (Chapter 4).
The �nal part, Results (III), walks through the evaluation process and shows
the concrete simulation outcomes (Chapter 5). From these, a conclusion is
drawn and practical recommendations for a future implementation are given
(Chapter 6).
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Chapter 1

Physics Motivation and Theory

This Chapter provides a short summary of the underlying physics of the Mu3e experiment and
introduces to some physical e�ects of relevance for theCosmic Trigger.

1.1 The Standard Model

The Standard Model (SM) of particle physics is supported by various experimental �ndings.
So far, and especially since the discovery of theHiggs bosonin 2012, which made the SM a
self-complete theory, it describes the vast majority of observations in particle physics with a
sublime accuracy. Nevertheless, the SM fails at o�ering a grand unifying theory. Fundamental
short-comings are, for example, the missing description of the gravitational force and that it
does not provide an explanation of neutrino masses or dark matter. The Mu3e experiment is
one of the experimental approaches that search for physics beyond the Standard Model in order
to �nd some missing but yet observable phenomena.

The SM describes the fundamental particles as well as their interactions. It incorporates
two basic classes of particles: there are twelve matter particles, thefermions as well as particles
that mediate interactions, the so-calledbosons. These are depicted in Figure 1.1.

Fermions are particles with an elementary spin-1/2. They can be subdivided into quarks
and leptons, both occurring in three generations respectively. There are charged leptons, the
electrons (e), the muons (� ) and the tauons (� ). These experience the electroweak and the
electromagnetic force. For each of them exists a corresponding neutrino, the electron-neutrino,
the muon-neutrino and the tauon-neutrino, which only experience the electroweak force.Quarks
experience the electromagnetic and the electroweak force and do carry a color charge, which
implies that they experience the strong force as well. They are the building blocks of composite
particles, such as the nuclear particles, the protons and the neutrons.

Vector bosons(or gauge bosons) are particles with spin-1. They are mediators of the di�erent
interactions or forces between particles. Thegluons are the associated mediators of thestrong
force. There exist eight gluons that carry di�erent color charge con�gurations. The electrically
chargedW � and the neutral Z boson mediate the electroweak force as thephoton does for the
electromagnetic force. There also exists onescalar bosonwithin the SM, the Higgs-Boson. It
has no spin and is neither electric nor colour charge.

1.2 Charged Lepton Flavour Violation

The Mu3e experiment searches for the charged lepton 
avor violating (CLFV) decay � ! eee
which is strongly suppressed in the SM with branching ratio B(� ! eee) � 10� 50 [2]. According
to the SM, the lepton 
avour is conserved at tree level. The lepton numberL ` is de�ned by the

3



CHAPTER 1. PHYSICS MOTIVATION AND THEORY

Figure 1.1: The Standard Model of particle physics [1].

di�erence of number of leptons n` and number of anti-leptons �n` as such:

L ` = n` � �n` ; (1.1)

whereby the index ` stands for the lepton 
avor ( e, � or � ). L ` is conserved within each family.
However, within the SM, lepton 
avour violation exists via neutrino mixing, which is strongly
suppressed. The leading order Feynman-Diagram of this process is shown in Figure 1.2. The
strong suppression is due to the branching ratio of the decay being proportional to the inverted
fourth power of the mass of theW boson m� 4

W , which is mW � 80GeV=c2. Also the neutrino
mass di�erence of the neutrino mixing in
uences the branching ratio, which reduces it even
further.

Figure 1.2: Feynman digramm of� ! eeevia neutrino-mixing (indicated by cross) [2]

In its �nal phase, Mu3e is supposed to be capable to search for the process� ! eeewith
a sensitivity of 10� 16. If the decay could be observed underneath this sensitivity threshold,
this would indicate the presence of other decay channels besides the ones allowed within the
SM and would therefore give valid evidence on physics beyond the SM. One theoretical concept
that allows for a decay with signi�cantly higher branching ratio are SUper-SYmmetric particles
(SUSY) as shown in Figure 1.3 (left ). Additionally, lepton 
avour violation on tree level could
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CHAPTER 1. PHYSICS MOTIVATION AND THEORY

be imaginable (Figure 1.3 (right )) which could point the existence of new, heavy mediating
particles [2].

Figure 1.3: Feynman diagram of� ! eeevia super-symmetric particles (left ) and a potential
decay on tree level (right ) [2].

1.3 Muon Decays and Background

The primary decay mode of muons at Mu3e is theMichel decay � ! e� �� . The Michel decay
has a branching ratio of � 100 % [3]. The resulting electron (positron) can emit another photon,
leading to radiative muon decay which is described by � ! e� ��
 . Rarely, another e+ e� -
pair is produced. According to [4], the branching ratio of this process isB (� ! e� ��ee) =
(3:4 � 0:4) � 10� 5.

From the perspective of the Cosmic Trigger that aims on collecting only cosmic muons,
Michel decay events are the main source ofbackground.

1.4 Particle Interaction with Matter

When particles traverse material, they can deposit some of their energy via ionisation. This is of
great use in particle detectors, as this deposited energy can be measured and the particle thereby
detected. At Mu3e the particles of interest are mostly electrons and also cosmic-ray muons (in
case of the cosmic trigger). Both of them carry electric charge and are ionising particles. In
general, the energy loss and scattering of a particle traversing a material is the summation of
di�erent contribution terms of di�erent processes. It depends of the scattering characteristics of
the particle as well as the material. The mass of the electron is a lot smaller than the mass of the
muon (m� =me � 200), therefore di�erent processes dominate the scattering of these respectively.

Muons and heavy charged particles

Charged particles with a mass abovem � me are called heavy charged particles. This category
includes muons, taus as well as protons or ions. Their scattering is dominated by inelastic
collisions with electrons of the material, which lead to excitement or ionisation of the materials
atoms. The energy lossE per travelled distancex can be described by theBethe-Bloch Formula
[5]. It consists of two main constituents, the �rst is derived from the energy transfer according
to the Bohr model while the second (in brackets) adds a relativistic correction term:
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CHAPTER 1. PHYSICS MOTIVATION AND THEORY

�
dE
dx

=
4�nz 2

mec2� 2 �
�

e2

4�� 0

� 2

+
�
ln

2mec2� 2

I � (1 � � 2)
� � 2

�
: (1.2)

c: speed of light

� 0: vacuum permittivity

me: electron rest mass

e: electron charge

n: electron number density

I : mean excitation potential

� = v
c

v: speed of particle

z: charge of particle

Figure 1.4: Mean energy loss for di�erent particle energies and materials[6].

The energy loss depends on the energy of the incoming particle. The dependency is shown
in Figure 1.4. The graph �rst decreases with increasing momentum of the particle. After the
minimum at about �
 � 2:::3 it increases logarithmically. The minimum corresponds to the
energy of so calledminimum-ionising particles . Particles with this momentum deposit the least
energy in the material and therefore experience the least scattering. The increase for even higher
momenta is due to relativistic e�ects on the electromagnetic �elds.

Electrons and Positrons

Electrons posses only a fraction of the muon rest mass. For them, in addition to ionisation, the
scattering process is dominated byBremsstrahlung which means the deceleration of an electron
by the electromagnetic �eld of another charged particle in the material it is currently traversing.
For the contribution of ionisation the Bethe-Bloch formula must be modi�ed. The ionisation
of electrons therefore is described by theBerger-Seltzer-Formula. Its curvature looks similar to
the one of the Bethe-Bloch formula; hence, there is an electron energy with minimal ionisation
as well.
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CHAPTER 1. PHYSICS MOTIVATION AND THEORY

The contribution of the Bremsstrahlung is proportional to the particle energy and can be
de�ned in relation to the radiation length X 0 according to [7] by

�
dE
dx

�
�
�
�
rad

=
1

X 0
� E: (1.3)

X 0 is the distance after which an electron has lost� 37 % of its energy and is proportional to
the one over the second power of the electron massX 0 � m� 2

e .

Multiple Coulomb Scattering

When a charged particle traverses a medium, it is usually scattered multiple times by small
scattering angles. The scattering is caused by Coulomb interactions of the particle with the
nuclei. Multiple Coulomb scattering is a complex process because it consists of many single
statistical events. A description is given by Moli�ere's Theory . Furthermore it includes more
parameters than single-scattering because in addition to the scatter-angle there is also an o�set
that can be added to the trajectory after traversing the medium. Figure 1.5 shows an overview
of the process and the parameters that are used to describe it. The RMS width of the resulting
Gaussian scattering distribution is approximately given by

� RMS =
13:6 MeV

�cp
z
r

x
X 0

�
1 + 0:038 ln

xz2

X 0� 2

�
; (1.4)

wherep denotes the momentum,�c and z the velocity and charge number of the particle. x=X 0

is the thickness of the medium in number of radiation lengths [6].
As shown in Equation 1.4, the multiple Coulomb scattering angle increases for less heavy

and low momentum particles with small radiation lengths. Subsequently, multiple Coulomb
scattering is predominantly present when electrons traverse \thick" media.

Figure 1.5: Schematic of multiple Coulomb scattering in one plane. [6]

1.5 Cosmic Ray Muons

Cosmic ray muons are produced when cosmic ray such as protons, alpha particles or heavier
nuclei collide with particles in the earths atmosphere and subsequently decay. About 90 % of
cosmic ray consists of protons, mostly originated at the sun and the milky way. If they collide
with atmosphere molecules, they can decay into several secondary particles, e.g. pions or kaons.
Some possible decay chains for protons are sketched in Figure 1.6.
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Figure 1.6: Primary cosmic particle collides with a molecule of atmosphere. [8]

Pions and kaons are not stable and therefore decay further into muons and muon-neutrinos
by weak interaction as shown in the process 1.5 and 1.6.

� � ! � � + �� � � + ! � + + � � (1.5)

K � ! � � + �� � K + ! � + + � � (1.6)

These processes of muon production happen in the upper layers of the atmosphere at about
10 � 15 km altitude. On their way to earths surface at sea level, they loose about 2 GeV [9] of
energy. Muons have a very short lifetime of� � = (2 :1969811� 0:0000022)� 10� 6� s [10]. Despite
that and because of relativistic e�ects of their high velocity, which leads to time dilation and
length contraction from the earths perspective, they reach the ground. Their energy distribution
at sea level lies in the GeV regime and has its maximum at� 1 GeV (see Figure 1.7).

Figure 1.7: Muon momentum distribution at 0 deg zenith angle at 600 m altitude [9].

Figure 1.7 clearly shows that the rates decrease exponentially for higher momenta. In ad-
dition, structures like concrete or magnets lead to energy loss, because muons scatter when
traversing them. In the detector of Mu3e mostly cosmic muons with energies at the lower end of
the GeV spectrum are expected to be detected. According to Figure 1.4, their energy is close to
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CHAPTER 1. PHYSICS MOTIVATION AND THEORY

minimum-ionising particles, which makes them less prone to scattering in general and therefore
suitable for alignment. Assuming a zenith angle of 0� , the approximate rate of cosmic muons at
sea level with an energyE < 0:5 GeV is given by [9]

I �; 0� = 70
muons
m2 s sr

: (1.7)

It decreases for steeper angles because the e�ective travelling distance increases and with it the
probability of scattering.
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Chapter 2

The Mu3e Experiment

2.1 Experimental Situation of Mu3e

The Mu3e experiment is planned to be installed at thePaul-Scherrer-Insitut (PSI) in Switzer-
land because it o�ers the worlds strongest anti-muon-beam, which will even be improved futher.
In order to reach the �nal sensitivity of 10 � 16 for the observation of the CLFV decay � + !
e+ e� e+ , the beam has to provide a muon rate of 2� 109 Hz. The experiment was proposed in
2013 and is being under development since then.

2.1.1 The Search for Charged Lepton Flavour Violation

Charged lepton 
avor violation has been studied for several decades. It is one promising can-
didate to �nd evidence on physics beyond the SM when searching for the branching ratios of
decays like � ! eee. Di�erent experiments have studied CLFV in detail and have also set
di�erent limits for certain decays as depicted in Figure 2.1. The two major ones are described
in short.

SINDRUM Experiment

The SINDRUM experiment was operating from 1983-1986 at PSI and searched for the decay
� ! eee. Limited by the muon beam intensity and operation time, it was able to set a branching
ratio limit of B( � ! eee) < 10� 12 with a con�dence level of 90 % [11].

MEG Experiment

The MEG experiment was also running atPSI during the years of 2008-2013. It observed the
radiative LVF decay of a muon into an electron and photon without the production of neutrinos
� ! e
 . Taking into account the complete data collected over the years, MEG was able to set
the limit of B( � + ! e+ 
 ) < 4:2 � 10� 13 with a con�dence level of 90 % [12].

2.1.2 Mu3e Road Map

From the very beginning, Mu3e was planned to be realised within two di�erent phases, which
mainly di�er in the muon beam rate and some adaptions on the detector.

Phase I is subdivided into part A and B. Phase IA includes the overall development of all the
Hardware (HW) components, such as the pixel sensors, the magnet and the simulation software,
including testing of a prototype detector. The �rst data is then supposed to be collected with a
minimal working detector from a muon beam with a rate of 2� 107 Hz in phase IA. In phase IB
the detector is planned to be upgraded and equipped with additional recurl stations. The rate
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Figure 2.1: History of LFV decay experiments and their obtained results.[13]

is increased to 1� 108 Hz, which would yield a sensitivity of 2 � 10� 15 at 90 % CL. As of 2020 the
detector development is ongoing and the �rst actual measurements will start soon.

Phase II imposes new challenges to the di�erent parts of the experiment. First, it depends
on the new high intensity muon beam line that is currently under construction at PSI. Also,
pixel sensor timing resolution as well as read-out and data acquisition requirements impose new
challenges. However, with its planned sensitivity of 10� 16 in Phase II, the Mu3e experiment
would able to exceed the known limit for � ! eee(SINDRUM ) by about 4 orders of magnitude.
Assuming that LFV dipole couplings are the dominant channel of this decay, the limit determined
at MEG for B( � ! e
 ) < 10� 13 corresponds to B(� ! eee) < 10� 15.

2.2 Detector Concept

A particle physics experiment usually puts very speci�c demands on the detector concept. At
Mu3e, it is of high importance to be able to �lter background events such as the� ! eee�� .
Therefore, a high momentum resolution of below 1:0 MeV=c [14] is essential. This is dominated
mainly by two factors, the �rst of which is the spatial hit information resolution (which cor-
responds to the pixel size on pixel detectors). Secondly, the momentum of the resulting decay
particles is limited by half the muon energy, which meanspe . 53 MeV=c. At these magnitudes
of momentum, electrons are highly susceptible to multiple Coulomb scattering. In order to
reduce multiple Coulomb scattering, the detector must be constructed with as little material
budget as possible. Another very important requirement is a precise time resolution ofO(1ns)
[2]. For higher beam rates, the timing of the hits is an important parameter to separate the
particles according to their origin decay events. [15]

2.2.1 Geometry and Components

The Mu3e detector includes three main detecting components, the main component, a silicon
pixel tracking detector and tile and scintillating �bre ( SciFi ) detectors for more precise timing
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information. The detector is build cylindrically around the target and is subdivided into three
\stations". The central station surrounds the target and two recurl stations are placed upstream
and downstream along the beam line. The overall length of the active area of the detector is
about 1:2 m, with a diameter of about 18 cm. A schematic view is presented in Figure 2.2. The
complete detector setup including the double cone target is placed in a homogeneous magnetic
�eld produced by a solenoid magnet ofB = 1 T.

Figure 2.2: Schematic view of the experiment cut along the beam axis (top) and transverse the
beam axis (central station) (bottom) in the phase I con�guration [14].

Tracking Detector

The silicon pixel tracker is the main part of the detector. It consists of up to four layers of
pixel sensors and provides accurate pixel hit information for ionising particles. From the hit
information in each layer, particle tracks are reconstructed and their momenta are calculated.
When a charged particle passes through the magnetic �eld, it can be described by a helical
trajectory due to the Lorentz force. The momentum can then be obtained from the radiusRt

transverse the B-�eld, the particle charge q and the strength of the magnetic �eld B via the
formula:

pt = Rt � q � B: (2.1)

For single-charged particles in the case ofMu3e with B = 1 T with units this simpli�es to

pt [GeV] = 0:3 � Rt [m] � 1 [T]: (2.2)

The tracking detector consists of about 3000 High-Voltage Active Monolithic Pixel Sensors
(HV-MAPS ), called MuPix, each covering an active area of about 20� 20 mm. Each MuPix
chip has 256� 250 pixels with a pixel pitch of 80� 80� m. The most recent prototype version
is MuPix10 which is currently under investigation.
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The pixel tracker has 2 outer layers covering all three stations (see Figure 2.2). In the
central station the inner tracker is placed, consisting of two additional layers of pixel sensors,
surrounding the target closely. In order to build the cylindrical structure, the individual MuPix
sensors are glued to ladders (linear arrays of sensor chips), which are then mounted to a support
structure located in between, and at the end of the stations. At the bottom end eachMuPix
chip has another 3 mm of read-out electronics. Because of this and to eliminate blind spots, the
ladders are mounted with a few millimeters of overlap. Table 2.1 gives an overview of the layer
dimensions. Figure 2.2 (bottom) presents a cut through the x,y-plane).

layer (from innermost to outermost) 1 2 3 4
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 2.1: Pixel layer geometry for central station. Adapted from [14].

Because multiple Coulomb scattering has a high in
uence on the decay particle's trajectory,
the sensor chips are thinned to about 50� m. Including the ladders this corresponds to a radiation
length of about x=X 0 = 0 :115 % per layer.

2.2.2 Read-out, Data Acquisition and Online Reconstruction

Once the data is collected by the pixel, the tile and the �bre detectors it has to be processed
further. Especially when reaching the upper end of desired muon beam rates, it is impossible
to store the complete data collected by the detector. At a stopping rate of 108 Hz, a data
throughput of about 60 GBit/s is expected [14]. However, all of this data needs to be �ltered
and a decision on what to keep and what to discard has to be made. This is done by theMu3e
data acquisition (DAQ) system.

The DAQ has three levels: the front-end, the switching boards and the GPU �lter farm .
The di�erent sensors collect hit positions and timing information and send this data to their
corresponding front-end FPGA. One front-end FPGA gathers the hit information of multiple
sensors. All the information that arrives from them is brought into chronological order and
sorted into frames of 50 ns. The sorted data is forwarded to the switching boards which merge
the data of the di�erent detector types, i.e. the pixels, the �bres, and the tiles. In a subsequent
step, the data is analysed and �ltered by the GPU �lter farm. Several GPUs process individual
time slices of the detector data and combine all hits to track candidates. Afterwards, a track
�tting is performed and according to their quality, tracks are either accepted or rejected. The
�lter farm then stored frames with reconstructed tracks of interest, whereas other are dicarded.
The complete DAQ chain is shown in Figure 2.3.

2.3 Alignment

As aforementioned, the Mu3e detector is a high precision and complex instrument. For the
pixel detector, 2844 sensor chips are glued to ladders which are then mounted in a sophisticated
and detailed mechanical process. The accuracy of this process is limited to a certain mechanical
precision. On sensor-level, it is at the same magnitude as the pixel resolution of 80� m. Globally,
higher misalignment deviations of several hundred� m or in the worst case even atO(1mm) are
expected [15].
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Figure 2.3: Overall Mu3e read-out scheme. [14]

In addition to the building accuracy and resulting constant misalignment, there is also non-
constant e�ects. Everything inside the detector is build with the least material budget possible
in order to reduce multiple Coulomb scattering. The ladders for example have a thickness
of about 100 mm but freely span over distances of up to 400� m in the recurl stations. This
architecture makes the detector very fragile to any kind of environmental in
uence. First to be
mentioned, the detector is located in a magnetic �eld. When switching it on, magnetic parts of
the support structure can move slightly, which leads to misalignment of the detector. Even if this
happens only in the area ofO(� m), it is enough to introduce invalidity into any pre-measured
or pre-calculated corrections for construction inaccuracy and misalignment.

More misalignment can be caused by thermal in
uence of the experiments environment.
The pixel sensors are cooled via a gaseous helium cooling atmosphere. This means that gas is
circulating through the detector and can subsequently introduce movement and misalignment
of sensors or of the ladders they are placed on.

In order to achieve the momentum resolution required forMu3e, the detector has to provide
su�cient spatial resolution and its data have to be systematically valid. Therefore, a precise
detector alignment is a key ingredient for reliable tracking. \Alignment" in this case means to
gather correction data and then to calculate a correcting transformation of the smallest sub-
detector components in software. As the misalignment changes signi�cantly over time, an online
alignment could be performed so that correction can be directly taken into account for the track
reconstruction on the GPU �lter farm. Approaches to alignment and potential future concepts
for alignment for Mu3e are discussed in the following sections.

2.3.1 Alignment Approaches at Mu3e

Two main approaches are envisaged atMu3e. The �rst is a position monitoring system which
relies on camera data taken from cameras inside the detector cage, focussing the three detector
stations. Using these high resolution cameras (of presumably 2K or 4K) it is possible to measure
the positions of the separate stations with respect to each other [2].

The second approach of alignment is based on actual detector data from measured particles,
which has already been studied [15]. Using actual detector data allows for �ne alignment on
pixel resolution accuracy. The algorithm developed within this study uses reconstructed tracks
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from the experiment and �ts them using General-Broken Lines (GBL) �t, which increases the
track precision. Then systematic deviations of individual sensor chips, so-calledresiduals are
determined. These residuals are used to calculate pixel sensor speci�c alignment transforms,
from which the sensor hit coordinates can be corrected to their actual aligned coordinates.

The track-based alignment works for trajectories originated at the stopping target, but also
external particles could be used, yet might even allow for better accuracy. A good example for
particles that o�er this potential are cosmic muons.

2.3.2 Alignment using Cosmic Ray Muons

Cosmic ray muons(in the following referred to as cosmic muons) are produced when cosmic ray
collides with molecules in the atmosphere, as described in Section 1.5. They approach earth's
surface with momenta of a few GeV=c. Because of their high energy, they are very resistible to
multiple Coulomb scattering. Also, their radius is very large in the magnetic �eld. According to
Equation 2.2, a muon with 1 GeV=c describes a radius ofRt = 3 :3 m. Inside the detector that
has a diameter ofddetector � 18 cm. Therefore, a cosmic muon track in the detector can almost
be described as a straight line.

Another important advantage of cosmic muons over the decay particles from the target is,
that they are originated in the atmosphere, which means that they arrive from above the detector
while being evenly distributed over the complete detector area (projected in horizontal plane).
A cosmic muon therefore hits every layer it traverses twice, the �rst time when entering the
detector and the second time when leaving the detector again. While decay particles from the
target mostly cause hits the central detector region, cosmics are found in the recurl stations at
the same rate as in the central. Additionally, one cosmic muon can cause hits on central and
recurl stations when approaching in a steep angle. Despite this happening seldomly, such a track
o�ers the opportunity to align the stations relative to each other, which could only be done by
an optical system (with less precision) otherwise.

With the advantages described above (including negligible multiple Coulomb scattering and
straight line tracks), cosmic muons are ideal particles for (online) alignment.

Figure 2.4: A cosmic traversing the central detector and a elliptical correction transform [15].

There is one notable di�culty when aligning with cosmic muons. As described in Section 1.5,
their rate at sea level is aboutI �; 0� = 70 muons m� 2 s� 1 sr� 1. The total surface area of theMu3e
pixel detector projected on the horizontal plane is approximatelyAdet � 0:18 m� 1:2 m � 0:22 m2.
Taking into account further loss because of the experimental setup, the magnet, the ceiling, et
cetera, a cosmic muon rate of aboutO(10 Hz) is expected to be measurable. Compared to
the rate of decay particles from the target, which is aboutO(107 � 108 Hz), this is highly sup-
pressed. Yet still, the track quality of cosmics for alignment compensates for the very low rate.
This situation imposes two main challenges:
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ˆ For improved alignment an increased number of detected cosmic muons is favored.

ˆ Each having a length of 50 ns, one second is split into 2� 107 frames. Only every � 106th
frame contains a cosmic muon.

Subsequently, a trigger or tagger system is required that recognises the frames that contain
a cosmic muon. To tackle the above mentioned challenges, this system demands a highsignal
(or cosmic) e�ciency to maximise the cosmic detection rate. Furthermore a su�cient rejection
rate is crucial, so that the number of frames that are reconstructed is minimised. How these
two requirements could be met by theCosmic Trigger, a pattern recognition system, is to be
studied within this thesis.

2.3.3 Cosmic Trigger Hardware Concept

In principle, di�erent ways exist to �nd the frames where cosmics traversed the detector. One
would be to just use the existing DAQ as described in 2.2.2. In the GPU �lter farm one could
not only reconstruct tracks according to the expected decay characteristics, but also try to �nd
cosmic muons by performing the full combinatorial possibilities. This would mean that the
track �tter block must be extended by several GPUs. Also, it has not been studied yet what
the combinatorial e�ort would be to perform a full online reconstruction for cosmic muons. It
might well be that it signi�cantly exceeds the e�ort that is required for event reconstruction.
Therefore, it is possible that a cosmic �lter farm could require more PCs than the event �lter
farm does, in order to cope with the data rate from the detector. As shown in Figure 2.3, 12
GPU PCs are envisaged for Mu3e phase I. A full cosmic reconstruction �lter farm could more
than double this number. Assuming a cost of 7k-8k euros per �lter farm PC (including main
board, GPU and connectivity), the total cost of a cosmic �lter farm could easily exceed 100k
euros.

Another option is to use a dedicated trigger for cosmics. This system could be designed,
such that it analyses the frames without computing the full combinatorial possibilities of every
hit in each frame. By pre-�ltering the detector data and thereby reducing the rate of frames
that need to be reconstructed, this could signi�cantly reduce the required GPU computation.
Pattern Recognition (PR) is a method to do so, which is the reason why it was proposed be
used to trigger cosmic muons in theMu3e experiment. However, this approach requires di�erent
hardware components to be implemented. Eventually, a simple cost calculation will decide, if a
PR system can su�ciently reduce the reconstruction data rate so that the savings in �lter farm
PCs outplay the cost for the PR hardware components.

Returning to 2.3, the read-out and data acquisition chain of Mu3e a separate trigger could
be integrated next to the �lter farm. It would then obtain the full pixel sensor data and could
forward a reduced amount of data to a separate cosmic track �tting GPU block. This GPU
block would do the �tting, recognise the frames containing an actual cosmic muon and forward
them to the data collection server. The biggest challenge would be for this cosmic track �tting
GPU block to also compute online alignment correction data, and to send this to the event track
�tter block, so that it could be used in real time for beam event track reconstruction. Figure
2.5 shows, how theMu3e read-out and DAQ system could be extended by a pattern recognition
cosmic trigger relying on data from the pixel sensors.

2.4 The Mu3e Simulation Package

A simulation software was implemented to model the complete experiment, to study and optimise
the detector design, to estimate the performance and to develop the online reconstruction code,
which will later be run on the DAQ. The Mu3e simulation is based onGeant4 [16], a Monte Carlo
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Figure 2.5: Conceptual Mu3e read-out scheme with cosmic trigger. The planned DAQ is depicted
in grey scale and the proposed expansion in color. Potentially, more than one GPU could be
required. Adapted from [14].

software framework developed at CERN for simulating particles traversing matter. The Mu3e
software stack includes a detailed detector simulation and implements several di�erent muon
decay types. Also it delivers an accurate multiple Coulomb scattering simulation, which is of
particular importance for Mu3e. Since 2020, also a cosmic muon generator is implemented,
which is described in Section 2.4.4.

2.4.1 Motivation

In order to study pattern recognition, a key prerequisite are the patterns themselves as de-
scribed in detail in Chapter 3. Those can be obtained from actual cosmic muon tracks. The
Mu3e simulation implements a \cosmic mode", which uses a Monte Carlo (MC) algorithm to
simulate cosmics muons traversing the detector. The detector data is then reconstructed using
the reconstruction software. For the Cosmic Trigger study, a data set containing approximately
4 � 107 cosmic muon tracks was produced.

Furthermore, Mu3e simulation played a key role for the evaluation of the Cosmic Trigger
Concept. It was used to create frames only containing hits of beam data decays, which in case
of the Cosmic Trigger is referred to asbackground. This is due to the fact that the beam decays
are the dominant source of background hits that must be suppressed compared to the hits of
the cosmic muons, for which theCosmic Trigger searches.

2.4.2 Reconstruction

In addition to its relevance for the simulation, the Mu3e Reconstruction Software is the algorithm
that will later be implemented on the GPU �lter farm. It will e�ciently �t and evaluate track
candidates in order to reconstruct all event particle tracks present in a simulation frame (and
also tracks that extend over frame borders). In order to achieve this functionality online, fast
and e�cient methods have to be implemented.
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Reconstruction of Beam Events

The �rst step of the processing of hit data is a very fast three-dimensionalMultiple Scattering
Fit [17]. Hits in the inner layers 1, 2, and 3 are combined to triplets and the� 2 of each track
is determined. If it is su�ciently low, the outermost layer 4 is searched for a hit that would
extend the track with a triplet using the hits in layer 2 and 3. If this condition is met, a short
track is found, de�ned by four hits. From here on, some more decisions are made, using e.g.
graph partitioning algorithms and neural networks. After successfully reconstructing a frame, a
decision is made on whether it is stored or discarded.

The stored frames are reconstructed again o�ine, using a more complex, the General Broken
Lines �t. The GBL delivers the highest accuracy and allows for precise particle momentum and
calculation and for energy loss determination.

Reconstruction of Cosmic Muons

To reconstruct and match the hits of cosmic muons, the reconstruction algorithm has to be
modi�ed. Cosmic muons come from the atmosphere (upper half of detector) and normally cause
two hits on each layer they traverse. Thus, the algorithm �rst �ts a triplet to three hits in the
outer detector layer (h0, h1, and h2 in Figure 2.6), then looks for a fourth hit ( h3) in the missing
outer layer and then adds hits from inner layers { if present [18].

Figure 2.6: Reconstruction of cosmic muon hits. [18]

2.4.3 Coordinate Frame an Nomenclature

In the Simulation, the detector is placed in a cartesian reference coordinate system. Thez-axis
is oriented along the beam line,x- and y-axis horizontally and vertically respectively. This is
shown in Figure 2.8 and 2.9. A 3D render of the whole detector with a cut at the target is shown
in Figure 2.7. Note that the annotations concerning the super pixel binning will be introduced
later, as they are important for the pattern design.
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Figure 2.7: Three-dimensional render of the Mu3e detector [14].

Figure 2.8: Schematic cut along the beam line, showing they,z-plane.

Figure 2.9: Schematic cut transverse the beam line, showing thex,y-plane.
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2.4.4 Monte Carlo Cosmic Simulation

The cosmic muon simulation is based on the physical parametrisation described by [19], which
was developed for the cosmic generator at theCMS. The Monte Carlo Simulation produces
cosmics with a 
at distribution of hits in the reference plane y = 0 in the area z 2 [ � 1 m; 1 m]
and x 2 [ � 20 cm; 20 cm] (the coordinate system used in the simulation is described in Section
2.4.3). The cosmics are then moved 1 m back in the opposite direction of their momentum and
are subsequently released.

Figures of Merit of Cosmic Simulation

The following plots show the distribution of track parameters of reconstructed cosmic tracks
from the simulation. The parameters are described in Section 2.4.3.

Figure 2.10: Track parameter distributions of reconstructed cosmic muons.
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Chapter 3

Pattern Recognition

In its essence, the termPattern Recognition (PR) describes methods to �nd certain \structures"
and regularities in data. An obvious application is in image analysis, when searching speci�c
structures in an image. There are also less obvious use cases, for example in statistical data
analysis. A modern technique that is connected to pattern recognition is machine learning,
which in contrast to traditional pattern recognition, deduces features of the patterns on itself.
The pattern recognition approach used for theCosmic Trigger is rather conservative, as the
format of the patterns will be designed manually in form of Super Pixels (regional clusters of
pixels). The speci�c method of pattern recognition used for the Cosmic Trigger, uses specialised
hardware, so calledAssociative Memory (AM) chips. These provide fast look up techniques for
patterns stored in the memory and thereby enable high speed and low latency.

How pattern recognition will be used and studied at the Cosmic Trigger is described in
the following sections. Additionally, the proposed hardware will be introduced brie
y. In the
following course of this thesis, the termpattern recognition will be used exclusively to refer to a
hardware-focused approach using AMs if not denoted otherwise.

3.1 Applications of Pattern Recognition in High Energy Physics

In most experiments within particle physics, huge amounts of data arise at the detector and it
is unfeasible to store all of it. Hardware pattern recognition can help to reduce the data rate
in real time. Not only is pattern recognition capable of reducing the rate, but in particular of
reducing the combinatorial e�ort for the track reconstruction (see Section 2.4.2). This is due to
the detector hits being sorted into bunches in which they potentially belong to the same particle
track. A reconstruction algorithm then only has to try all combinations within these bunches,
instead of computing combinations of all the hits in the detector. As combinatorial tasks usually
scale exponentially with the number of hits, this is a great save in computation e�ort.

The general approach of pattern recognition is used at several particle physics experiments
at all sorts of detectors. The approach using hardware AMs, is rather special though. The
�rst experiment that successfully implemented an PR trigger system based on AMs was CDF
at Fermilab [20]. The �rst version of the Silicon Vertex Trigger was realised in the early 2000s
and was later upgraded for higher luminosities which also included the development of new
hardware. The most elaborate PR subsystem of the trigger at CDF featured a Monte Carlo
generated pattern database containing 512K patterns. Eventually the system delivered the
expected performance [21].

In the beginning of the 2010s the ATLAS experiment at CERN [22] also started to develop a
AM pattern recognition system, the Fast TracKer (FTK) which was intended to become a key
part of the Trigger and Data Acquisition System (TDAQ) for runs in 2020-2022. Its objective
was to �nd and determine the momentum pT of all tracks above 1 GeV [23] and to analyse
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the data from the ID inner tracker which consists of silicon pixel sensors, similar toMu3e.
Generally, the concept at FTK is very similar to the one discussed for theCosmic Trigger.

The high-luminosity upgrade at LHC (HL-LHC) which is planned for beyond 2026 will be a
big leap for the ATLAS experiment with an estimated event pileup of 200 collisions per bunch
crossing [24]. This imposes another level of demands on triggering and data �ltering. Thus, an
elaborate AM pattern recognition system is planned to be realised, the so-calledHardware Track
Trigger (HTT) . In addition to reducing the band width from 3.2 Tb/s to 1 Tb/s, the system is
also used to pre-�t the found particle patterns [24]. The Cosmic Trigger could make use of the
hardware developed for HTT. It is described in section 3.3.2.

ConcerningMu3e there has been a study on using AM pattern recognition for e�cient beam
event reconstruction as well, which was carried out by Dohun Kim in 2018 [25]. The thesis ex-
amined how patterns could be designed on theMu3e detector and if pre-�tting via such patterns
would give a signi�cant time and computation advantage, especially with phase II in mind. It
was possible to reduce the combinatorial e�ort by a factor of 10. However, an implementation
of pattern recognition for event reconstruction could not clearly be recommended, because of
the cost-bene�t ratio.

3.2 Pattern Recognition on a Pixel Detector

In order to perform pattern recognition, patterns need to be de�ned and speci�ed. In the case of
a pixel detector, a potential approach would be to just use pixels as pattern building blocks and
pixel hit combinations, i.e. the tracks of particles themselves, as patterns. Problematically this
�ne-grained approach does not really reduce the combinatorial e�ort, as the whole combinatorics
would just be calculated in advance. The calculation e�ort, as well as the required memory in the
pattern recognition AMs would be gigantic. Also, the patterns are supposed to be determined
by physical characteristics of particle trajectories and therefore must have a little bit of tolerance
against multiple Coulomb scattering (MS) e�ects. Pixel patterns would not, because usually
the pixel size is smaller than the e�ects of MS which is of magnitudes in the order ofO(100�s ).
Therefore, a more coarse grained pattern design is required.

3.2.1 Concept of Super Pixels

By regionally grouping pixel to pixel clusters, so-calledSuper Pixels can be de�ned. This does
not only reduce the amount of patterns needed (depending on the super pixel size), but is also
more robust against multiple Coulomb scattering. A grid of of super pixels is de�ned to span
over each layer of the detector. Every hit on a pixel can be associated to a super pixel by its
(x,y,z) coordinates.

Super Pixel Mapping

One main subject to evaluate is the con�guration of the super pixel mapping. It de�nes how
the mapping is distributed over the detector, i.e. which pixels belong to each super pixel. This
includes the size and form factor of the super pixels. The most basic parameters that de�ne a
mapping are the number of super pixel bins along thez-axis (beam direction) and the number of
bins in the x,y-plane of the cylindrical pixel detector, the � - or w-direction (see Section 2.4.3 for
a sketch). Starting from these, more abstract parameters can also be studied, such as thesuper
pixel count (SPC) which describes the granularity of a mapping and thesuper pixel ratio (SPR)
which is de�ned as the number ofw-bins divided by the number of z-bins.

SPC = Nwbins � Nzbins and SPR =
Nwbins

Nzbins
(3.1)
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Figure 3.1: Schematic cut through the Mu3e detector. Red lines indicate super pixel boundaries.
The hits of the cosmic muon traversing the detector result in a speci�c pattern of super pixels
(thick red lines).

Where the number of binsN always refers to one layer of one detector stations. Subsequently,
in order to obtain the total SPC, one must calculate

SPCtotal = ( N layer
recurl down + N layer

center + N layer
recurl up ) � SPC = (2 + 4 + 2) � SPC: (3.2)

In this thesis a uniform mapping is chosen and the� -coordinate of a hit is used to separate
the w-bins. This means that all super pixels have the same length inz-direction and cover the
same angle in� -direction, thus being radially symmetric. However, modi�cations of this could
be studied in the future.

3.2.2 Particle Roads and Super Pixel Templates

When a charged particle traverses the detector, it produces hits on the pixel sensors according
to its trajectory. The individual pixel hits correspond to a super pixel respectively. The super
pixels that were hit by a particle de�ne a road, a coarse resolution track, through the detector.
These roads, i.e. combinations of super pixels, are the patterns used for pattern recognition.

Usually, eachroad is accessible to more than one exact pixel hit combination (except when
using single pixels as super pixels) (see Figure 3.2). A road therefore implicitly de�nes a small
interval of momentum ~p, and trajectory o�set ~x0 that a particle taking this road can have. It is
notable, that in terms of physics, a super pixel road de�nes a small subset of the 6 dimensional
phase space(3 momentum and 3 spacial coordinates) a particle can be described in. The �ner
the super pixels are, the less potential particle tracks are allowed on each road, thus the smaller
this subspace becomes.

What is tried at the Cosmic Trigger is to �nd a set of roads that describes a su�ciently high
amount of possible cosmic muon tracks. These can then be used to search the detector data for
their occurrence. At the same time it is intended to minimise the number and granularity of
these roads, so that the chances of random combinations of non-cosmic hits populating one of
the roads is reduced. Basically this means that the subset of phase space which can potentially
be occupied by cosmic mouns is aimed to be described by cosmic roads, while keeping the total
size of the described subset as small as possible.

In order to perform a feasibility simulation study, one must move from the rather abstract
term of super pixel roadsto a more technical implementation of it. At the Cosmic Trigger, super
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Figure 3.2: Three cosmic muon tracks. Two taking the same super pixel road (blue) and another
one taking a di�erent one (orange). The super pixel hits they all have in common are indicated
in red, the individual ones in their corresponding color.

pixel roads are explicitly described asSuper Pixel Templates. A super pixel template represents
a pattern of multiple super pixel hits. According to the detector geometry of Mu3e, a template
consists of 4 super pixels at theCosmic Trigger. Within the study, the inner tracker layers
were ignored and only hits in the outer layers were used for the creation of cosmic templates.
In software, they are described with certain constrains. Cosmic muons approach from above
the detector and have very large radia in the B-�eld. They traverse the detector in an almost
straight line, leaving two hits on each layer they cross. Therefore a cosmic template is described
by four super pixel hits ordered by layer following the chronological order of hits. The �rst
super pixel that was hit is in upper layer 4, the second in upper layer 3, then lower layer 3 and
4 respectively.

3.3 Implementation in Hardware

3.3.1 Associative Memory

An Associative Memory (AM) (or Content-Addressable Memory) is a special category of com-
puter memory, in contrast to a Random Access Memory (RAM) for example. Conventional
computer memories, such as RAMs, work by receiving an address of a memory cell and returning
the data stored at this address. An associative memory is content-addressable. The functional-
ity of it shows similarities to a human brain, where data is stored by association, rather than
by memory location. Content-addressable means that instead of receiving a memory address, it
receives data and searches its entire memory for the cell it belongs to. The content itself serves
as address and consists of a few \data words" that follows some format constrains. Usually,
data words of a few bits in size are used for indexing a speci�c cell in the AM. Due to the search
process being hard-wired, the architecture of an AM is more complex than of a RAM. One can
imagine a AM functioning like this: When a call is put on it, a hardware circuitry switches on
each data word that is present in the call. If a memory cell exists, whose word connections are
all \�red" by the call, the corresponding memory cell is activated and returned. In this way the
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