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Abstract

The Mu3e experiment aims to search for the highly suppressed charged Lepton Flavor Violation
(cLFV) decay process p* — e*e*e™ with a sensitivity of 107'®, which is four orders of magnitude
better than the current exclusion limit. The Tile Detector, composed of scintillation tiles and Silicon
Photomultipliers (SiPMs), is designed to provide the most accurate timing measurement with a
resolution of <100 ps and an efficiency close to 100 %, playing a crucial role in accidental background
suppression.

This thesis covers the study of the radiation damage impacts on the Tile Detector, focusing primarily
on the most radiation-damage-sensitive component, the SiPM. The radiation environment in the
Mu3e experiment has been estimated using a GEANT4 simulation, and a radiation damage test of
the Tile Detector Matrices has been conducted at the same beamline as the actual Mu3e experiment,
reaching 70 % of the maximum dose. A comprehensive laboratory characterization has been carried
out to assess the impact on the SiPMs, particularly the noise of radiated SiPMs. The performance
characterization in the beam-test campaign reveals that a timing resolution better than 60 ps and
efficiency close to 100 % can be achieved with suitable signal readout electronics. Based on the
radiation study results, modifications have been suggested for the current Tile Detector support system
and readout electronics to maintain optimal performance in the presence of radiation damage.

Zusammenfassung

Das Mu3e-Experiment zielt darauf ab, den hochgradig unterdriickten geladenen Lepton Flavor Vi-
olation (cLFV) Zerfallsprozess p* — e*e*e™ mit einer Empfindlichkeit von 107'¢ zu suchen, die
vier GroBenordnungen besser ist als die aktuelle Ausschlussgrenze. Der Tile Detector, bestehend
aus Szintillationstiles und Silizium-Photomultipliern (SiPMs), ist darauf ausgelegt, die genauesten
Zeitmessungen mit einer Auflosung von <100 ps und einer Effizienz nahe 100 % zu liefern, welches
eine entscheidende Rolle bei der Unterdriickung zufilliger Hintergriinde spielt.

Diese Dissertation befasst sich mit der Untersuchung der Auswirkungen von Strahlenschidden auf
den Tile Detector, wobei der Schwerpunkt auf der strahlungsempfindlichsten Komponente, dem
SiPM, liegt. Die Strahlungsumgebung im Mu3e-Experiment wurde mithilfe der GEANT4-Simulation
abgeschitzt und ein Strahlenschadigungstest der Tile Detector Matrizen wurde unter Verwendung der-
selben Strahllinie wie im eigentlichen Mu3e-Experiment durchgefiihrt und erreichte 70 % der maxi-
malen Dosis. Eine umfassende Charakterisierung im Labor wurde durchgefiihrt, um die Auswirkun-
gen auf SiPMs zu bewerten, insbesondere das Rauschen der bestrahlten SiPMs, das im Frequenzbereich
analysiert wurde. Die Leistungscharakterisierung im Strahlentest zeigt, dass eine Zeitauflosung von
besser als 60 ps und eine Effizienz nahe 100 % mit geeigneter Signalausleseelektronik erreicht werden
kann. Basierend auf den Ergebnissen der Strahlenstudie wurden Anderungen fiir das derzeitige Tile
Detector-Stiitzsystem und die Signalausleseelektronik vorgeschlagen, um die optimale Leistung trotz
Strahlenschédden aufrechtzuerhalten.
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Chapter 1

Introduction

What makes up the universe? is a question that has captivated humanity throughout its long history.
Incredibly, over 2000 years ago, ancient Chinese and Greek philosophers independently conceived
strikingly similar ideas: the world is made of fundamental elements.  In ancient China, the five
elements (metal (%), wood (7K), water (7K), fire (*K), and earth (1)) were believed to be the essential
building blocks of the world, first mentioned in the book "Spring and Autumn Annals" ( (%) ) [1].
In parallel, ancient Greece saw the emergence of the four roots (fire, air, water, and earth) as established
by Empedocles, which were thought to form the entirety of the world’s structure [2]. To date, no one
has provided a definitive answer to this question. Nevertheless, the most comprehensive response that
contemporary particle physicists have put forth is the Standard Model (SM), owing to its immense
success in describing elementary particles and their interactions scientifically.

Despite its strengths, the SM has limitations in explaining certain phenomena, and evidence to expand
it remains limited. Given the recent discovery of Lepton Flavor Violation (LFV) in neutral leptons,
LFV in charged leptons appears to be a promising candidate for new physics beyond the SM. The
Mu3e experiment is designed to search for a potential charged Lepton Flavor Violation (cLFV) decay,
p* — e*ee”, with a sensitivity of O(1071%). Detecting this decay would constitute a clear indication
of new physics, while failing to do so would exclude the branching ratio above 1071,

The Mu3e Tile Detector is a sub-detector in the Mu3e experiment, designed to deliver the most
accurate timing information of muon decays with a timing resolution better than 100 ps and an efficiency
close to 100 %. To attain this performance, fast plastic scintillator tiles and Silicon Photomultipliers
(SiPMs) are utilized as front-end sensors. The technical prototype’s beam-test results indicate that the
requirements have been met. This thesis focuses on the irradiation study of the Mu3e Tile Detector to
verify whether its performance remains within the specified requirements after exposure to radiation.

This thesis is organized into four parts:

* Background (Chapter 2, 3, 4):
This section provides an overview of particle physics and radiation damage, as well as the current
status and radiation challenges of the Mu3e Tile Detector.

* Irradiation damage study and SiPM characterization (Chapter 5, 6):
This section focuses on the radiation damage beam-test and a comprehensive characterization of
irradiated SiPMs.

* Irradiation effects on the Mu3e Tile Detector (Chapter 7, 8):

This section presents the performance measurement and analysis of the irradiation effects on
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the Mu3e Tile Detector, primarily concentrating on timing and efficiency effects. Based on the
study results, suggestions for the Mu3e Tile Detector support system and readout electronics are
proposed.

* Summary Chapter (Chapter 9):
This part will summarize the thesis.

Contributions from author

Within a collaborative project, contributions often reach beyond the scope of a doctoral thesis. The
author’s input encompasses two primary aspects: the radiation study of the Tile Detector, which will
be detailed presented in this thesis, and other development contributions that will not be extensively
addressed within the thesis.

The author has led the radiation study of the Tile Detector, including topic proposal, experiment
design, dose estimation simulation, SiPM response simulation, performance characterizations, and
results analysis. The dose estimation was developed based on the general Mu3e simulation software
derived from GEANT4 [3], where the author implemented a new SiPM structure and dose calculation
algorithm. The SiPM response simulation was based on GosSiP [4], with all parameter measurements
conducted by the author.

The Tile Detector technical prototype development is a joint effort among the Mu3e Tile Detector
group, in which the author was also involved. The author’s contributions include GEANT4 simulation
for both overall Mu3e simulation and detailed Tile simulation. Moreover, the author participated in
the design and test of the Tile Detector Printed Circuit Boards (PCBs), such as the Tile Module Board
and Tile Matrix board. Additionally, the author played a key role in the prototype characterization
and results analysis. The author also developed the Quality Control (QC) system for Tile Detector
production and contributed to the Mu3e Data Acquisition (DAQ) development, primarily focusing on

the front-end software development for the Tile Detector.



Chapter 2
Charged Lepton Flavor Violation

The cLFV is a process in which the lepfon family number is not conserved in the transition among
leptons (e, p and t). On the one hand, cLFV is forbidden in the Minimal SM at the tree level and still
strongly suppressed to an undetectable level even with taking neutrino mixing into account. On the
other hand, many new theories predicte that the branching ratio of the cLFV process could be reached
with modern experiments after decades of development. Thus, any observation of the cLFV process
would be a clear signal for New Physics beyond the SM.

This chapter will first introduce the great success of the SM in describing and predicting experimental
data. Indeed, the limits of the current SM will be discussed as well. And then, a review of cLFV from

theory to experimental history will be presented.

2.1 The Standard Model of Particle Physics

The SM is a Quantum Field Theory (QFT) developed from both theoretical ideas and experimental data
to describe fundamental particles and their interactions. It was first-time named with the current name
by Pais and Treiman in 1975 [5] and became a tremendously successful theory established in the past
decades due to its remarkable achievement in the prediction of experimental data [6, 7].

The prediction of the existence of W and Z bosons, gluon, top quark, and bottom quark was confirmed
by experimental data [8]. With the discovery of the Higgs boson in 2012 at the Large Hardon Collider
(LHC) [9, 10], this theory’s last missing puzzle of experimental validation is in place. Mathematically,
the SM has a group structure SU(3)xSU(2)xU(1) to describe both electroweak and strong interactions,
where the SU(3) group is for the strong interaction and the SU(2)xU(1) group is for the electroweak

interaction.

2.1.1 Fundamental particles

The fundamental particles in the SM are cataloged into fermions and bosons based on their weak isospin.
Fermions, following the Fermi-Dirac statistics, have half-integer spin, and all the discovered fermions
in elementary particles have spin 1/2. In contrast, bosons, obeying the Bose-Einstein statistics, have

integer spin. Figure 2.1 shows all the fundamental particles discovered until 2022.
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Figure 2.1: Fundamental particles of the Standard Model, where data is from review of particle physics
published by Particle Data Group in 2022 [7].

Fermions

Fermions in the SM are the basic bricks that build the matter of the Universe. Twelve different fermions
are found as elementary particles, and each has its particle and antiparticle. From here on, the word
particle stands for the same type of particle and antiparticle if not specifically explained. Different
quantum numbers further classify fermions.

All the fermions can be separated into quarks and leptons according to whether they carry the color
charge r/g/b. Quarks are particles with color charge, enabling them to interact via the strong force.
Due to the color confinement phenomenon, quarks combine and form hadrons and can never be found
in isolation. In contrast, leptons cannot interact via strong force and can be found freely. Another
difference between quarks and leptons is that leptons have integer electric charge values (¥1 or 0) while
quarks have fractional electric charge values (+1/3 or +2/3). However, hadrons always have an integer
charge or no charge.

All the fermions can also be classified into three generations, sometimes named families, due to their
flavor quantum number and mass. Each generation includes two quarks and two leptons. Each fermion
in the higher generation is heavier than the corresponding fermion in the lower generation with the same
electric charge, color charge and isospin. The only possible exception to this mass hierarchy might
happen among neutral leptons for which the masses have not yet been measured accurately enough.
Particles in the first generation have the lowest mass, which means that the particles in other generations
can decay to the first generation, but the inverse processes need extra energy in order to take place. It

explains why all the common matter around us is made of elementary particles from the first generation,
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like the proton (uud combination) and electron, and particles from the higher generation can only be

observed in extremely high-energy environments, like the LHC [11] or y-ray bursts [12].

Gauge bosons

The gauge bosons in the SM are the elementary particles employed as force carriers, which reflect
the understanding of the interaction between elementary particles — interaction is the exchange of a
force-mediating gauge boson. Cataloged by interaction types, three types of gauge bosons are included
in the SM corresponding to three of the four fundamental interactions — photon () for electromagnetic

(EM) interaction, W* and Z boson for the weak interaction, and gluons for the strong interaction.

Photon (y): Quantum electrodynamics (QED), the theory to describe the EM interaction, is the
gauge theory with the symmetry group U(1). Thus, there is only one massless gauge boson — photon
(v). The EM interaction between two electrically charged particles equals the process that one particle

emits a virtual photon which is absorbed by the other particle.

Weak bosons (W*, Z bosons): The three weak bosons correspond to the three generators of
the group SU(2) in electroweak theory (EWT), and all are massive due to the Higgs mechanism.
Furthermore, the weak bosons are the particles which mediate the weak interaction between particles.
W= bosons only act with left-handed (LH) particles and right-handed (RH) antiparticles because of the
Parity violation in the weak charged-current interaction. Due to their electric charge, the W* bosons
can also act with other electrically charged particles via virtual photon exchange. In contrast, Z boson
involve the weak interaction (neutral-current interaction). All three weak bosons are short-lived, with
a lifetime of O(1072%) s.

Gluons: In quantum chromodynamics (QCD), the strong interaction between color-charged particles
is mediated by eight gluons, corresponding to the eight generators in the gauge group SU(3). Because
the color states can be mixed, many sets of independent eight-color states ("color octet") can be used to

present the color states of gluons, and here is the commonly used set:

(rb+bP) /N2 —i(rb - bi)/N2
(rg+gf)/N2  —i(rg-gF)/V2
(bg+gb)/N2  —i(bg-gb)/V2
(ri —bb)/N2  (rF+bb —2g3)/V6

, which are linearly independent. Unlike photons carrying no electrical charge, gluons participate in
the strong interaction while mediating it, making the QCD theory significantly harder.

If the color group would be U(3) instead of SU(3), there would be another color singlet (r7 + gg +
bb) /3 besides the octet discussed. And this colorless (or "white") gluon would behave like a "second
photon" with no pure charge and would not participate in the strong interaction directly.
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Higgs boson

The Higgs boson is a massive elementary scalar boson with spin 0. It is the quantum excitation of
the Higgs field, whose existence breaks the electroweak symmetry. The Higgs boson can interact
with any particle with non-zero mass, including itself. Its mass was measured in the ATLAS and
CMS experiments at the LHC with the value of 125.25 GeV, which completed the fundamental particle
spectrum of the SM.

2.1.2 Fundamental interactions in nature

Conventionally, there are four fundamental force interactions in nature: strong interaction, EM interac-
tion, weak interaction, and gravity. In the SM, three fundamental interactions are explained by treating
the interaction processes as the exchange processes of force-carrier bosons — y for EM, gluon for
strong interaction, and W and Z bosons for weak interaction.

In quantum mechanics, the transition rate I'; of interactions between two fermions f; + 13 — f + 1,

(see Feynman diagram in Figure 2.2(a)) is given by Fermi’s golden rule:
T =2x(TslPp(Ey), @.1)

where i is the initial state (f] + f3), f is the final state (f; +f4), p(E ) is the phase space distribution of
the final state, and TY; is the transition matrix element, given by the time-ordered perturbation theory
(second-order):

_ My
(161 ErEsEy)}

Tfi (2.2)
where the E; (i = 1,2,3,4) is the energy of the fermions and the M; is the Lorentz invariant matrix

element:
8182

Mfi:qz_mz’

(2.3)

where g; and g, are the coupling strengths corresponding to the interaction vertices in Figure 2.2(b)
and (c), g2 is the four-vector scalar product with ¢> = (p1 — p2)*> = (p4 — p3)? and the mx is the mass

of the exchanged boson coming from the uncertainty principle:
[
mx - At > 7 (2.4)

where At is the corresponding propagation time.

In Equation 2.3, the term 1/(¢> — mf() is referred to as the propagator. The coupling strength g; is
often replaced by the associated dimensionless constant, & o< g2, for convenience. The dimensionless
coupling strengths for strong, EM, and weak interactions are 1, 1/137, and 1/30, respectively.

Interactions between two fermions can be divided into two SM interaction vertices, each of which
is the coupling of the gauge boson to the fermions. The SM vertex is the basic unit when analyzing
the interaction, and different interaction vertices correspond to the coupling between different fermions
and gauge bosons. The fermions couple to a force carrier only if it carries the corresponding charge of

the interaction. Figure 2.3 shows some SM vertex examples for fermions interacting with four types of
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f1 fz f] f
81 81
pP1 P2 P1 P2
X (mx) = me) + X (mx)
pP3 P4 pP3 P4
82 82
f3 f4 f3 f4
(a) interaction between fermions (b) boson emission (c) boson absorption

Figure 2.2: Interaction between fermions is equivalent to the emission/absorption process of gauge
bosons: (a) = (b) + (¢).

gauged bosons.

q q e e e Ve Ve Ve

(a) Strong (as ~ 1) (b) EM (a = 1/137) (c) Weak interaction (aw,z ~ 1/30)

Figure 2.3: The vertices for the SM fundamental forces interactions.

Among all the fundamental force interactions in nature, the only unexplained interaction is gravity
which is not part of the SM. The hypothesis of graviton exchange for its interaction was proposed, but
no evidence has been directly found. Table 2.1 summarizes the feature of the fundamental forces found
in nature.

Beyond the fundamental interaction of forces, the Higgs mechanism, conventionally not counted

among the fundamental forces, is also included in the SM which explains the mass of particles.

Strong interaction

The strong interaction is the strongest force found in the proton-scale distance (O (fm)). In the SM, the
strong interaction is treated as the strong-force-carrier gluon interacts with the color-charged particles.
The quarks are the only fermions carrying color charge; thus, they are the only fermions that can couple
with gluons. Beyond quarks, the gluons can also couple to themselves because they carry the color
charge. Figure 2.4 shows the mathematical forms of different strong interactions by Feynman diagrams.

In QCD, the three color states (r, g, b) can be represented by the color wavefunctions:

1 0 0
r = 01, g = 1 S b = 0 (25)
0 0 1
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Table 2.1: The four fundamental forces known in nature.

Type Strong EM Weak Gravity
General
Current theory QCD QED EWT relativity (GR)
. 4+ Graviton
Mediators Gluons (g) Photons (y) W=/Z bosons (hypothesis)
Spin 1 1 1 2
Act on Electrical Color charge . Weak -
charge isospin/charge
Relative strength 3 -3 _37
(@10~'5 m) 1 10 10 10
Long-distance | —rmwy 1
behavior : Ur re r
Range 10-15 00 10718 o0
q q g g ¢ g
o g g g

Figure 2.4: Feynman vertices for the SM strong interactions (q stands for quarks here).

However, due to the color confinement hypothesis, only colorless ("white") bounded states of quarks,

hadrons, can exist as free particles. For example, in the e*e™ — qq process, the produced quark/anti-

quark cannot travel back-to-back freely; thus, only colorless particles can be measured in the exper-

iments. This process of high-energy quark (and gluons) producing jets is known as hadronization.

Motivated by QCD, a model with five steps is commonly used as a qualitative description (Figure 2.5):

1). quark/anti-quark production: high-energy quark and anti-quark produced and fly back-to-
back;

2). kinetic energy to color field energy transformation: the high energy of the color field is
restricted in a tube between qq pair (~ 10715 m);

3). new qq pair production: with further separation, new qq pair can be produced when the color
field energy is high enough;

4). continuation of step 3: more qq pairs production;

5). end of process: the energy of all the quarks and anti-quarks is too low for new pair production.

This process results in two colorless jets following the original particle directions (quark and anti-quark).

As discussed above, hadrons, like protons and neutrons, are the bound states of quarks due to strong

interaction. Moreover, it was found that a hadron is significantly heavier than the sum mass of quarks

composing it, which is due to the strong field energy in the hadron. For instance, the sum mass of
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Figure 2.5: Hadronisation process model based on QCD.

individual quarks for a proton is about 8.99 MeV, about 1 % of the proton mass of 938.27 MeV. About

99 % of the proton mass comes from the strong interaction inside the proton.

EM interaction

The EM interaction is the only long-distance force in the SM. Based on the SM, the EM interaction can
be treated as the exchange process of the massless EM-force carrier (y) between electrically-charged
particles. Because the EM interaction only acts on the electric charge, the neutrinos are the only
exceptions in the fermions, which cannot couple to the EM force. Moreover, the EM force can also
interact with the charged W* boson. Unlike the gluon carrying color charge, the photon carries no
charge; thus, it cannot couple to itself. One of the bounded states of the EM interaction is the atom
structure, which is bounded by the EM interaction between one positively-charged nucleus and one or

multiple negatively-charged electrons.

Weak interaction

In the SM, the weak interaction is the only fundamental force coupling to all the fermions. Differing
from the massless carrier for strong and EM interaction, the force carriers for this interaction are
massive W* and Z bosons. The weak interaction is naturally divided into weak charged-current and
weak neutral-current interactions due to the electric charge of W* and Z. Furthermore, the W* bosons
act on isospin. In contrast, the Z boson acts on the weak charge. Moreover, the W* bosons only
interact with left-handed fermions and right-handed antifermions, while the Z boson can interact with
all fermions and antifermions. The weak interaction is the only interaction that breaks both parity (P)
and charge-parity (CP) symmetry.

Similarly to the strong interaction, the weak interaction is also a short-distance force, although the
short range of weak interaction comes from the significant mass of mediators. The heavy force mediators
with a mass of O (90 GeV) result in an interaction range of O (10~ '8 m) based on Equation 2.4. The weak
interaction is the weakest interaction at relatively low-energy scales at fm~! even the intrinsic strength

of the weak interaction, with aw ~ 1/30, is stronger than that of the EM interaction. In a relatively
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high-energy environment, the weak and EM interaction are united into the electroweak interaction
described by the Glashow, Salam and Weinberg (GSW) model developed in the 1960s [13-15].

2.2 Limits of the Standard Model

Currently, the SM is a model with a large number of free parameters, in total 26 parameters if the strong
CP phase 0cp counted [16], to describe the observations instead of developing from a higher theoretical
principle. Undoubtedly, the SM is one of physics’s great triumphs due to its success to predict many
experimental results. Despite this, many questions remain unanswered, and many hints imply new
physics beyond the SM. A few of the outstanding issues and efforts for solutions will be discussed in

this section.

What is dark matter? Based on observation and cosmological models, only 4 % of the Universe is
made of ordinary matter, and 23 % of the Universe is Dark Matter (DM) which is believed to play a
crucial role in holding the Universe together via gravity [17]. It was named "dark" because it does not
interact with the EM field, which makes it hard to be detected. One method to detect DM is measuring
the nuclear-recoiling energy to identify the energy deposited by DM via elastic scattering with nuclei:
X+ A — x+ A. It is the direct-detection method which is the idea of experiments like CDMS[18],
CRESST[19], LZ[20], and XENON]21]. Another method, called the indirect-detection method, detects
the SM particles instead of the DM itself. Experiments like IceCube [22] are searching for neutrinos
with super high energy, which would be indirect proof for DM.

Does supersymmetry exist? The Minimal Supersymmetric Standard Model (MSSM) [23] is one
of the most popular theories to extend the SM, in which each SM particle has a supersymmetric
partner "sparticle” with a 1/2 spin difference, as shown in Figure 2.6. However, no sparticle has ever
been discovered. At the LHC, searching for sparticles is one of the main focuses for new physics
searches [24-26].

S F—
a/q & - I
(=N HO H ! |
:B},‘B Ir-Rssmsees - P A2
1 ] i T~ Ll I
e | bkd Mg e |
0% /p% WOYW,, xS X )
L N4, Y
il % vy
~ L 1 q 1
v/v WE[W : :
\ ;' 1 1
o Ry A~
1 1
\ 7

Figure 2.6: Particles and corresponding sparticles in MSSM. (red) The particle B boson and neutral
W boson are mixtures of gamma and Z boson. (blue) The 2 charginos (i, x5) are the mixtures of
charged Winos W* and charged Higgsinos H*. Moreover, the 4 neutralinos X? withi = 1,2,3,4 are
the mixtures of Bino B, neutral Wino W and neutral Higgsinos H°.

10



2.3 Charged Lepton Flavor Violation

What is the nature of the Higgs boson? Within the SM, the Higgs mechanism assumes a doublet
of complex scalar fields because it is the most straightforward choice instead of the unique one. For
example, supersymmetry (SUSY) model chooses (at least) two doublets of complex fields to extend the
SM and further experiments [27], like measuring the 125 GeV Higgs boson’s branch rate, may provide
new proofs for new physics. The Higgs-factory accelerator was proposed to produce the Higgs boson at
a very high rate, enabling more detailed measurement. A potential candidate for a linear-accelerator [28]
is the International Linear Collider (ILC) [29] proposed in Japan. Additionally, the Compact Linear
Collider (CLIC) [30] at CERN is another option. While the circular-accelerator Higgs factory is the
Future Circular Collider (FCC-ee) [31] at CERN and the Circular Electron Positron Collider (CEPC)
in China [32].

What is the origin of flavour and CP violation? There are still many open questions about the
flavor sector of the SM. The SM does not explain why there are only three generations of fermions.
Furthermore, the observation of neutrino oscillations [33-37] gives a compelling reason to extend the
SM. The transition from one type of neutrino to another even violates the lepton flavor of the individual
particle type.

So, it is for sure that the current SM is not the end of the story, and there are still many loose ends.
This work is on the experiment aiming to search for the cLFV process, which would also be a clear
signal for the new physics. More theoretical details about the cLFV will be discussed in the next

section.

2.3 Charged Lepton Flavor Violation

In the SM, fermions include six quark flavors and six lepton flavors. The flavor of fermions can only
transfer to another flavor by charged-current weak interaction with exchanging a W= boson. For leptons,
the lepton number conservation law is proposed to describe the reaction with lepton participating like

pt— et i, ve.

2.3.1 Lepton number and conservation laws

The net lepton number L is defined as:
L =n; —ng, (2.6)

where n, is the number of leptons and n; is the number of antileptons. Beyond the lepton number,
the lepton family numbers (Le, Ly, L) are also defined for all three generations of leptons, as listed in
Table 2.2. In the SM, it is believed that L is conserved in the Universe, known as the lepton number
conservation law. Moreover, the individual lepton family numbers are also conserved, commonly
known as lepton flavor conservation. Consequently, the change of both lepton number AL and lepton

family number (AL, AL, and AL.) in any interaction process is expected to be zero.
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2 Charged Lepton Flavor Violation

Table 2.2: Lepton family number

leptons | L. L, L.
e, Ve 1 0 0
pL,v, | 01 0
T,v: | O 0 1
e, v, | -1 0 0
po o | 0 -1 0
™. | 0 0 -1

2.3.2 Lepton flavor violation

The observation of neutrino oscillations violates the lepton flavor conservation [38—40], which means
that the lepton family number is not conserved. The non-observation of the LFV in charged leptons
sector might be surprising at first glance. However, it matches the SM calculations.

In the SM, the cLFV process is not allowed at tree level. Even with neutrino oscillations and mixing
effects included, it is still strongly suppressed at an extremely low rate due to that (a) the charged leptons
are significantly heavier than neutral leptons and (b) the W-boson mass is much bigger than the mass
difference between neutrinos. For instance, with current knowledge of the Pontecorv-Maki-Nakagawa-
Sakata (PMNS) matrix, the branching ratio of p* — e*e*e™ reported in Hernddez-Tomé’s work [41] is
still far below to be detectable with

B(pt > efete”) x 7.4 %107, (2.7)

where the contribution of the dominant penguin diagram and box diagram is considered. Figure 2.7
shows an example of the cLFV process p* — e*e*e™, where neutrino mixing is involved in a y-/Z-

penguin process.

Figure 2.7: Feynman diagram of p* — e*e*e™ via neutrino mixing, where the "cross" symbolizes the
neutrino oscillation.

However, many potential extensions of the SM, such as the Grand Unified Theory (GUT) model [42—
441, SUSY model [45], left-right symmetric models [46], models with an extended Higgs sector [47],
predict an experimentally accessible amount of cLFV in a large region of the parameter space. Since

the branching ratio of this type of process based on the SM is negligible, any observation of this process
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2.3 Charged Lepton Flavor Violation

would be clear evidence for New Physics.

A large scale of processes can be used to search for cLFV, such as charged leptons decay( p* — e*y,
p* — e*e*e”, 1 — (*y, T — 3(), rare meson and boson decays ( «, J/¢, B, K, h,Z° ) , and lepton
conversion in the nuclear field ( p”N — e™N, p”N — e*N’ ). Different processes are dominant in

different parameter space regions. Table 2.3 summarizes the best limits reached in different processes.

2.3.3 Muon: experimental probe for charged Lepton Flavor Violation searches

The muon is the lightest unstable charged lepton whose properties are listed in Table 2.4, where Feynman

diagrams of the listed decay modes are shown in Figure 2.8.

() p~ — e Tevpy ()p~ —e e ey,

Figure 2.8: Most common muon decay modes.

The muon-involved process is a suitable probe for cLFV searching and, so far, has been the most

popular one due to the following reasons:
* the high-rate muon beams can be reached at high-energy accelerators or meson factories to obtain
enough statistics in a reasonable time;
e the muon has a longer lifetime, 7, = 2.2 us, compared to all other unstable particles;
* the simple final states of muon-related interactions make it easy to be detected.
The most popular muon-involved cLFV processes are anomalous muon decays, including p* — e*y
and p* — e*e~e*, and muon to electron conversion in a nuclear field p”N — e*N.
In the search for muon-decay cLFV processes, only p* is used because of that:
* (a) p* cannot be captured by the nuclei, while p~ can undergo nuclear capture events and produce
protons, neutrons, and photons which bring extra noise as well as extra damage to detectors,
* (b) the muon beam is produced by the decay of pions from proton-target interaction, where more
7" can be produced, thus, resulting in a higher p* beam.
The sensitivity of the muon-involved cLFV searching improved by 12 orders of magnitude in the past
70 years. Figure 2.9 summarizes all the milestones of the cLFV searches.

The p* — e*y is the very first cLFV channel searched for in experiments. The up-to-date best limit
of this decay is from the MEG collaboration at PSI with data collected from 7.5 x 10'* stopped muons
from 2009 to 2013. The results pushed the upper limit of branching ratio 8(p* — e*y) to 4.2 x 10713
with a confidence level (CL) of 90 % [52]. Furthermore, the upgraded MEG-II aims at improving the
sensitivity to 6.0 x 10~ 1* at 90 % CL [75, 76].

Another possible muon decay via the cLFV process is p* — e*e*e™ decay. The upper limit of
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2 Charged Lepton Flavor Violation

Table 2.3: Current experimental limits for various potential cLFV channels.

Type Process Experiment Best Limit C.L.

Lepton Conversion p™N — e N SINDRUM-II  6.1(7.1) x 10~ Ti(Au)[48, 49]  90%

p"N — e*N’  SINDRUM-II 5.7 x 10713[50] 90%

Muon Decay pt —e*ete”  SINDRUM 1.0 x 10712[51] 90%
pt - ety MEG 4.2 x10713[52] 90%

Tau Decay T > ety BaBar 3.3 x 1078[53] 90%
T — py BaBar 4.4 %1078 [53] 90%

T — eee Belle 2.7 x 1078[54] 90%

T — ppp Belle 2.1 x 1078 [54] 90%

T — pee Belle 1.8 x 1073[54] 90%

T — ppe Belle 2.7 x 1078 [54] 90%

Meson Decay t — nle Belle 8.0 x 1078 [55] 90%
7 — 1 BaBar 1.1 x 1077 [56] 90%

T > ne Belle 9.2 x 1078[55] 90%

T NP Belle 6.5 x 1078[55] 90%

T — ple Belle 1.8 x 1073[57] 90%

t— pp Belle 1.2 x 1078 [57] 90%

10 — pe KTeV 3.6 x 10710 [58] 90%

K? — nlpte” KTeV 7.6 x 1071 [58] 90%

K? — pe BNL E871 4.7x 10712 [59] 90%

K* — n*pte~  BNL E865 1.3 x 1071 [60] 90%

Iy — pe BESIII 1.5x 1077 [61] 90%

Iy — te BESIII 7.5x 1078 [62] 90%

Iy = tp BESII 2.6 x 1079 [63] 90%

BY - pe LHCb 2.8 x 1077 [64] 95%

BY — te BaBar 2.8 x 1073 [65] 90%

BY - tp LHCb 1.4 x 1073 [66] 95%

B — Kpe BaBar 3.8 x 1078 [67] 90%

B — K*pe BaBar 5.1 x 1077 [67] 90%

B* — K*te BaBar 4.8 x 107 [68] 90%

B* — Kt BaBar 3.0 x 107 [68] 90%

BY — pe LHCb 1.1 x 1078 [64] 90%

B — tp LHCb 4.2 x 1073 [66] 95%

h — pe ATLAS 6.1 x 1073 [69] 95%

h — te CMS 2.2 x 1073 [70] 95%

h— tp CMS 1.5 x 1073 [70] 95%

Boson Decay 7% — pe ATLAS 7.5% 1077 [71] 95%
70 — te OPAL 9.8 x 1076 [72] 95%

7° = tp DELPHI 1.2 x 1073 [73] 95%
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2.3 Charged Lepton Flavor Violation

Table 2.4: Key properties of muon from PDG [7].

Item Value
Mass:
m, [MeV] 105.6583755 + 0.0000023
Lifetime:
Ty [ps] 2.1969811 + 0.0000022
Decay mode:
B(p~ — e Tevy) ~ 100%
B(p~ > e Telyy) (6.0+0.5) x 1078
B(p~ > e e etieyy) (3.4+£0.4) x 107
*
1E-2 -
* =
. LN | Ry

4 1E-6 ) ol T

o o

X AX .

> 1E-10 A! .I.A

) - m U—oey * RA %
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Figure 2.9: Milestones of cLFV searching. Data from [74].

branching ratio 8(p* — e*e*te™) is 1.0 x 107!? at 90 % CL from the SINDRUM experiment [51]
at PSI. For the future, the Mu3e experiment at PSI aims to push the sensitivity’s upper limit to
O(10716) [77).
The muon conversion into the electron (B~ — e7) in the nucleus field is another possible probe for
the cLFV process. The upper limit of neutrinoless p — e conversion to normal muon capture ratio is
p N —e™ N

- — <33x107", 2.8
captured p — N = 2:8)

which is obtained by the gold target set by SINDRUM II at PSI [78]. The Mu2e experiment under
construction at Fermilab uses aluminum disks target aiming at reaching a sensitivity of O(10~'7) [79].
Also, with the aluminum target, the COMET experiment at J-PARC aims for a sensitivity of O(10719)
for Phase I and O(10~'7) for Phase II [80].

The current limits and the future experiments for the muon-related cLFV searches are summarized
in Table 2.5.
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Table 2.5: Current limits and planned experiments for muon-involved cLFV searches.

p-cLFV Process

Best Limit

Planned Experiment and Goal

pr—o e’y

4.2 x 10713 (MEG)

MEG-II: O(6.0 x 10~14)

pt — etete”

1.0 x 10712 (SINDRUM)

Mu3e-II: O(1.0 x 10~16)

p"N—e N

3.3 x 10713 (SINDRUM-II)

Mu2e: O(3.0x 10717)
COMET: 0(2.6 x 10~17)




Chapter 3
The Mu3e Experiment

The Mu3e experiment [81] is a novel experiment at Paul Scherrer Institut (PSI) aiming to search for the
cLFV by searching for the anomalous decay p* — e*e*e™. As discussed in Chapter 2, the branching
ratio of this decay in the SM is undetectable (B(p* — e*e*e™) < 1075%). However, many new theories
beyond the SM predict enhanced rates for both loop diagrams and tree diagrams. Figure 3.1(a) gives
an example of this decay with supersymmetric particles running in a loop of the y/Z-penguin diagram.

Furthermore, Figure 3.1(b) presents a possible decay at the tree level with a new particle as the mediator.

(a) (b)

Figure 3.1: Feynman diagram examples of p* — e*e*e™ via (a) sparticles in the y/Z-penguin loop
and (b) new particle in the tree-level diagram.

Due to its strongly suppressed branching ratio in the SM, any observation of the decay would be a
clear signal for the New Physics. And the goal of the Mu3e collaboration is to build an experiment with
a sensitivity of 1071 at 90 % CL to search the p* — e*e*e™ decay, which would improve the up-to-date
sensitivity by four orders of magnitude. Thus, the Mu3e would observe this rare decay if its branching
ratio is > 107'°. Otherwise, the Mu3e would push the upper limit of the branching ratio to O(10716).

This chapter will first introduce the challenges of the p* — e*e*e™ detection, mainly signal accep-
tance and background suppression. Secondly, the experimental design will be briefly described. The
last section will present a more detailed introduction to the Mu3e Tile Detector which the author is

working on.

3.1 Challenges

This section will describe the two main challenges, signal acceptance and background suppression of

the experiment, which motivate the experimental design.
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3 The Mu3e Experiment

3.1.1 Signal acceptance

Although the LFV mechanism in the p* — e*e*e™ process is unknown, the effects of different decay
dynamics can still be studied based on the general parameterized Lagrangian proposed by Kuno and
Okada [82]:

Lyece = _ﬁ[mpAleRo-ﬂveLF,uv

V2

+mﬂAL/,_tLO'”V€RF'uV
+g1(firer)(érer)

+g2(firer)(éLer)

+g3(fary"er)(érYuer) (3.1)

+g4(fipyter)(éryuer)
+g5(firy*er)(eryu er)
+86(firy"er)(éryuer)

+H.c.],

where the couplings constants Ag_ ;. are mainly contributing from the photonic process (y-penguin dia-
gram in Figure 3.1(a)), while the form factors g;_¢ describe the general direct four-fermion interactions,
where the tree diagram as shown in Figure 3.1(b) contributes at leading order.

Different signal models can be generated by varying LFV couplings strength (Ar 1, g1-¢), Which
is significant for the signal acceptance study. With various coupling strengths, the energy distribution
of the highest-energy decay particles (Enax) and the fraction of events where all decay particles have

transverse momentum pT > PT.min are shown in Figure 3.2.

— dipole&vector (A,g3,94, no intf.)
A,g3,g4, constr. intf.)
A,g3,g4, destr. intf.)
A,g5,g6, no intf.)
A,g5,g6, constr. intf.)
A,g5,96, destr. intf.)

—— dipole&vector
— dipole&vector
— dipole&vector
dipole&vector
dipole&vector

Acceptance

0.5

| —dipole (A)
—scalar (g1,92)
... vector (g5,96)

J

30 40
P [MeV/c]

(a) Energy distribution of E . (b) Signal acceptance along pr,min.

Figure 3.2: Simulation results of Ey,x and acceptance of Mu3e experiment. (a) Energy distribution of
the highest energy particle from p* — e*e*e™ decays. (b) Signal acceptance along different minimal
transverse momentum pr mi, for different effective LFV models, where acceptance is defined as the
fraction of p* — e*e*e™ decays where all three decay particles have transverse momentum pt > pr min-
Both figures from [83] based on [82].

One big challenge of the Mu3e experiment is the requirement of high signal acceptance. Because
pt — e*e*e” is a three-body decay without known kinematics, the signal acceptance has to be as high
as possible to cover a large parameter space of New Physics. On the one hand, the highest energy of the

decay particles (see Figure 3.2(a)) indicates that the experiment must be able to reconstruct particles
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3.1 Challenges

with energy up to half of the muon rest mass. On the other hand, the acceptance with different minimal
momentum cuts (see Figure 3.2(b)) tells that high acceptance can only be achieved with low momentum
decay particles detectable. Thus, the experiment has to reconstruct tracks of the decay particles with
momentum from a few MeV to half of the muon mass. It can be achieved with a large solid angle

covered in the experiment, mainly limited by the mandatory room for beam entry and exit points.

3.1.2 Background suppression

The signal decay p* — e*e*e™ is characterized by the two positrons and one electron from the same
vertex simultaneously, as shown in Figure 3.3. As the muons are stopped on the target, the total energy

and momentum of the three decay products fulfill:

3 3
ZEi = m,,and Zﬁi =0, (3.2)
i=1 i=1

where i refers to the three products in each decay.

@

©
@

Figure 3.3: Signal of the Mu3e experiment.

The Mu3e experiment has no irreducible background because the branching ratio of p* — e*e*e”
decay in the SM is far below the detectable level. Thus, the sensitivity of the experiment is purely
decided by the capability to distinguish the background events in two categories (shown in Figure 3.4):
Internal Conversion (IC) background from p™ — e*e~e* 1,1, and accidental background from overlays

of different processes.

"0,
\

- ‘, o © o

s

(a) IC background (b) Accidental background

Figure 3.4: Main background sources of the Mu3e experiment. (a) IC background from p* —
e*e”e* U, v, where the only difference to the signal decay is the energy and momentum. (b) Accidental
background due to overlays of e* from multiple processes, where two cases are shown. The first is
the combination of two processes: a pair-production and an additional positron. The second is the
combination of three processes. The electrons in the accidental background mainly come from the
Bhabha scattering and pair-prodution, while the positrons are mainly from the Michel decays.
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3 The Mu3e Experiment

IC background Because neutrinos are invisible in the Mu3e detector system, the IC background
has the same visible final state as the signal: two positrons and one electron from the same vertex
simultaneously. Thus, the vertex and timing measurement cannot suppress this background. The only
difference between the IC background event and the signal event is the energy difference which is

carried away by the neutrinos (v, and v,), leading to:

3 3
D E;<my,and Y P; #0. 3.3)
i=1 i=1

Therefore, the IC background can only be distinguished by momentum measurement. Figure 3.5 gives
the background contamination in the signal region, and a momentum resolution of better than 1 MeV/c

is required.

Mu3e Phase | Simulation

= Cu - eeevv
% : "l dot: 1 event per 10'® u stops
=, “ " % Michel + Bhabha

N " 1 dot: 1 event per 10'® u stops
Q_U

100 105 110
Meec [MeV/c?]

Figure 3.5: Reconstructed center-of-mass momentum versus the invariant mass for signal and back-
ground (only IC and accidental background plotted) events. The shape of the signal contour at 90 %
and 95 % comes from events where one of the track has an upward fluctuation of the energy loss in
the target or the first tracker layers, which leads to a lower reconstructed invariant mass and a larger
reconstructed center-of-mass momentum due to the imbalance. Figure from [83].

Accidental background The accidental background mimics two positrons and one electron from
multiple processes. The positrons are mainly from the Michel decays (p* — e*¥.v,,) with a branching
ratio close to 1. Due to low electron production directly from the muon decay, the electrons are
mainly produced by Bhabha scattering (e*e™ — e*e™) and pair-production of y from radiative decays
(p* — e"ev,y). Unlike the IC background, the sources of the accidental background have no
coincidence in space and time. It can be strongly suppressed by the vertexing and timing measurement.

Moreover, the momentum measurement can also improve the background suppression because

3 3
D Ei#my,and ) P; #0. (3.4)
i=1 i=1
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The simulation studies suggest that, with a muon stopping rate up to 2 x 10° Hz, the timing resolution
dominates the accidental background suppression. In order to reduce the accidental background by at
least two orders of magnitude, a time resolution better than 100 ps was required for the Tile Detector to

identify non-synchronous muon decays [83].

3.2 Experiment Design

The Mu3e experiment tries to search the p* — e*e*e™ decay via detecting decay products of high-
intensity muon beam stopped on a double cone target. The experiment will be built in two phases as
the required final muon beam with intensity of 2 x 10° p*/s is still being developing at PSI. Figure 3.6
illustrates the schematic view of the Mu3e experiment for both phases. Muons from the beamline stop
and decay on the target located at the center. All the charged particles from the decays will propagate
along a helix in the homogeneous magnetic field if their transverse momentum |ﬁT| > 0. Therefore, the
momentum can be precisely measured by the particle trajectory reconstruction primarily relying on the
Pixel Detector. The Pixel Detector also provides precise decay vertices identification. Moreover, The
most precise timing information is provided by the Tile Detector in both recurl stations. Furthermore,

the Fiber Detector in the central station is a compromise of timing resolution on the material budget.

Recurl pixel layers _— - ~—

Scintillator tiles Inner pixel layers

—— uBeam Target &

Scintillating fibres

Outer pixel layers
10cm

Recurl pixel layers _ ~~

Scintillator tiles \
Inner pixel layers
——iaae

——% uBeam Target

Thin timing detector

Outer pixel layers

10cm

(b)

Figure 3.6: Schematic view of Mu3e experiment. (a) phase I configuration: one center detector station
and two recurl detector stations. (b) phase II configuration (possible): longer recurl stations, smaller
target and more segmented inner layers to extend the acceptance. Figures from [83].

The goal of the Mu3e phase I is reaching the single event sensitivity of 2 x 10™!> with more than
2.5 x 10" muons stopped on the target, which requires a 2.5 x 10’ s run time with a muon stopping
rate of 108 p*/s.

This section will briefly introduce the overall Mu3e experiment design, including the muon beam,

target, magnet, and detector system. In this section, only a general introduction to the Tile Detector
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3 The Mu3e Experiment

will be included. The section 3.3 is dedicated to the Tile Detector, where more details can be found.

3.2.1 Muon beam

Due to the experiment’s high muon beam intensity requirement, the tES channel at PSI in Switzerland
is the only choice for the Mu3e experiment. Figure 3.7 shows the structure of the TES channel. The
muons are from the pion decays at the surface of the primary production target E (TgE) and then guided

to the muon-stopping target in the Mu3e solenoid by the Compact Muon Beam Line (CMBL).

- 1
—>

MEG/Mu3e

Shared elements

Native mES elements

Y

I

|l &
>l <

I

Triplet II: Triplet I:
aska1,42,43°*""" QsB41,42,43 Proton
SML/Collimator

Mu3e/CMBL

Split Triplet:
Q5041,05042,05M

M6

Figure 3.7: Schematic of the TE5 channel, CMBL and Mu3e solenoid at PSI. The Mu3e detector cage
will be installed inside the solenoid, where 1 T magnetic field is provided. Figure from [84] based on
[83].

The muon beam profile estimated by the GEANT4-based simulation software G4BEAMLINE
(G4BL) [85] is given in Figure 3.8, where the Root Mean Square (RMS) of the projection on hor-
izontal (x) and vertical (y) are RMSx = 7.50 mm and RMS, = 8.74 mm respectively.

As reported in the Technical Design Report (TDR) published in 2021, the estimated muon rate at the
stopping-target position is around (5 — 6) x 107 p*/s at 2.4 mA proton beam current. Furthermore, an
intensity of (7—8)x 107 u*/s at 2.4 mA proton beam current can be reached using the 60-mm production
target or the 40-mm long slanted target. Further enhancement to fulfill the Mu3e phase I requirement,
10 ut/s, is still under study. Moreover, it was reported that the final intensity of 2 x 10° u*/s will be
reached after 2026 [86].

3.2.2 Stopping target

The biggest challenge of the target design is optimizing the stopping power to stop as many as possible
of the muons while minimizing the material added to the experiment, because the low energy of the
decay particles makes the measurement very sensitive to the material budget. Many target shapes
were studied, and a hollow double-cone design provides the highest stopping probability with the least

material.
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RMS, =7.50

1000

RMS, = 8.74
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Figure 3.8: Muon beam profile estimated at the target position with G4BL model. Figure from [83].

As shown in Figure 3.9, the diameter of the target is 38 mm to match the expected beam profile
shown in Figure 3.8. The total length of the target along the beam direction is designed to be 100 mm
to spread the decay vertices to reduce accidental background. The low-Z Mylar foil with the thickness
of 70 um and 80 um is employed to make the front and back part of the target, giving a total projection
thickness in beam direction of 422 um corresponding to 0.15 % of the radiation length Xy. To avoid
charge accumulation from the high rate p* beam, both cones’ inner and outer surfaces are aluminum
coated and connected to the mounting carbon tube, from which the charge can be released very quickly
(Figure 3.9(b)). The studies show that 95.5 % of the muons that reach the target can be stopped [83].

100 mm

38 mm

70 um Mylar 80 um Mylar

(a) (b)

Figure 3.9: The muon stopping target of the Mu3e experiment. (a) Dimensions of the baseline design
and (b) a manufactured target at PSI. Figures from [83].
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3.2.3 Magnet

The Mu3e magnet is a superconducting solenoidal magnet with a warm core diameter of 1 m and
length of 2.7 m, which is designed and produced by Cryogenic Ltd. in the UK. Figure 3.10 shows the
delivery of the magnet at PSI. The magnetic field, provided by the niobium-titanium superconducting
coil with a nominal operating temperature of 4K, is a 1 T homogeneous magnetic field to make the
precise momentum measurement possible. To minimize the momentum measurement uncertainty, the
magnetic field has an inhomogeneity of AB < 10~ within +60 cm around the center and long-term
stability of AB < 107* in 100 days [83]. Furthermore, a rail system was equipped to insert the

experimental cage into the magnet.

] 4

B . : f . | — ‘ -
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Figure 3.10: Mu3e solenoid magnet delivery at PSI. The whole magnet is shielded by a 27-ton iron
coat to reduce the stray field to <5mT at a distance of 1 m. Figure from [83].

3.2.4 Detector system

The Mu3e phase I detector system is a series of sub-detectors mounted on three stations, one central
station surrounding the stopping target and two recurl stations on both sides (see Figure 3.6(a) for
schematic view and Figure 3.11 for Computer-Aided Design (CAD) model). All the sub-detectors
can be categorized into two systems by their purposes: tracking detector to measure hit information
for accurate vertex and momentum measurement and timing detector for precise timing measurement.
The detector system’s overall requirement is having a momentum resolution of 0.5 MeV/c, a vertexing

resolution of 200 um and a timing resolution of <100 ps.
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Figure 3.11: The CAD drawing of the Mu3e detector system, involving a central station in the middle
and two recurl stations on both sides. Only a part of the components are shown for better view. Figure
from [87].

Tracking detector

The tracking detector is divided into the inner Pixel Tracker, the innermost two layers on the central
station, and the outer Pixel Tracker, which consists of the outer two layers covering all three stations.
Each layer of both the inner and outer Pixel Trackers is a series of MuPix sensors glued on high-
density interconnects (HDI). The MuPix sensor is a High-Voltage Monolithic Active Pixel Sensor
(HV-MAPS) specifically designed for the Mu3e tracking detector [88], and the HDI is a flex circuit
made of aluminum-polyimide laminates [84]. Figure 3.12 illustrates the Pixel Tracker of the central

station and Figure 3.13 shows the pictures of the assembled detectors.

100 L Layer 4
ool ™ Layer 3 ModulesZ”
-~ Layer 2 of 4 ladders
~
£ o Layer 1 |//
£ T~ Target arge
ﬁ_— Half-shells
-50f MuPix chips 4 or 5 ladders
-100-
T T T T T T T j !
-200 -100 Omm 100 200

Figure 3.12: The Pixel Tracker geometry on the central station. (left) The small gaps inside each layer
is the gap between different MuPix sensors. Figure from [83].

To achieve the precise vertex and momentum measurement, the MuPix sensor has to reach a hit effi-
ciency of >99 % and a time resolution of <20 ns with minimal sensor thickness and power consumption.
The final prototype of large MuPix, MuPix10 [87-89], fulfills the requirement with a hit efficiency of
>99.9 % (noise-per-pixel-rate of <2 Hz) and an intrinsic timing resolution of 6(+1) ns. Also, to meet
the spatial resolution and material budget requirement, the MuPix10 is designed with a pixel size of
80 x 80pm? and a thickness of 50 um.
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3 The Mu3e Experiment

Figure 3.13: Fully assembled (left) layer 1 and (right) layer 2 of the Pixel Detector. Figures from [84].

Timing detector

The timing detector involves two types of subdetectors: the Tile Detector and the Fiber Detector.
Due to similar purposes, good timing measurement with high efficiency, they have many of the same
features. Both detector designs are based on scintillation material and a photon sensor, in which
visible photons are generated by scintillation material and then collected by the photon sensor. Both
detectors choose a low-Z plastic scintillator for photon generation, SiPM for photon collection, and the
common Application Specific Integrated Circuit (ASIC), MuTRiG (Muon Timing Resolver including
Gigabit-link) [90], for signal readout. Of course, the difference in requirements still leads to different

characteristics of those two detectors, which will be discussed in the following two paragraphs.

Fiber detector The Fiber Detector comprises 12 scintillation-fiber ribbons with a size of 300(L) x
32.5(W)mm? coupled to SiPMs on both sides, see Figure 3.14. Due to the location 5 mm below the
outer Pixel Detector in the central station, the Fiber Detector is a compromise of timing resolution and
the material budget. It is minimized to X /Xy ~0.2 % with three layers of round fibers assembled as
shown in Figure 3.14(b). Moreover, the 128-channel SiPM array on each side of the fiber ribbon is read
out by 4 MuTRiGs, and a timing resolution of about 250 ps was obtained [83].
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Figure 3.14: (a) The Fiber Detector CAD drawing and (b) schematic of scintillation fibers mapping on
SiPMs, where the rectangles represent SiPMs and the circles represent fibers’ cross-section [83].

26



3.3 Tile Detector

Tile detector The Tile Detector is mounted on both recurl stations below the outer Pixel Detector
layers. The Tile Detector has no material budget limit because it is expected to be the last detector
hit by the decay particles. So it is only optimized for superior timing resolution with high efficiency
close to 100 %. The Tile Detector has two stations, each with 7 modules, as shown in Figure 3.15. The
station is designed with a length of 34.23 cm to fulfill the acceptance requirement and a outer diameter
of 6.41 cm limited by the inner diameter of the outer Pixel Tracker. The precise timing measurement is
achieved based on the fast physics processes in the scintillation tile and SiPM, as well as the excellent
timing performance of the MuTRIiG chip for signal readout. As a result, a timing resolution of <50 ps
was obtained in the beam test campaign at Deutsches Elektronen-Synchrotron (DESY), Hamburg [91].
More details about the Tile Detector will be discussed in section 3.3.

scintillator
tiles

module

endring
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Figure 3.15: The CAD drawing of one full Mu3e Tile Detector station. (a) exploded view and (b) front
view. Each station consists of seven Tile Detector Modules mounted on two endrings. Figures from
[83].

3.3 Tile Detector

As mentioned in section 3.2, the Tile Detector is the detector that provides the most precise timing
measurement in the Mu3e experiment. This section will present more details about the design to show
the approach to meet the requirement: timing resolution below 100 ps at an efficiency close to 100 %.
Particle information detection can be roughly categorized into two sub-processes: (1) the transfor-
mation of particle information to the electronic signal, which includes the interaction of the particles
and the front-end sensor and the signal transform to electronic form; (2) the obtainment of interesting
information via specific algorithms. Following this logic, this section will first discuss the front-end
sensor design, which is used to transform particle energy into an electronic signal, and then introduce
the timing discrimination algorithm in the design. Moreover, the support system for the Tile Detector,

including the power supply and cooling system will also be discussed at the end of this section.
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3 The Mu3e Experiment

3.3.1 Front-end sensor

The front-end sensor of each Tile Detector channel consists of a scintillation tile, converting deposited
particle energy to a large number of visible photons, and a SiPM, collecting photons and transferring

to the corresponding electronic signal.

Scintillation tile Two main categories of scintillators commonly used in particle physics detectors
are organic and inorganic scintillators. Due to its relatively low price and fast decay time, the organic
scintillator is the better option for the Tile Detector in the Mu3e experiment.

Based on previous studies [4], the plastic scintillator EJ228 [92], a typical organic scintillator, was
chosen as the baseline scintillation material. EJ228 gives the best timing resolution because of its high
light yield and fast decay time. More key properties are shown in Table 3.1. The nominal light yield
of EJ228 is 10200 photons/MeV for electron, and the peak of the emission spectrum locates around
391 nm (Figure 3.16). The rise time and decay time of the scintillator are 0.5 ns and 1.4 ns, respectively.
The large number of photons give a small statistic uncertainty leading to better timing resolution. At
the same time, the fast response also results in better timing with more concentrated photon distribution

in time.

Table 3.1: Key properties of scintillator EJ228. Data from [92].

Property Value
Light Yield [photons/MeV (e7)] 10200
Rise Time 7, [ns] 0.5
Decay Time 74 [ns] 1.4
FWHM of Pulse Width [ns] 1.2
Density [g/cm?] 1.023
Refractive Index 1.58
Softening Point [°C] 75
Temperature Range [°C] -20 to 60

Amplitude [a.u.]
o o =
P @ o

o
LS

350 400 450 500
Wavelength [nm)]

Figure 3.16: Scintillation photon spectrum of EJ228, where the spectrum peak locates at around
391 nm. Data from [92].
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3.3 Tile Detector

The scintillation tile is designed to have a geometry of 6.3 X 6.2 X 5.0 mm?>, as shown in Figure 3.17.
To cover the full angle of the cylinder (along ¢), half of the tiles are beveled by 25.7°, which are referred
to as edge tiles due to their edge position in the Tile Detector Module (see Figure 3.17(b)). The other half
of the tiles are named central tiles. All the tiles are wrapped with Enhanced Specular Reflector (ESR)
foil [93] individually to enhance the photon collection and avoid optical crosstalk between channels.
The laser-cut ESR foils for individual tiles are shown in Figure 3.17(c), where the photons are read out
via the 3 x 3 mm? window. Two wrapped tiles are shown in Figure 3.17(d), and the window will couple

to the SiPM active area via optical grease for better photon collection.

5 mm

(c) (d)

Figure 3.17: Scintillation tiles for the Mu3e Tile Detector : (a) geometry of the central tile, (b) geometry
of the edge tile, (c) ESR reflective foils for (left) edge and (right) central tiles, and (d) individually
wrapped (left) central and (right) edge tiles.

SiPM SiPM, an array of parallelly connected Single Photon Avalanche Diode (SPAD), is the state-
of-the-art type of solid-state photo-sensor.
SiPM has become one of the most favored sensors in scientific applications after development in the
past decades. Its success is mainly attributed to its key advantages, such as:
* mechanical and electrical ruggedness due to the well-developed semiconductor packaging tech-

nology and no need for an extreme operation environment, like the vacuum for Photomultiplier

Tubes (PMTs);
* easy integration due to its compactness;
* insensitivity to magnetic fields due to its strong field and small distance in the avalanche region;
* low operation voltages <100 V;
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3 The Mu3e Experiment

* uniformity in characteristics among massive fabrication due to the standardized semiconductor

production;
* high Quantum Efficiency (QE);
* low price for mass production.

A comparison of a series of SiPMs for the Tile Detector was conducted [4], and the best performance
was achieved with the SiPM S13360-3050VE from Hamamatsu [94]. Some key properties are listed
in Table 3.2. This SiPM has a pixel size of 50 x 50 um? in an active area of 3 x 3 mm?, which
avoids saturation while ensuring a high fill factor and photon detection efficiency (PDE). The PDE
distribution along wavelength is plotted in Figure 3.18a, whose peak roughly matches the peak of the
photon emission spectrum of EJ228, leading to a high overall energy-to-detected-photon conversion
efficiency. Figure 3.18b shows the photon spectrum from EJ228 with and without PDE considered,
which gives an overall PDE

€ar1 = 34.84 %. 3.5

Table 3.2: Key properties of SiPM S13360-3050VE from Hamamatsu. Data from [94].

Property Symbol Value
Active Area [mm?] - 3x3
Pixel Size [pm?] - 50 x 50
Number of Pixel Npixel 3584
Fill Factor [%] - 74
Refractive Index of Window Nwin 1.55
Operation Temperature [°C] Topt -20 to 60
Typical Gain M 1.7 x 10°
Breakdown Voltage [V] Vor 53+5
Temperature Coeflicient [mV/°C] ATVOpt 54

E 50 -; 1
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Photon spectrum after PDE
(G = 34.84%)
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(a) PDE of SiPM (b) Photon spectrum with/without PDE

Figure 3.18: PDE of SiPM S13360-3050VE [94] and its influence on the photon spectrum. (a) PDE
of the SiPM used in the Tile Detector, with the peak located at approximately 450 nm. (b) The photon
spectrum from EJ228 before and after accounting for SiPM photon detection, resulting in an overall
PDE of 34.84 %.
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3.3 Tile Detector

The differential-readout technique is implemented to optimize the Tile Detector timing in the readout
circuit design, illustrated in Figure 3.19. The positive signal P readout port is directly coupled to the
SiPM anode. In contrast, the negative signal N is coupled to the cathode via the capacitor Cy =100 nF.
A resistor Rp=1kQ is employed for circuit protection. Based on this design, the rise time T, of the
SiPM signal is around 1 ns which suppresses the timing jitter contributed by the electronic noise, while
the decay time 14 is around 30 ns avoiding the adjacent events pile-up at a high rate. The ports P and
N are the differential signal couple that will feed to the readout chip MuTRiG. Moreover, the Vyi,s port
will connect to the common High-Voltage (HV) power supply for all the SiPMs. More technical design
details will be introduced in subsection 3.3.3.

Vbias

Ro

Co== ZK& siPM

N P

Figure 3.19: Differential read-out circuit design for single Tile Detector SiPM.

3.3.2 Timing discrimination

To obtain a precise time stamp from the SiPM signal, a leading edge timing discrimination algorithm
was implemented in the readout chip MuTRIiG, specifically designed 32-channel ASIC for the readout
of timing detectors in the Mu3e experiment.

As illustrated in Figure 3.20, two different thresholds are employed to discriminate the signal from
the Tile Detector SiPM. The lower threshold, referred to as the timing threshold, is designed to obtain
the time stamp when the leading edge crosses the threshold. With a threshold range from the single
photon to a few tens photons level, an excellent timing resolution can be achieved. The higher threshold,
named energy threshold, is used to measure the energy-related value Time-over-Threshold (ToT), which
is a function of the detected number of photons. The primary purpose of the ToT is used for time-
walk correction and noise filtering in later data analysis. Both timing and energy outputs from the
discriminators are digitalized by a time bin size of 50 ps. Figure 3.21 also shows the process from the
SiPM input signal to the digitalized timing and energy information with the schematic of the MuTRiG
single channel. The digitized event data will then send to the overall Mu3e DAQ system.

3.3.3 Technical design

Due to its advantages, the modular concept is applied in the Tile Detector technical design. The Tile

Detector channel is the fundamental detection element, which involves a wrapped scintillation tile, a
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Figure 3.20: Principle of the signal discrimination in MuTRiG. The time stamp of signal’s leading edge
cross the timing threshold is the primary timing for the event. The energy ToT is used for time-walk
correction as well as noise filtering. Figure from [83].
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Figure 3.21: Diagram of the MuTRIiG single channel. The input signal is separated to two branches:
timing and energy branches. The analog process part is marked with red and the digital part is blue.
Figure from [83].
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SiPM and its corresponding readout electronics. Figure 3.22 gives the technical design flow chart. In
the design, the base unit of the Tile Detector is the Tile Detector Matrix involving 16 channels arranged
in a 4 X 4 matrix, and each Matrix is read out by a flexible PCB. Twenty-six matrices mounted on an
aluminum cooling support structure by a 2 X 13 array form a Tile Detector Module. In the Tile Detector
Module, every two Matrices mounted on the opposite position are read out by the same MuTRiG chip
soldered on the readout board, the Tile Module Board (TMB), see Figure 3.23. Thus, every TMB
includes 13 MuTRiG chips. Each Tile Detector Station includes seven Tile Detector Modules mounted
on two endrings, read out by seven identical TMBs. The Mu3e Tile Detector comprises two stations

mounting separately on the Upstream (US) and Downstream (DS) beam pipes.

Figure 3.22: Schematic of the Tile Detector with modular concept.

Figure 3.24 illustrates the signal flow of the Tile Detector, in which the circuit of the single tile
channel is shown in Figure 3.19. Every 32 differential analog signals from frond-end sensors are read
out by one MuTRiG chip, where the timing and energy information is obtained and digitalized. The
digital signals from all 13 MuTRiG chips are read out by the overall Mu3e DAQ via the Front-end
FPGA. For the whole Tile Detector, there are, in total, 5824 analog signal lines read out by 182 MuTRiG
chips. Each MuTRiG chip has one output signal line. Thus, 182 digital signal lines are feeding to the
Mu3e DAQ. More details about the Mu3e DAQ can be found in [83, 95].

3.3.4 Support system

This section will introduce the support system for the Tile Detector , inlcuding cooling and low-/high-

voltage power supply.
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Figure 3.23: Sideview of the Tile Detector Station. Both Tile Detector Matrices and TMBs are mounted
on the cooling structure directly and a thermal connection is designed for better cooling.

Figure 3.24: Signal flow chart of the Tile Detector.

34



3.3 Tile Detector

Cooling

A stable temperature environment is significant for the consistent performance of the Tile Detector .
The temperature effects on all the key components were considered before the cooling design. For the
MuTRiG chip, only small impacts on threshold shift were observed within a cooling liquid temperature
from around 40 °C to —-35 °C. Furthermore, No timing performance deterioration was found in a 100-
hour test without cooling, where the surface temperature of the MuTRiG is around 95 °C. For both
scintillation tile and SiPM in the Tile Detector, an operating temperature range of —20 °C to 60 °C is
suggested by the datasheet, see Table 3.1 and Table 3.2. Furthermore, the SiPM requests the temperature
to be as low as possible because its Dark Count Rate (DCR) reduces when temperature decades. A
small temperature fluctuation is also required due to the temperatur