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Abstract

The MuPix pixel sensor series is designed for the Mu3e experiment with the aim of
precise particle tracking while keeping a low material budget. The latest version is
the MuPix10, which is the first sensor designed to fulfill all technical requirements
of the Mu3e detector. The sensor provides a functionality for single-pixel threshold
adjustment, which can be used to unify its detection response regarding different
characteristics. The procedure of adjusting the threshold of each pixel is referred to
as calibration. This thesis reports on the study of three calibration methods for the
MuPix10 sensor, namely signal tuning, noise tuning and timing tuning. Signal and
noise tuning have been implemented on MuPix10. With the signal tuning aiming
for a uniform signal response, a significant reduction of the threshold dispersion
from 11 mV to 4:8mV was achieved. Further, the method of timing tuning, which
aims to reduce the spread of signal propagation delay on the sensor, is investigated
theoretically. All three methods mentioned above are compared and their possible
utilization for Mu3e is discussed.

Zusammenfassung

Die MuPix-Pixelsensoren werden fiir das Mu3e-Experiment zur prazisen Teilchen-
spurmessung bei einem gleichzeitig kleinen Materialbudget entwickelt. Die ak-
tuelle Version ist der MuPix10, welcher als erster Sensor per Design alle technis-
chen Voraussetzungen des Mu3e-Detektors erfiillt. Der Sensor verfiigt tiber eine
Funktion zur Variation der Schwellenspannung jedes einzelnen Pixels mit dessen
Hilfe die Detektorantwort beziiglich verschiedener Charakteristiken vereinheitlicht
werden kann. Diese Methode der Schwelleneinstellung wird auch als Kalibration
bezeichnet. Die vorliegende Arbeit beschreibt die Untersuchung von drei Kali-
brationsmethoden fiir den MuPix10-Sensor: Signalkalibration, Rauschkalibration
und Zeitkalibration. Signal- und Rauschkalibration wurden dabei auf MuPix10
implementiert. Durch die Signalkalibration, welche auf eine einheitliche Signalant-
wort des Detektors abzielt, konnte eine Verringerung der Schwellendispersion von
11 mV auf 4:8 mV erreicht werden. Zuséatzlich wird der Ansatz der Zeitkalibration,
der fiir einer Vereinheitlichung von Signallatenzen verwendet wird, theoretisch be-
handelt. Die drei Kalibrationsmethoden wurden miteinander verglichen und ihre
mogliche Umsetzung fiir Mu3e diskutiert.
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Introduction






1 Motivation

The Standard Model of particle physics is a quantum eld theory which describes
the current understanding of the fundamental constituents of matter in our uni-
verse, the elementary particles. Despite its predictive power and its veri cation in
many particle physics experiments, there are still open questions remaining. For
example, the Standard Model does not predict the masses of neutrinos and also
does not include gravity as a fundamental force. In order to test extensions of
the Standard Model, branching ratios of decays are measured with high precision.
Here, unknown particles or processes can result in signi cant deviations from the
Standard Model prediction.

In this context, the Mu3e experiment searches for the charged lepton avor violat-
ing muon decay * ! €"e €'. In order to identify the signal decay, it is required
to measure the trajectory of the decay products with high precision. Since the
detector sensitivity highly depends on the reduction of detection material, a track-
ing system with a low material budget is required. For this purpose, the MuPix
pixel sensors are developed. The current version of the sensor, MuPix10, is the
rst version ful lling all technical design requirements of the detector. To achieve
uniformity of the sensor matrix regarding di erent characteristic values, the sen-
sor has to be calibrated. Within this thesis, three calibration methods for the
sensor matrix are described: signal, noise and timing tuning. The former two
methods were for the rst time implemented and investigated on the MuPix10
sensor, while the implementation of the latter one is discussed theoretically. In
the end, the tuning methods are compared and a possible implementation for the
Mu3e detector is shortly discussed.
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2 Theoretical background

2.1 The Standard Model of Particle Physics

The Standard Model covers the electroweak interaction as well as quantum chro-
modynamics and therefore all fundamental forces with exeption of gravitation. It
consists of three generations of spin half fermions, four integer spin gauge bosons
and the spin zero Higgs boson. The fermions divide into quarks and leptons which
come in six avors each. Additionally, for each fermion there is an antiparticle
which carries opposite generalized charges. The particles of the Standard Model
together with their mass, charge and spin are presented in Figure 1.

Figure 1: The Standard Model of elementary particles. Taken from [1].

Interactions between fermions are mediated by the bosons, which act as force car-
riers. For instance, the photon transmits the electromagnetic force while th2°

and the W boson are responsible for the weak force interactions. The strong
force is mediated by the exchange of gluons. Responsible for the mass of the
fundamental fermions and also of th&v and Z° bosons is the Higgs mechanism
with the associated Higgs boson.

The Standard Model integrates the conservation laws of relativity with new con-
served quantities, such as the color charge, or the lepton and baryon numbers. The
derived conservation laws explain almost all observations made so far by several
particle physics experiments.

13



2. Theoretical background

2.2 Lepton avor

The lepton numberL for a certain state is de ned as the amount of leptons minus
the amount of anti leptons in that state. It is given by the sum of the the lepton
avor numbers L,,L andL , which are restricted to leptons of the corresponding
avor. Therefore, the lepton number can be written as shown in Equation 1. Here,
N, refers to the number of leptons belonging to the generation 6f2 fe; ; g,
while N, stands for the number of the corresponding anti leptons.
X
L=Le+L +L = N; N, Q)
|
According to the Standard Model, the lepton number as well as the lepton avor
numbers are conserved in all particle interactions.

2.3 Muon decay

2.3.1 Standard Model decay modes

The leading order contribution to the muon decay is the channel ! e B
which is shown in Figure 2. This process is called Michel decay and appears
with a branching ratio of nearly 1. The next-to-leading-order process, the in-
ner conversion decay ! e e'e e , however comes with a branching ratio
of BR = (3:4 0:4) 10°. The to the Michel decay related radiative decay

I e e occurs with a branching ratio ofBR = (6:0 0:5) 10 & [2].

Figure 2: Sketch of the Michel decay.

2.3.2 Decay modes beyond the Standard Model

Considering neutrino oscillations, there is the possibility that a muon decays into
three electrons. With it, the change of lepton avour can be carried out as shown
in Figure 3a. However, due to the approximate proportionality of its branching
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2.4. The Mu3e experiment

ratio to ( m?)2=mg, and the huge dissimilarity between the W boson mass and
the mass di erence between the neutrinos, the predicted branching ratio of this
decay isBR = 2:1 10 * [3]. Therefore, its observation would require such a high
sensitivity that it is not experimentally possible to verify in the forseeable future.
Nevertheless, some theories beyond the Standard Model predict this decay with
a higherBR. For instance, an extension of the Standard Model with an abelian
U(1) gauge symmetry introduces a dark photon, which allows this decay. Many
other possibilities are as well introduced by the theory of Super Symmetry. An
example of such a decay is shown in Figure 3b.

(a) Decay via neutrino oscillation. (b) Decay via supersymmetric particles.

Figure 3: Muon decay modes beyond the Standard Model.

2.4 The Mu3e experiment

The Mu3e experiment is a xed-target particle physics experiment which will be
carried out at the muon beamline of the Paul Scherrer Institute (PSI) in Villigen,
Switzerland. Its main purpose is the search for the charged lepton avor violating
(cCLFV) decay * ! e*e €' with a single event sensitivity of 2 10 ° in Phase I.
This will be achieved by stopping a high intensity muon beam on a target and
observing the decay of the muons. An improvement of the beam intensity is
foreseen afterwards, which will increase the sensitivity for Phase Il to a value of
10 8 [4]. The last experiment dedicated to the search of the! eeedecay was
SINDRUM in 1988. Before that, there was a long history of experiments with
increasing precision carried out to look for di erent cLFV decays. An overview of
the development of the reached precision is given in Figure 4. The current state
of the observations set a limit to the BR of this decay to< 10 12 [5].

15



2. Theoretical background

Figure 4: Past and planned experiments searching for lepton avor violating de-
cays together with their sensitivities. Taken from [6].

2.4.1 Signal and background

The Mu3e experiment is designed to obtain an optimal distinction between signal
and background events. Given the nature of the decay, the signal characteristics
are well de ned. Due to energy and momentum conservation, the decay prod-
uctsi of the ! eeesignal decay obey the following kinematic relations in the
rest frame of the muon:

Bot = p=0 (2)

Etot = Ei=m ¢ (3)

Therefore, the energy of one decay product cannot exceed half of the resting mass
of the muon, which is about 53 MeWc?. Furthermore, since the muon decays at
rest on the target, all three electrons of the signal decay have to originate from
the same point in space-time. Events are considered as background if at least one
of those criteria is violated.

In this con guration, two kinds of backgrounds are foreseen: the irreducible and
the accidental background, which will be described in the following paragraphs.

16



2.4. The Mu3e experiment

Figure 5: Sketch of the signal decay in the muon rest frame

Irreducible background In Mu3e, the irreducible background is given by the
internal conversion decay * ! e'e € . Since the involved neutrinos carry
away undetected energy and momentum, Equation 2 and 3 are violated for the
detected charged tracks. However, for decays with low neutrino momentum, in-
ternal conversion decays can imitate a ! eeesignal decay due to limits in the
detector resolution. In order to suppress this source of background su ciently, a
momentum resolution of less than 1 Me¥t is required [4].

Accidental background Due to the high rates of muon decays within the de-
tector and limited time and spacial resolution, it is possible that electrons of
di erent muon decays appear to be from the same particle. An example of this
case is shown in Figure 6a. Here, two positrons from di erent Michel decays
are combined with an electron coming from Bhabha scattering within the detec-
tor material, which mimics a ! eeesignal decay. Another case of accidental
background is when two internal conversion decays occur, but with one produced
electron having too little momentum to be detected. This case is depicted in Fig-
ure 6b. Both background sources can be reduced with a higher detector resolution.

(a) Bhabha scattering. (b) Internal conversion.

Figure 6: Sketch of accidental background decays.
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2. Theoretical background

2.4.2 The Mu3e Detector

The Mu3e detector [7] will be constructed at the Compact Muon Beamline (CMBL)
of the Paul Scherrer Institute in Villigen, Switzerland. This is currently the only
beamline which ful lls the required antimuon rate of 16 *=s.

The detector geometry consists of a cylinder coaxial to the beam direction seg-
mented in three barrels along the beam axis. As depicted in Figure 7, the muon
beam enters through the rst barrel and is then stopped on a hollow double cone
target within the central barrel. Afterwards, the emitted decay products pass
through the inner pixel layers, which reconstruct the position of the decay vertex
with high precision. The inner pixel layers are surrounded by scintillating bers,
which are able to detect the crossing particle with a time precision of a few 100 ps.
For this reason, they are used for precise time reference. After the bers, the
decay products pass through the outer pixel layers and recurl due to a magnetic
eld of around 1T. From the bending radius of this recurl, the momentum of
the particle can be calculated. Finally, the particles pass through the recurl pixel
layers an hit scintillating tiles in the outer barrels. The tiles allow to reconstruct
the event with a time resolution of around 50 ps.

This setup of the detector allows to achieve a su cient vertex, momentum, energy
and time resolution in order to distinguish between background and signal decays
as explained in Section 2.4.1.

Figure 7: Schematic of the Mu3e detector. Taken from [7].

2.5 Particle interaction with matter

As a free patrticle traverses through matter it will interact in di erent ways. Every
electrically charged particle can interact via the electromagnetic force, while only
hadrons are able to interact via the strong force. Since in Mu3e just electrons
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2.5. Particle interaction with matter

and positrons are detected, the strong interaction is not discussed. Here, the
electromagnetic interaction is the dominant process leading to energy loss within
the detector material. The energy can be deposited here mainly in four main ways:
ionization (or excitation) of its atoms, Bremsstrahlung, Cherenkov radiation and
transition radiation. The amount of energy loss in a certain mode depends on the
type of particle, its energy and the detector material. Since the energy deposit
is a statistical process, it cannot be predicted particle by particle. However, the
di erent processes are well understood, so there are models which describe those
statistics with a very high accuracy. In the following sections this will be discussed
separately for heavy and light charged particles.

2.5.1 Heavy particles

Particles with a mass higher than the electron are usually referred to as \heavy
particles". When these particles cross matter, they mainly loose energy due to
ionization. The mean energy Ioshi’j—'ii per travelling length x through material is
described by the Bethe-Bloch formula:

dE_ 4nz? & °? 2mec 2 , ()
x T mEZa, 9iE 3 2@

Here, the following parameters and constants are used:
me: rest mass of the electron
v: velocity of the particle
c. light velocity in vacuum
= 2. relative velocity of the particle
( ): density-e ect correction
n: electron density
z: charge of the particle in terms of the electron charge
0. vacuum permittivity
| . mean excitation energy of the material

In Figure 8, the Bethe-Bloch curve is depicted for di erent materials and particles.
Here, all curves show the same general behaviour. Starting from low energy values,
the energy loss decreases steeply following a? dependency as the particle's
energy increases. This happens because the interaction time between the particle
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2. Theoretical background

and an atom from the surrounding material increases with lower momenta leading
to a higher loss of energy per material length. All of the curves have a global
minimum around 3, which is independent of the particle species itself. This
means, that for every particle there is a certain momentum range where it looses
the least energy. Those particles are called minimum ionizing particles (MIP).
With higher momentum, the energy loss increases logarithmically. The reason
for this is that the transvers electromagnetical eld stretches with higher particle
velocity according to the theory of relativity. This leads to a higher interaction
strength in transversal direction and therefore to a higher energy loss.

Figure 8: Mean energy loss rate in liquid hydrogen, gaseous helium, carbon, alu-
minum, iron, tin, and lead for muons, pions and protons. Taken from [2].

2.5.2 Electrons and Positrons

In addition to heavy particles, electrons and positrons show two other e ects that
contribute to their energy loss. First, Bremsstrahlung plays a signi cant role
for light charged particles, which is not considered in the Bethe-Bloch formula.
Second, the incoming electrons can be subject to the Fermi pressure from the
material's electrons, while incoming positrons can annihilate with them. Further-
more, incident electrons are indistinguishable from the scattered ones, which does

20



2.5. Particle interaction with matter

not apply for positrons. This e ect leads to a di erent energy loss between elec-
trons and positrons. This is considered by the Berger-Seltzer formula for the mean
energy loss of electrons and positrons in matter, which is shown in Equation 5.

dE _ 0:15353&
dx 2 A

BoT) 2oy ©
With:
. material density
v: velocity of the particle
c. light velocity in vacuum
= 7. relative velocity of the particle
%: ratio of protons and nucleons in the material
Bo(T): momentum dependent stopping power
| . mean exitation energy of the material
me: rest mass of the electron
. density-e ect correction

In Figure 9, the energy loss for each, electrons and positrons, is plotted as a func-
tion of their respective momentum. Here, one can see that the general behaviour
of both particles is the same, but positrons have a overall higher energy loss due
to the e ects mentioned before.

Figure 9: Mean energy loss of electrons and positrons per travelling distance
through silicon. Taken from [8] with data from [9].
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2. Theoretical background

2.5.3 Multiple Coulomb scattering

As already explained in Section 2.4.1, the background reduction at Mu3e requires
high precision particle tracking. However, the passage of a particle through any
kind of matter will cause a de ection with respect to its initial ight direction.
This de ection is a result of many small angle Coulomb scattering processes as
shown in Figure 10. For most applications, it is su cient to describe the angular
distribution using a Gaussian approximation. Assuming that the total o set can
be neglected in thin material layers, as it is the case for silicon pixel detectors, the
root mean square (RMS) of the central 98% of the distribution can be described
by the Highland equation:

r—
136MeV X X
= c—pz Xe 1+ 0:03809g Xe (6)
Where z is the xed charge of the passaging particleX, is the radiation length
of the material and x is the travelled distance. In a tracking system, such a
de ection alters the particle's momentum and velocity, a ecting therefore the
tracking resolution. Since the de ection angle depends on the material thickness,
this e ect introduces tight constraints in the tracking system's material budget.

rms

Figure 10: Multiple Coulomb scattering in matter. Taken from [2].

2.6 Semiconductor Physics

2.6.1 Intrinsic Semiconductors

Materials can be in general classi ed in three categories depending on their con-
duction properties: conductors, insulators an semiconductors. This distinction

depends on the energy gap between valence and conduction band. For conduc-
tors, valence and conduction band overlap and there are always free electrons for
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2.6. Semiconductor Physics

charge transportation. For insulators, however, the energy gap is too big and
no free electrons are available. Intrinsic semiconductors show unique conduction
properties between insulators and conductors. These properties are based on a
very small energy gap between the bands. Here, at a temperatureTof= 0K, all
electrons are in a bound state. With higher temperature, electrons are lifted from
the valence to a quasi-free state in the conduction band. For every lifted electron,
a so called hole is produced in the valence band. Here, the term "hole' stands for
a vacancy in the valence band that acts like a positive charge.

2.6.2 Extrinsic Semiconductors

The conductivity of a semiconductor can be manipulated by a process called dop-
ing. This process, in the case of silicon, consists of the insertion of trivalent atoms
(acceptors) or pentavalent atoms (donors). If donors are brought into the mate-
rial, they release free electrons into the conductance band creating an n-doped
semiconductor. The same principle applies to acceptors, which create free holes
and lead to a p-doped semiconductor. Doping highly a ects the charge carrier
density of the semiconductor and can be used in order to control its conductivity
precisely.

2.6.3 PN-junction

A pn-junction consists of a p-doped semiconductor which is connected side-by-side
with a n-doped one. In the junction region, a high electron concentration gradient
is formed, as well as a high hole concentration gradient in the opposite direction.
This leads to a high diusion current jgt for both charge carriers, by which
electrons from the n-doped region are di using into the neutral p-doped region
and recombine there with holes. Symmetrically, holes from the p-doped region
di use towards the n-doped bulk. This leads to a space charge region around the
junction as depicted in Figure 11. Within this region, they are nearly no free
charge carriers available and therefore it acts as an insulator. For this reason,
this region is called depletion zone. The di usion process forms a charge gradient
in the pn-junction region, which then generates a currentqi;x In the opposite
direction. The di usion is stopped when the two currents have equal strength. At
this equilibrium, the di usion voltage (built-in voltage) Vi, is described by:

nan
Vhi = V7 In A2D (7)
n;
with: KT
Vi = — 8
v = S ®)

Here,n, and np stand for the concentration of acceptor and donor atoms, while
n; is the intrinsic charge carrier concentration of the semiconductor. The thermal
voltage Vr depends on the Boltzmann constarit, the elementary charges and the
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2. Theoretical background

temperature T. The Poisson equation of this system is given through Equation
9, where (x) stands for the charge density function, and ¢ for the relative and
vacuum permittivity, respectively.

PV(x) _ (X
dx2 B 0

(9)

This equation can be solved in order to nd a expression for the total withw of
the space charge region:

r
20 Wina+n
e na nd

Figure 11: Schematic of a pn-junction diode with qualitative spatial distributions
of the charge carrier concentration, the charge Q, the electric el&
and the voltageV. Taken from [10].

If the pn-junction is forced out of its thermal equilibrium by an external voltage
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2.6. Semiconductor Physics

Vext, Equation 10 has to be expanded as following:
S

W= 20 (Vbi Vext) Na+ Ng (11)
e Na Ng

Here, one can see thaiv decreases in comparison to the static case fdg,; > O
sincejqrirr INCreases. Ve Wi, the space charged region disappears and the
diode is fully conducting. In the case thatVe,; < 0, w increases and therefore
the insulating region expands. The pn-junction is the base of the semiconductor
diode, one of the bottom components of standard electronics. For this reason, it
is also referred to simply as diode.
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3 Pixel sensors

Pixel sensors are semiconductor detectors which are segmented into independent
detection diodes, the so-called pixels. These sensors are commonly used in di erent
applications such as digital cameras or for medical imaging. In high energy physics,
pixel sensors are mainly used for particle tracking.

3.1 Semiconductor detectors

As discussed in Section 2.5, a charged particle produces electron-hole pairs when
it crosses a bulk of material. In case of a diode, those can be produced either
inside or outside the depleted region. In the latter case, the charge carriers di use
and will eventually recombine. Instead, the charge carriers produced inside the
depleted region, are accelerated in opposite direction due to the electric eld. The
current produced by the moving charges induces a voltage drop at a collection
electrode on top of the n-doped zone. The same applies to holes inducing changes
to the collection cathode. These voltage drops will then be processed by read-out
electronics and used in order to detect the particle.

3.2 Hybrid pixel sensors

Hybrid pixel sensors are commonly used in many high energy particle physics
experiments. In general, they consist of two separate entities, one silicon layer
used as pixel sensor, and one silicon chip for readout and signal processing. Both
layers are segmented in pixels of the same size, and the corresponding pixels of
sensor and readout layer are connected via bump-bonds. This technology is for
example used in the tracking system of the CMS and ATLAS experiments. A
sketch of a hybrid pixel sensor used at CMS is depicted in Figure 12.

The advantages of this technology are multiple. First, the pixel size of these
detectors can be very small. Also, given the fact that the active layer can be
isolated from the read-out chip, very high reverse bias voltages can be applied.
This leads to large depletion regions and therefore large signals with fast charge
collection. A disadvantage is the high cost of such a sensor caused by the rather
complex fabrication process. Furthermore, the two silicon layers together with the
soldering bumps increase the thickness of the whole sensor, which can a ect the
material budget of a tracking system.
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3. Pixel sensors

Figure 12: Sketch of a hybrid pixel sensor used in the CMS experiment at CERN.
Taken from [11].

3.3 Monolithic Active Pixel Sensors

Monolithic Active Pixel Sensors (MAPS) are based on the technology of active
pixel sensors (APS). In the APS pixel design, the read-out electronics is placed
in a cell directly next to the active cell inside the active layer. This way, the
sensor is fabricated of a single uniform layer. Nonetheless, this design leads to a
comparatively small active area of the sensor. However, in the MAPS technology
the readout cell is placed on top of the active area. This design leads to com-
plete active sensors. Another advantage is that the CMOS technology used for
MAPS is commercial, which decreases production costs and leads also to a higher
availability. Furthermore, monolithic sensors can be thinned to thicknesses in the
order of 50 m. However, in conventional MAPS high bias voltages can not be
applied. Therefore, the depleted region is only very thin around the pn-junction.
For this reason, most of the charge collection happens via di usion, which has
time scales of the order of microseconds, far above the requirements of most high
energy physics experiments.

3.4 High-Voltage Monolithic Active Pixel
Sensors

In order to achieve the advantages of MAPS together with the fast charge collec-
tion via drift, high voltage monolithic active pixel sensors (HV-MAPS) have been
developed. A sketch of the concept is shown in Figure 13. Here, n-wells within a
p-substrate form the pn-junction. The pixel electronics can be implemented into
the n-well ( oating logic), which allows a separation from other pixels and from
the depletion region. Since the HV-MAPS technology allows to achieve very good
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time resolution as well as using little detector material, it was chosen for the Mu3e
experiment. The HV-MAPS developed for Mu3e are called MuPix sensors.

Figure 13: Concept of the HV-MAPS technology. Taken from [7].
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Experimental Setup
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4 Setup

4.1 MuPix10 sensor

The MuPix10 [12] is the latest version of the MuPix pixel sensor series. It is the
rst sensor which is designed to ful Il all required technical speci cations of the
Mu3e experiment, such as for sensor and pixel size [7]. MuPix10 is implemented in
the 180 nm HV-CMOS process of TSI. It has a total size of 20.6623.18 mm and
accommodates 256 columns each with 250 pixels. The pixel matrix is divided in
three submatrices of 84+86+86 columns. Each submatrix is using its own readout
link. A picture of the MuPix10 layout is given in Figure 14.

Figure 14: MuPix10 layout.

4.1.1 Chip design

In this chapter, the basic readout concept and the di erent parts of the MuPix10
sensor will be explained along with the signal ow. Figure 16 provides a simpli ed
overview of the total readout concept.
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