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Abstract

The Mu3e experiment is searching for the charged lepton avour violating decay of a
positive muon into two positrons and an electron. Measuring such a decay would be
a clear indication of new physics beyond the Standard Model. Mu3e is aiming for a
sensitivity of two signal events in 1 10 muon decays in the rst phase of the expe-

riment and ultimately one event in 1 10 in the second phase. These sensitivities
will be achieved using tracking and timing sensors inside a magnetic eld.

One of the challenges in the design of Mu3e is designing the powering scheme. The
power will be delivered to the detector interior at 20 V and stepped down to the
operating voltages of the electronics by DC-DC buck converters there. These need to
function inside of the experiment's 1 T magnetic eld, which is why the inductors on
the converters are replaced with air coils.

Due to their switching action, buck converters generate electromagnetic waves which

can be conducted along the power supply or radiated by the air coils. These need to
be suppressed, so that they do not disturb the sensors and electronics. Two methods
to reduce the radiation are placing a shielding over the coils and using toroidal coils

instead of solenoidal ones. In this thesis the viability of these methods was tested
by designing prototypes and measuring the electromagnetic radiation as well as the
e ciency of the converters. It was found that the shielding reduces the radiation by

5 dB and using toroidal coils reduces it by 30 dB, while only causing negligible losses
in e ciency.



Zusammenfassung

Das Mu3e Experiment sucht nach dem Zerfall eines positiven Myons in zwei Positro-
nen und ein Elektron. Dieser Zerfall verletzt die Erhaltung des Flavours bei geladenen
Leptonen. Einen solchen Zerfall nachzuweisen, awe ein deutlicher Hinweis auf Physik
jenseits des Standardmodells. Mu3e strebt eine Emp ndlichkeit von zwei Signalen in
1 10! Myonenzerfllen fur die erste Phase des Experiments an und ein Signal in
1 10 fur die zweite Phase. Diese Emp ndlichkeit wird durch Spur- und Timingsen-
soren in einem Magnetfeld erreicht.

Eine der Herausforderungen bei der Entwicklung von Mu3e ist das Design der Strom-
versorgung. Die Elektrizitat wird bei 20 V ins Innere des Detektors geleitet, wo sie
von Abwartswandlern auf die Betriebsspannung der Elektronik gebracht wird. Diese
meussen im 1 T starken Magnetfeld des Experiments funktionieren, weshalb die Induk-
toren der Wandler durch Luftspulen ersetzt werden.

Abwartswandler erzeugen elektromagnetische Wellen, die durch die Stromversorgung
geleitet und von den Spulen abgestrahlt werden &nnen. Diese nussen unterdmickt
werden, damit sie nicht die Sensoren und Elektronik sbren. Zwei Methoden, um die
Strahlung zu reduzieren, sind, eine Abschirmungeber den Spulen zu platzieren und
zylindrische Spulen durch torusbrmige zu ersetzen. In dieser Arbeit wurde die Brauch-
barkeit dieser Methoden getestet, indem Prototypen entwickelt und die elektromagne-
tische Strahlung der Abwartswandler sowie ihre E zienz gemessen wurden. Es wurde
festgestellt, dass die Abschirmung die Strahlung um 5 dB reduziert und die Torusspule
sie um 30 dB reduziert, wobei nur vernachéissigbar kleine E zienzverluste verursacht
werden.
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1. Introduction

The Standard Model of particle physics was developed over the course of the second
half of the last century. It is the theory describing all known fundamental particles,
as well as three of the four fundamental interactions. It is one of the most successful
scienti ¢ theories, with many of its predictions having been con rmed in experiments,
the latest being the discovery of the Higgs boson at the Large Hadron Collider (LHC)
in 2012, almost 50 years after its existence was predicted.

Successful as it is, there are phenomena the Standard Model cannot explain. The
discovery of neutrino oscillations called for an extension of the Standard Model,
taking into account nite masses of the neutrinos, which had been assumed massless
by the Standard Model. The asymmetry between the amounts of matter and
antimatter is too large to be explained by the few CP symmetry violating pro-
cesses the Standard Model provides. Astronomical observations show the existence
of dark matter, the mass of which explains, for example, the dynamics of galax-
ies, but which has not been observed to interact with known patrticles in any other way.

There are many theories trying to explain these phenomena. Finding experimental
evidence for such physics beyond the Standard Model is the goal of many ongoing
e orts in particle physics. There are two main ways of searching for new physics:
Experiments at the energy frontier aim to collide particles at higher and higher
energies, so that particles heavier than those known to the Standard Model might be
directly produced in the collisions. Furthermore, the existence of particles predicted
by new theories will slightly alter the likelihood of some processes. More precise
measurement of the rates at which the processes happen let experiments at the
intensity frontier indirectly discover particles many times more massive than what
can currently be achieved at the energy frontier.

One experiment at the intensity frontier is the Mu3e experiment. It is looking to
measure the decay of a muon into two positrons and an electron, which does not
happen in the Standard Model. Discovering it would be an experimental proof for
theories beyond the Standard Model. If it is not discovered, the upper limit for its
existence is a constrain for such theories.

The goal of Mu3e is to reach a sensitivity of one event in 1 10'® muon decays. This

requires a large design e ort to reach the necessary vertex, timing and momentum
resolution. A part of this is the design of the powering scheme for the detectors and
readout electronics. The power needs to be supplied at a higher voltage for e cient
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transport, which is then stepped down near the devices to their operating voltage.
The momentum measurements in Mu3e happen by de ecting the electrons and
positrons in a strong magnetic eld and reconstructing the momenta from the curve
of the trajectories. This means that the DC-DC buck converters used for stepping
down the voltage need to function inside the magnetic eld. They are adapted for
this by replacing their standard ferrite core inductors with air coils.

The current through these coils is oscillating as part of the operation of the converters.
This way they produce electromagnetic waves, which could potentially disturb the

functioning of other electronics in the experiment. In this thesis two methods of

reducing this radiation were tested. Prototypes of copper boxes for shielding and of
a toroidal coil were designed. They were then tested with the converters and the
radiation and e ciency were measured to assess the viability of these methods.



2. The Mu3e Experiment

2.1. Charged Lepton Flavour Violating Decays

(a) Neutrino mixing. (b) Supersymmetry.

Figure 2.1.: Feynman graphs for possible channels for the | eeedecay.

In the Standard Model of particle physics there are three avours of charged
leptons [1]: The electron, the muon and the tau. To each of these belongs a corre-
sponding neutrino, which is electrically neutral and, in the Standard Model, without
mass. In addition there are the antiparticles of the charged and uncharged leptons.
In the Standard Model lepton avour is conserved. This means that in a reaction, the
lepton family number N, is conserved [2]:

Ny=N() N()+ N(|) N()=const 2.1)

where | is one of the lepton families. For example, the reactionn ! p+ e s
forbidden, because the initial state hasNe = 0 and the nal state has Né’ =1. The
beta decayn! p+ e + ¢ on the other hand conserves lepton avour.

Contrary to the standard model assumption, neutrinos have a very small but nite
mass. Over time this causes them to change from one avour to another. This e ect
is called neutrino oscillations and has been observed for neutrinos from the sun,
nuclear reactors, the upper atmosphere and accelerators.

To date no avour violation has been observed with charged leptons. One such process
could be the decay of an anti muon into two positrons and an electron:

1 oet+et+e (2.2)

This process is theoretically possible through neutrino mixing, however with a
branching fraction below 10 °* it cannot be observed. Several proposed extensions
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to the Standard Model predict a higher branching fraction for the | eeedecay.
Any such model is therefore constrained by the experimental upper limit of this
branching fraction and an observation of this decay would be a sign for physics
beyond the Standard Model. In Fig. 2.1 Feynman graphs for the decay with neutrino
mixing and supersymmetry, one possible extension to the Standard Model, are shown.

The most sensitive search for | eeeso far was done by the SINDRUM experiment,
where the upper limit for the branching fraction could be set to 10 10 2. The
Mu3e experiment aims to improve on this with a sensitivity of one signal event in
1 10 muon decays [3].

2.2. Background

There are two main contributions to the background in the Mu3e experiment. One is
the internal conversion process
T1oet+et+te + + g (2.3)
Since the neutrinos are invisible to the detector, this background can only be dis-
tinguished by the energy and momentum they carry away. The Feynman graph of
the internal conversion process is shown in Fig. 2.2. The other main contribution to

the background are accidental combinations of two positrons and an electron. For
example, a positron might originate from a Michel decay

T1oet e (2.4)

which is the most common de-
cay channel of the muon and
an electron positron pair from
Bhabha scattering or pair pro-
duction. If they originate close
to each other, they might be
mistaken for a ! eeeevent.
The signal and this combinato-
rial background are illustrated
in Fig. 2.3. To distinguish
the signal from this background,
good timing, vertex and momen-
tum resolution is needed. To achieve the sensitivity of one signal in 1§ muon decays
Mu3e is aiming for, the timing resolution needs to be about 100 ps, the momentum
resolution about 300 ke\V=c and the vertex resolution about 200um [4].

Figure 2.2.: Feynman graph of the internal conver-
sion process.
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