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Chapter 1

Overview

1.1 Introduction

The COMET experiment [1], proposed at the Japan Proton Accelerator Research Complex
(J-PARC), is a next-generation-experiment that searches for evidence of charged lepton
avour violation (CLFV) with muons. The branching ratio of CLFV in the Standard Model,
even with massive neutrinos, is prohibitively small, at the order of 10�54. Therefore, any
experimental observation of CLFV would be a clear signal of new physics beyond the SM.

The COMET (COherent Muon to Electron Transition) Collaboration aims to probe
the conversion of a muon to an electron in a nucleus �eld at a single event sensitivity
of 6� 10�17, pushing for a four orders of magnitude improvement from the current limit
set by the SINDRUM-II [2]. A staging approach is adopted at the COMET to achieve
an intermediate physics result, as well as to gain operational experience. The �rst stage,
COMET Phase I, is scheduled to start data taking in 2016 with the goal single event
sensitivity of 3� 10�15 after a three-month running period.

A cylindrical drift chamber being developed by the Osaka University group together
with the Kyushu University group and the Chinese groups will be a main tracking detector
in the COMET Phase I. It is anticipated that the chamber will be heavily occupied by
protons emitted after nuclear muon capture in the stopping target, and thus an absorber
will be installed to reduce the proton hit rate to a tolerable level. A study of proton emission
following nuclear muon capture for optimisation of the proton absorber is presented in this
thesis.

The thesis is structured as follows: �rstly, the physics motivation of the COMET exper-
iment, with muon’s normal decays and CLFV decays, is described in this later part of this
chapter. Chapter 2 gives an overview of the COMET experiment: beam lines, detectors
and their requirements, and expected sensitivities. Details of the study on proton emission
are described in Chapters 3, 4, 5: physics, method, experimental set up, data analysis. The
results and impacts of the study on COMET Phase-I design is discussed in Chapter 6.

1.2 Lepton avour

According to the SM, all matter is built from a small set of fundamental spin one-half
particles, called fermions: six quarks and six leptons. The six leptons form three generations
(or avours), namely: �

�e
e�

�
;

�
��
��

�
and

�
��
��

�
:

Each lepton is assigned a lepton avour quantum number, Le, L�, L� , equals to +1 for
each lepton and �1 for each antilepton of the appropriate generation. The lepton avour
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number is conserved in the SM, for example in the decay of a positive pion:

�+ ! �+ + ��

L� 0 � 1 + 1

or, the interaction of an electron-type antineutrino with a proton (inverse beta decay):

�e + p! e+ + n

Le � 1 0 � 1 0

The decay of a muon to an electron and a photon, where lepton avour numbers are
violated by one unit or more, is forbidden:

�+ ! e+ + 

L� � 1 0 0

Le 0 � 1 0

(1.1)

However, it is observed that neutrinos do change avour in the so-called neutrino oscilla-
tions where a neutrino of a certain lepton avour can be measured to have a di�erent avour
as it travels in space-time. The phenomenon has been con�rmed in many experiments with
solar neutrinos, atmospheric neutrinos, reactor neutrinos and beam neutrinos. The obser-
vation of neutrino oscillations means that the lepton avour is not strictly conserved and
neutrinos are massive. The massive neutrinos allow lepton avour violation in the charged
leptons, but at an unmeasurably small level as described in section 1.4.

1.3 Muon and its decays in the Standard Model

1.3.1 Basic properties of the muon

The muon is a charged lepton, its static properties have been measured with great preci-
sions and are summarised in the \Review of Particle Physics" of the Particle Data Group
(PDG) [3]. Some of the basic properties are quoted as follows:

1. The muon mass is given by the muon to electron mass ratio,

m�

me
= 206:7682843� 0:0000052 (1.2)

m� = 105:6583715� 0:0000035 MeV/c2 (1.3)

2. The spin of the muon is determined to be 1
2 as the measurements of the muon’s

gyromagnetic give g� = 2 within an overall accuracy better than 1 ppm. It is common
to quoted the result of g� as muon magnetic moment anomaly:

g � 2

2
= (11659209� 6)� 10�10 (1.4)

3. The charge of the muon is known to be equal to that of the electron within about 3
ppb,

q�+

qe�
+ 1 = (1:2� 2:1)� 10�9 (1.5)

4. Electric dipole moment:

d =
1

2
(d�� � d�+) = (�0:1� 0:9)� 10�19 e � cm (1.6)

5. The muon is not stable, average lifetime of the free muon is:

�� = 2:1969811� 0:0000022 µs (1.7)
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1.3.2 Decays of the muon

Because of charge and lepton avour conservations, the simplest possible decay of muons is:

�� ! e����e (1.8)

Muons can also decay in the radiative mode:

�� ! e����e (1.9)

or with an associated e+e� pair:

�! e����ee
+e� (1.10)

The dominant process, �� ! e����e is commonly called the Michel decay. It can be
described by the V-A interaction which is a special case of a local, derivative-free, lepton-
number-conserving four-fermion interaction. The model contains independent real parame-
ters that can be determined from measurements of muon life time, muon decay and inverse
muon decay. Experimental results from extensive measurements of the Michel parameters
are consistent with the predictions of the V-A theory [3{5].

The radiative decay (1.9) is treated as an internal bremsstrahlung process [6]. Since it is
not possible to clearly separated this mode from the Michel decay in the soft-photon limit,
the radiative mode is regarded as a subset of the Michel decay. An additional parameter is
included to describe the electron and photon spectra in this decay channel. Like the case
of the Michel decay, experiments results on the branching ratio and the parameter are in
agreement with the SM’s predictions [3].

There is a small probability (order of 10�4 [6]) that the photon in �� ! e����e would
internally convert to an e+e� pair, resulting in the decay mode �� ! e����ee

+e�.
The branching ratios for decay modes of muons, compiled by the PDG, are listed in

Table 1.1.

Decay mode Branching ratio Remarks

�� ! e����e ’ 1 commonly called Michel decay
�� ! e����e 0:014� 0:004 subset of Michel decay, E > 10 MeV
�� ! e����ee

+e� (3:4� 0:2� 0:3)� 10�5 transverse momentum cut pT > 17 MeV/c

Table 1.1: Decay modes and branching ratios of muon listed by PDG [3]

1.4 Lepton avour violated decays of muons

The existence of the muon has always been a puzzle. At �rst, people thought that it would
be an excited state of the electron. Therefore, the searches for �+ ! e+ was performed
by Hincks and Pontercorvo [7]; and Sard and Althaus [8]. Those searches failed to �nd the
photon of about 50 MeV that would have accompanied the decay electron in case the two-
body decay �+ ! e+ had occurred. From the modern point of view, those experiments
were the �rst searches for charged lepton avour violation (LFV).

Since then, successive searches for LFV with the muon have been carried out. All the
results were negative and the limits of the LFV branching ratios had been more and more
stringent. Those null-result experiments suggested the lepton avours - muon avour L� and
electron avour Le. The notion of lepton avour was experimentally veri�ed in the Nobel
Prize-winning experiment of Danby et al. at Brookhaven National Laboratory (BNL) [9].
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Then the concepts of generations of particles was developed [10], and integrated into the
SM, in which the lepton avour conservation is guaranteed by an exact symmetry, owing to
massless neutrinos.

Following the above LFV searches with muons, searches with various particles, such as
kaons, taus, and others have been done. The upper limit have been improved at a rate of
two orders of magnitude per decade.

While all of those searches yielded negative results, LFV with neutrinos is con�rmed
with observations of neutrino oscillations; i.e. neutrino of one type changes to another type
when it travels in space-time. The phenomenon means that there exists a mismatch between
the avour and mass eigenstates of neutrinos; and neutrinos are massive. Therefore, the
SM must be modi�ed to accommodate the massive neutrinos.

With the massive neutrinos charged lepton avour violation (CLFV) must occur through
oscillations in loops. But, CLFV processes are highly suppressed in the SM. For example,
Marciano and Mori [11] calculated the branching ratio of the process �+ ! e+ to be
B(�+ ! e+) < 10�54. Other CLFV processes with muons are also suppressed to similar
practically unmeasurable levels. Therefore, any experimental observation of CLFV would be
an unambiguous signal of the physics beyond the SM. Many theoretical models for physics
beyond the SM, including supersymmetric (SUSY) models, extra dimensional models, little
Higgs models, predict signi�cantly larger CLFV [11{13].

Among the CLFV processes, the �+ ! e+ and the ��N ! e�N are expected to have
large e�ect in many models. The current experimental limits on these two decay modes are
set respectively by the MEG experiment [14] and the SINDRUM-II experiment [2]:

B(�+ ! e+) < 5:7� 10�13 ; (1.11)

and:
B(�� +Au! e� +Au) < 7� 10�13 : (1.12)

1.5 Phenomenology of �� e conversion

The conversion of a captured negative muon in a muonic atom into an electron in the �eld
of a nucleus has been one of the most powerful probe to search for CLFV. This section
highlights phenomenology of the ��N ! e�N .

1.5.1 What is �� e conversion

When a negatively charged muon is stopped in a material, it is quickly captured by an atom
into a high orbital momentum state, forming a muonic atom, then it rapidly cascades to
the lowest state 1S. There, it undergoes either:

• normal Michel decay: �� ! e����e; or

• weak capture by the nucleus: ��p! ��n.

In the context of physics beyond the SM, the exotic process of �� e conversion where a
muon decays to an electron without neutrinos is also expected, but has never been observed:

�� +N(A;Z)! e� +N(A;Z) : (1.13)

The emitted electron in this decay mode, the � � e conversion electron, is mono-energetic
at an energy far above the endpoint of the Michel spectrum (52.8 MeV):

E�e = m� � Eb �
E2
�

2mN
: (1.14)
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where m� is the muon mas; Eb ’ Z2�2m�=2 is the binding energy of the muonic atom; and
the last term is the nuclear recoil energy neglecting high order terms. For Al (Z = 13), the
target of choice in the new �� e conversion experiments, the outgoing electron has energy
of E�e ’ 104:96 MeV.

1.5.2 Measurement of �� e conversion

The quantity measured in searches for ��e conversion is the ratio between the rate of ��e
conversion, and the rate of all muons captured:

R�e =
�(��N ! e�N)

�(capture)
(1.15)

The muon capture rate can be measured by observing the characteristic X-rays emitted
when the muon stops, and cascades to the 1S orbit. Since the stopped muon either decays
or be captured, the stopping rate is:

�stop = �decay + �capture (1.16)

The mean lifetime � = 1=�, then:

1

�stop
=

1

�decay
+

1

�capture
(1.17)

The mean lifetimes of free muons and muons in a material are well-known, therefore the
number of captures can be inferred from the number of stops. For aluminium,

�capture

�stop
= 0:609 (1.18)

and the mean lifetime of stopped muons is 864 ns [15].
The core advantages of the �� e conversion searches compares to other CLFV searches

(�+ ! e+ or �+ ! e+e+e+) are:

• the emitted electron is the only product, so the measurement is simple, no coincidence
is required; and

• the electron is mono-energetic, its energy is far above the endpoint of the Michel spec-
trum (52.8 MeV) where the background is very clean. Essentially, the only intrinsic
physics background comes from decay of the muon orbiting the nucleus.



Chapter 2

The COMET experiment

This chapter describes the new experimental search for �� e conversion, namely COMET
- (COherent Muon to Electron Transition). The experiment will be carried out at the
Japan Proton Accelerator Research Complex (J-PARC), aims at a single event sensitivity
of 6� 10�17, i.e. 10,000 times better than the current best limit.

2.1 Experimental status of �� e conversion searches

2.1.1 Experimental history

The searches for �� e conversion has been ongoing for more than 50 years, started in 1952
with cosmic rays [16] and then moved to accelerators. The list of upper limits for � � e
conversion in table 2.1 is reproduced from a recent review of Bernstein and Cooper [13].

Year Limit (90% C.L.) Material Reference

1952 1:0� 10�1 Sn, Sb [16]
1955 5:0� 10�4 Cu [17]
1961 4:0� 10�6 Cu [18]
1961 5:9� 10�6 Cu [19]
1962 2:2� 10�7 Cu [20]
1964 2:2� 10�7 Cu [21]
1972 2:6� 10�8 Cu [22]
1977 4:0� 10�10 S [23]
1982 7:0� 10�11 S [24]
1988 4:6� 10�12 Ti [25]
1993 4:3� 10�12 Ti [26]
1996 4:6� 10�11 Pb [27]
2006 7:0� 10�13 Au [2]

Table 2.1: History of � � e conversion experiments with more and more stringent upper
limit.

The latest experiments were the SINDRUM and SINDRUM-II at the Paul Scherrer
Institute (PSI), Switzerland. The SINDRUM-II (�gure 2.1) measured the branching ratio
of � � e conversion on a series of heavy targets: Ti, Pb and Au. The proton beam at PSI
is a continuous beam, with a time structure of 0.3 ns bursts every 19.75 ns. An 8-mm-thick
CH2 degrader was used to reduce the radiative pion capture and other prompt backgrounds.
Cosmic backgrounds are rejected using a combination of passive shielding, veto counters and
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reconstruction cuts. The momenta of beam muons used in the experiment were 52 MeV/c
and 53 MeV/c, and the momentum spread was 2%.

Figure 2.1: SINDRUM-II experimental set up, reprinted from reference [2] with permission
from Springer.

Electrons emitted from the target were tracked in a 0.33 T solenoidal magnetic �eld. De-
tector system consisted of a superconducting solenoid, two plastic scintillation hodoscopes,
a plexiglass Cerenkov hodoscope, and two drift chambers. In the latest measurement, the
SINDRUM-II collaboration have not found any conversion electron from captured muons in
a gold target, hence set the upper limit for the branching ratio of �� e conversion in gold
with 90 % C.L. at 7:0� 10�13.

The reconstructed momenta of electrons around the signal region from SINDRUM-II is
shown in �gure 2.2. It can be seen that the muon decay in orbit background falls steeply near
the endpoint as expected, but, the prompt background induced by pions still remains even
after the cut in timing and track angle. This indicates the problem of pion contamination
is very important in probing better sensitivity.

Figure 2.2: SINDRUM-II results showing background events reaching into the signal region.
Reprinted from reference [2] with permission from Springer.
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2.1.2 New generation of �� e conversion experiments

A new generation of � � e conversion experiments have been proposed with scenarios to
overcome pion induced background in the SINDRUM-II. Lobashev and collaborators �rst
suggested the basic idea for new ��e conversion at the Moscow Muon Factory; this idea was
used to develop the MECO experiment at Brookhaven National Laboratory. The MECO
experiment was cancelled due to budget constraints. Two recent experiments, COMET at
J-PARC and Mu2e at Fermilab, use the initial idea with more upgrades and modi�cations.

The basic ideas of the two experiments are:

1. Highly intense muon source: the total number of muons needed is of the order of 1018

in order to achieve a sensitivity of 10�16. This can be done by producing more pions
using a high power proton beam, and having a high e�ciency pion collection system;

2. Pulsed proton beam: the proton pulse should be short compares to the lifetime of
muons in the stopping target material, and the period between pulses should be long
enough for prompt backgrounds from pion to decay before beginning the measurement.
It is also crucial that there is no proton leaks into the measuring interval;

3. Curved solenoids for charge and momentum selection: at �rst, the curved solenoids
remove the line of sight backgrounds. A charged particle travels through a curved
solenoidal magnetic �eld has the centre of the helical motion drifted up or down with
respect to the bending plane depends on the sign of the charge, and the magnitude of
the drift is proportional to its momentum. By using this e�ect and placing suitable
collimators, charge and momentum selection can be made. Details of the magnet
system are described in section 2.2.2 and section 2.2.3.

2.2 Concepts of the COMET experiment

This section elaborates the design choices of the COMET to realise the basic ideas men-
tioned previously. Figures and numbers, other than noted, are taken from the COMET’s
documentations:

• Conceptual design report for the COMET experiment [28],

• Experimental Proposal for Phase-I of the COMET Experiment at J-PARC [29],

• and COMET Phase-I Technical Design Report [30].

2.2.1 Proton beam

A high power pulsed proton beam is of utmost importance to achieve the desired sensitivity
of the COMET experiment. A slow-extracted proton beam from the J-PARC main ring
(MR), which is designed to deliver 3:6� 1015 protons per cycle at a frequency of 0.45 Hz,
will be used for the COMET experiment. The proton beam power of the current design is
8 GeV� 7 µA, or 4:4� 1013 protons/s at 8 GeV. The beam energy was chosen to minimise
the production of antiprotons which may introduce background events.

The proton pulse width is chosen to be 100 ns, and the pulse period to be from 1 µs to
2 µs. This time structure is su�cient for the search for � � e conversion in an aluminium
target where the mean lifetime of negative muons in muonic atoms is 864 ns. One possible
plan of accelerator operation to realise the beam pulsing is shown in �gure 2.3, where 4 out
of 9 MR buckets are �lled.

As mentioned, it is very important that there is no stray proton arrives in the measuring
period between two proton bunches. An extinction factor is de�ned as the ratio between
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number of protons in between two pulses and the number of protons in the main pulse. In
order to achieve the goal sensitivity of the COMET, an extinction factor less than 10�9 is
required.

Requirements for the proton beam are summarised in table 2.2.

Figure 2.3: The COMET proton bunch structure in the RCS (Rapid Cycling Synchrotron)
and MR where 4 buckets are �lled producing 100 ns bunches separated by 1.2 µs.

Beam power 56 kW
Energy 8 GeV
Average current 7 µA
Beam emittance 10 �� mm� mrad
Protons per bunch < 1011

Extinction 10�9

Bunch separation 1 � 2 µs
Bunch length 100 ns

Table 2.2: Pulsed proton beam for the COMET experiment

2.2.2 Pion production and capture solenoid

Muons for the COMET experiment are produced by colliding the proton beam with a pion
production target, made of either platinum, gold or tungsten, collecting pions and then
letting them decay. To collect as many pions (and cloud muons) as possible, the pions
are captured using a high solenoidal magnetic �eld with a large solid angle. Since muons
will be stopped in a conversion target, low energy muons, and thus low energy pions, are
preferred. It is known from other measurements that backward scattered pions (with respect
to proton beam direction) of high energy are suppressed, and the yield of low energy pions
in the backward direction is not too low compares to that of the forward direction (see
�gure 2.4). For these reasons, the COMET decided to collect backward pions. The pion
capture system is composed of several superconducting solenoids: capture solenoids and
matching solenoids. The magnetic �eld distribution along the beam axis of the COMET
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Figure 2.4: Comparison between backward and forward pions production in a gold target.

is shown in �gure 2.5. The peak �eld of 5 T is created by the capture solenoid, and the
matching solenoids provide a smooth transition from that peak �eld to the 3 T �eld in
the pions/muons transportation region. The superconducting solenoids are cooled by liquid
helium, and a radiation shield composed of copper and tungsten will be installed inside the
cryostat to reduce radiation heat load.

Figure 2.5: Magnetic �eld distribution along the COMET beam line.

2.2.3 Pions and muons transportation solenoids

Muons and pions are transported to the muon stopping target through a muon beam line,
which includes several curved and straight superconducting solenoid magnets. A schematic
layout of the muon beam line, include the capture and detector sections, is shown in �g-
ure 2.6.

The requirements for the muon transportation beam line are:

• being long enough for pions to decay, for instance, the survival rate of pions will be
about 2� 10�3 after 20 m;
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