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Muon-to-Electron Conversion

Neutrinoless muon decay
✦ Signal: μ− + N → e− + N 

★ Monochromatic energy of 105 MeV (Al)

✦ Branching ratio: BR(μN→eN) <  10-54 in the SM.

✦ Reach ~10-15 in several Beyond-SM scenarios.

High intense muon beam & beam-induced BG
✦ High-intensity 8 GeV proton beam @ J-PARC, Japan.

★ An effective transport line from π to μ is required.

★ Backgrounds arise from the proton and its secondaries.

✦ Bunched beam structure

★ Delayed timing window for masking the BG.

2

N

Muon capture

Decay in Orbit
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the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

The muons stopped in the muon-stopping target have the lifetime of a muonic atom. The lifetime
of muons in aluminium is about 864 nanoseconds. The µ−N → e−N conversion electrons can be
measured between the proton pulses to avoid beam-related background events. However, some beam-
related backgrounds would come late after the prompt timing, such as pions in a muon beam. There-
fore, the time window for search is chosen to start at some time after the prompt timing. As discussed
in Section 16.2, the starting time of time window of measurement of 700 nanoseconds is assumed,
although it would be optimized in the future offline analysis.

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.
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COMET
Searching for μ-e conversion at J-PARC
✦ Two-staged plan: Phase-I and Phase-II

✦ The final goal: O(10-17) sensitivity.

★ 10, 000 times improved from the current limit.

Building the muon transport line.
✦ The quality of the muon beam is 

   a leading component of the sensitivity.

3

Phase-IIPhase-I

Main RingLINAC

✓ Sensitivity O(10-15)
✓ Physics measurement

by a cylindrical detector ‘CyDet’

✓ Beam & BG measurement
by a tracker & calorimeter ‘StrECAL’

✓ Sensitivity O(10-17)
✓ Physics measurement

by StrECAL

COMET Beamline
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Collaboration
4

International collaboration among 
France, Korea, Japan, and many countries!
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Phase-I 
Sensitivity O(10-15)
✦ π→μ in the transport solenoid.

✦ Aluminium targets: 17 flat circular discs

★ 10 cm radius, 200 μm thickness, and 50 mm spacing.

★ 4.7 × 10-4 stopping muons / proton

✦ CyDet combining with the muon stopping targets,

★ CDC: Cylindrical Drift Chamber (momentum)

★ CTH: Cylindrical Trigger Hodoscope (time and trigger)

✦ Cosmic Ray Veto surrounds the CyDet.

✦ Germanium detector for normalisation using muonic X-rays.

5

Pion production target

90 Degrees Muon 
Transport Solenoid

CDC Cylindrical drift chamber 

CTH 
Cylindrical trigger 

 hodoscope

Target discs

μ−

e−

1T field

Proton beam

CyDet

Cosmic Ray Veto
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Figure 7.1: Momentum distribution of pions exiting in the (a) forward and (b) backward regions of
tungsten and graphite targets bombarded by an 8 GeV proton beam. The spectra are generated using
Geant4 using the QGSP-BERT hadronisation model.

energy, therefore with proton beam power. Also it is seen that at a very high proton energy
(> 30 GeV), the pion production yield starts to become saturated.
The choice of proton energy can be determined by considering the pion production yield and
backgrounds. In particular, backgrounds from antiproton production are important. The
current choice of proton energy is 8 GeV, which is close to the threshold energy of antiproton
production.
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Figure 7.2: Yields per proton of forward pions and muons, left, and backward pions and muons, right,
from a graphite target in a magnetic field of 5 Tesla, as a function of proton energy.
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Pion Production Target
6

8.4. Muon Beam Collimator System

In order to remove positive charged particles and high momentum particles that might con-
tribute to backgrounds, particularly pions, while retaining as many muons as possible, a muon
beam collimator system will be adopted. The system is required to remove particles traveling
8.5 cm above or 10 cm below the beam height. This can be realized by installing two plates
made of stainless steel at the exit of the muon transport system, as displayed in Figure 8.5
(Left). 1

0XRQ�&ROOLPDWRU

Figure 8.5: Location (Left) and the dimension (Right) of the muon beam collimator.

Mechanical design of muon beam collimator Two plates are placed 8.5 cm above and 10 cm
below the beam height so as to form “ceiling” and “floor”. The collimator has dimensions as
displayed in Figure 8.5 (Right). Each plate can separate into two parts, root and head. The
root part and the head part have thickness of 10 mm and 6 mm, respectively, in the current
design. The total length of the collimator is 578 mm. By replacing the head part, it is possible
to change the length and thickness of the collimator. The ceiling plate and floor plate are
mechanically supported each other by connecting them with vertical bolts. The collimator is
attached to the edge flange of the transport solenoid magnet. A total weight of about 30 kg of
the collimator is acceptable for being supported by the magnet. A heat load due to interaction
of beam particles with the collimator material is estimated to be much smaller than 1 W. It
is small enough, in comparison to the acceptable additional heat load of 30 W of the cooling
system of the magnet.

1It is noted that the mass production data of simulations (MC3) that were used for instance in the CyDet
noise hate studies were produced based on the old design of the muon beam collimator. The old design consisted
of eight vertical plates of 10 mm thick stainless steel from position of 55¶ from the entrance end of the muon
transport to 85¶, along the curved muon transport solenoids. It has been confirmed that the new and old
designs have similar performance. The next mass production (MC4) will include the current collimator design
described here, and when the MC4 data are available, the relevant plots will be replaced.
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Proton Target
✦ A graphite rod

Pion Capture Solenoid
✦ 4.4 T superconducting magnet

✦ Pions and muons extracted to backward

★ Better collection of low-momentum pions.

Simulation

Proton
To TS
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✦ An important beamline component.

✦ The helical trajectories centre drifts vertically.

★ Additional dipole magnetic field for compensation

★ Charge and momentum selection  
            with optimum collimators

✦ The magnet and beam collimator are designed 
 to select the target low-momentum μ−.
★ μ− of 30–50 MeV/c tend to stop in the aluminium target.

Muon Transport Solenoid
7
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tribute to backgrounds, particularly pions, while retaining as many muons as possible, a muon
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Figure 8.5: Location (Left) and the dimension (Right) of the muon beam collimator.

Mechanical design of muon beam collimator Two plates are placed 8.5 cm above and 10 cm
below the beam height so as to form “ceiling” and “floor”. The collimator has dimensions as
displayed in Figure 8.5 (Right). Each plate can separate into two parts, root and head. The
root part and the head part have thickness of 10 mm and 6 mm, respectively, in the current
design. The total length of the collimator is 578 mm. By replacing the head part, it is possible
to change the length and thickness of the collimator. The ceiling plate and floor plate are
mechanically supported each other by connecting them with vertical bolts. The collimator is
attached to the edge flange of the transport solenoid magnet. A total weight of about 30 kg of
the collimator is acceptable for being supported by the magnet. A heat load due to interaction
of beam particles with the collimator material is estimated to be much smaller than 1 W. It
is small enough, in comparison to the acceptable additional heat load of 30 W of the cooling
system of the magnet.

1It is noted that the mass production data of simulations (MC3) that were used for instance in the CyDet
noise hate studies were produced based on the old design of the muon beam collimator. The old design consisted
of eight vertical plates of 10 mm thick stainless steel from position of 55¶ from the entrance end of the muon
transport to 85¶, along the curved muon transport solenoids. It has been confirmed that the new and old
designs have similar performance. The next mass production (MC4) will include the current collimator design
described here, and when the MC4 data are available, the relevant plots will be replaced.
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The Muon Beam at J-PARC

1 In the capture solenoid the pions
from the production target will be
captured by 5 T magnetic field.

2 After being captured, the momentum
direction has a broad dsitribution. To
make the beam more parallel to the
beam axis, the magnetic field is
decreased adiabatically.

z

pl

pt

1 In the C-shape muon beam line, the
curved solenoid will make charged
particles drift along verticle direction

1 The drift distance is proportional to
the momentum amplitude.

2 The drift direction is decided by the
charged of the particle.

2 With the help of a dipole field and
collimator, we can select the beam by
charge and momentum.

1 Muon with momentum smaller than
75MeV/c is preferable.

Chen Wu (NJU, IHEP, Osaka) COMET Experiment TAU2016 11 / 23

Trajectories in the transport solenoid
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85 mm

-100 mm

The upper and lower collimator 
plates are still movable.

Red : 𝑝, 𝑒+, 𝜋+, 𝜇+, Blue: 𝑒−, 𝜋−, 𝜇− ,
Orange : 𝑝, 𝑒+, 𝜋+, 𝜇+, 𝑒−, 𝜋−, 𝜇−
Magenta: 𝜇−(p > 70 MeV/c), Black : 𝜋−,
Cyan: 𝑒− (p> 100 MeV/c) , Green : Stopped 𝜇−

@TS exit

w/o Muon collimator

24RECAPBy adding fins, particles coming from the upper and lower regions can be 
almost completely eliminated.
However, since most particles originate from the beam center, further 
reduction requires adjusting the position of the plate.

Beam collimator
✦ Non-target particles drift to the upper or bottom sides.

★ Positively charged particles → upper

★ High-momentum negative particles → bottom

✦ Stopped by the plates and ring-shaped collimators

Still, a lot of scattered secondaries present.
✦ They give noise hits in the downstream detectors.

✦ BG suppression is a current issue — One of our objectives 

★ BG hits make a high BG trigger rate ~ O(100k) cps.

Beam Collimator 
8

To Detector
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Necessary for safety but need to be thin
✦ We need to transport muons as slow as possible.

✦ Opposite requirements: toughness and thinness.

3D-printed vacuum windows
✦ Ti-based (Ti-6Al-4V) — Well prototyped

★ Enough pressure tolerance ~ 4 MPa

✦ Al-based (Al-Si10Mg) — One of our objectives

★ For less material amount

★ Prototyping R&D being performed.

Vacuum Windows
9

8.4. Muon Beam Collimator System

In order to remove positive charged particles and high momentum particles that might con-
tribute to backgrounds, particularly pions, while retaining as many muons as possible, a muon
beam collimator system will be adopted. The system is required to remove particles traveling
8.5 cm above or 10 cm below the beam height. This can be realized by installing two plates
made of stainless steel at the exit of the muon transport system, as displayed in Figure 8.5
(Left). 1
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Figure 8.5: Location (Left) and the dimension (Right) of the muon beam collimator.

Mechanical design of muon beam collimator Two plates are placed 8.5 cm above and 10 cm
below the beam height so as to form “ceiling” and “floor”. The collimator has dimensions as
displayed in Figure 8.5 (Right). Each plate can separate into two parts, root and head. The
root part and the head part have thickness of 10 mm and 6 mm, respectively, in the current
design. The total length of the collimator is 578 mm. By replacing the head part, it is possible
to change the length and thickness of the collimator. The ceiling plate and floor plate are
mechanically supported each other by connecting them with vertical bolts. The collimator is
attached to the edge flange of the transport solenoid magnet. A total weight of about 30 kg of
the collimator is acceptable for being supported by the magnet. A heat load due to interaction
of beam particles with the collimator material is estimated to be much smaller than 1 W. It
is small enough, in comparison to the acceptable additional heat load of 30 W of the cooling
system of the magnet.

1It is noted that the mass production data of simulations (MC3) that were used for instance in the CyDet
noise hate studies were produced based on the old design of the muon beam collimator. The old design consisted
of eight vertical plates of 10 mm thick stainless steel from position of 55¶ from the entrance end of the muon
transport to 85¶, along the curved muon transport solenoids. It has been confirmed that the new and old
designs have similar performance. The next mass production (MC4) will include the current collimator design
described here, and when the MC4 data are available, the relevant plots will be replaced.
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Monitor of the secondary 
               beam intensity and profile
✦ Beam intensity fluctuation prevents  

stable detector and trigger operation.

★ Upward deviation leads to detector insensitivity.

★ Sources of systematic uncertainties.

★ Needs to be monitored.

SiC sensors are being developed.
✦ Good radiation tolerance.

✦ A prototype tested with 
    a muon beam at J-PARC.

★ Sufficient sensitivity and linearity.

✦ A dedicated ASIC readout chip 
 is also being developed.

★ Variable amplifier gain for robustness.

Muon Beam Monitor
10

A prototype tested in  
a test-beam experiment

  

Beam Test at J-PARC MLF

SiC

Polyimide

FR4

Monitor the secondary beam profile.
SiC semiconductor sensors are used for radiation tolerance.

Prototype detector was 
tested with the muon 
beam at J-PARC MLF.

1muon
2muon

3muon
4muon

Status of the data analysis will be presented by Kenya.
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✦ The muon beam was  

successfully transported by  
the Muon Transport Solenoid.

★ Muon momentum spectrum was  
measured for the first time!

★ However, we also observed a fluctuation  
         in the beam intensity bunch by bunch.

★ Led us to think more seriously about  
                           BG hit rates in the detectors.

Phase-α 
11
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Objectives of Our Project
(1) Optimisation of the proton target and collimators
✦ The beamline components had been optimised to maximise the acceptance of low-momentum μ−.
✦ Still, the BG hit rate in the detectors is our current serious issue.

★ A better muon acceptance brings a severer hit rate — a trade-off matter.

✦ We are finalising the design compromising these two opposite factors.

★ Dimensions and alignment of the pion production target and beam collimators.

★ A shorter target gives a better BG particles suppression than the loss of the target muon; how much can we compromise?

★ More materials on the collimator plates are essential, but their mechanical and radiation hardness should be considered.

✦ The PhD student members in France and Japan are collaboratively working on this.

★ They have been making various nice outlooks for better BG-hit suppression.

12

Additional materials around the collimator(Blue) The π/μ generation point along the target

Potential different shape of the target
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Objectives of Our Project
(2) Design of feasible neutron shielding
✦ The neutrons also emerge from the proton beam injection  

   and heavily damage the detectors’ sensors and electronics.

✦ The collimator is also a neutron source:

★ Another reason why the collimator design is further optimised.

✦ Our simulation studies are seeking a better shielding design.

★ It simultaneously needs to be feasible in the cost point of view.

★ For instance, boron-doped polyethylene blocks are effective.

❖ ~25% reduction in neutron flux  
     at the Cosmic Ray Veto being sensitive to neutrons.

✦ Together with Objective (1),  
          these designs necessary to be completed soon.

★ An impactful project for the COMET experiment.

(3) Development of further thinner vacuum windows
✦ A lighter and thinner vacuum window is genuinely better for the muon acceptance.

★ Our Japanese member, S. Makimura, is developing a stable window fabrication with aluminium.

✦ Along with it, the other members will also validate it by simulation.

★ The Muon Beam Monitor and its material effects are also involved in simulation validation.

13
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Conclusion
The COMET experiment operates a high-intensity muon beam.
✦ To search for μ-e conversion with a sensitivity that improves the current limit by a factor of 100 in Phase-I.

✦ A dedicated beamline and its devices have been developed by the collaborators and our members.

Our project aims at further improvements of the new dedicated muon beamline.
✦ Various simulation studies are carrying on. 

★ Balancing the experimental performance between signal acceptance and background suppression.

★ The CCIN2P3🇫🇷  and KEKCC🇯🇵  computing clusters are significantly appreciated.

A French-Japanese working group has been established.
✦ Co-supervised French (T. Clouvel) and Japanese (M. Miyataki) PhD students are leading the group and studies.

✦ Tight communication through weekly online meetings.

✦ Frequent face-to-face visits to work closely together.

★ T. Clouvel stayed in J-PARC 🇯🇵  for a month, and K. Oishi will stay in Clermont-Ferrand 🇫🇷  for a week. More will be happening!

✦ Collaboration meetings in J-PARC 🇯🇵  in March and in Clermont-Ferrand 🇫🇷  in June.
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The Members (PhD students) 

✦ Cristina Carloganu, Thomas Clouvel @ LPCA, France 🇫🇷
✦ Jean-Claude Angelique @ LPC Caen, France 🇫🇷  

✦ Kou Oishi, Yoshinori Fukao,  
            Shunsuke Makimura @ KEK, Japan 🇯🇵

✦ Masaki Miyataki @ University of Osaka, Japan 🇯🇵
✦ Kenya Okabe @ SOKENDAI, Japan 🇯🇵


