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Technical Design Report

‣ Muon-to-electron conversion:  
‣ Neutrinoless coherent transition in a nuclear field 
‣ Violates the Lepton Flavor conservation 
‣ Search for NEW physics beyond the Standard Model 

‣ The COMET experiment:  
‣ Explores µ-e conversion at J-PARC with the single 

event sensitivity of  
‣ Phase-I:   3×10-15  (×100 improvement) 
‣ Phase-II:  2×10-17  (×10,000 improvement) 

https://doi.org/10.1093/ptep/ptz125
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‣ Muon-to-electron conversion:  
‣ Neutrinoless coherent transition in a nuclear field 
‣ Violates the Lepton Flavor conservation 
‣ Search for NEW physics beyond the Standard Model 

‣ The COMET experiment:  
‣ Explores µ-e conversion at J-PARC with the single 

event sensitivity of  
‣ Phase-I:   3×10-15  (×100 improvement) 
‣ Phase-II:  3×10-17  (×10,000 improvement) 

  

Pion Capture Solenoid
Shows Up at J-PARC !!

Photo taken at 44th Collaboration Meeting (Nov.28)
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Successfully put DS on the underground floor through the hatch !!

TS downstream end

The hatch
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J-PARC
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J-PARC  (Japan Proton Accelerator Research Complex)
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LINAC
0.4 GeV

RCS
3 GeV

Main Ring
30 GeV Hadron Exp. 

Facility

Material & Life
Science Facility

Neutrino Beam
to Kamioka

J-PARC (Japan Proton Accelerator Research Complex)

J-PARC MR provides a proton beam of normally 30 GeV, or 8 GeV for COMET.
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COMET Phase-II

Muon Target and Electron Spectrometer

6.5. ELECTRON TRACKER 103

Figure 6.13: Cut view of COMET detector. Red rings around the curved solenoid section
are magnet coils, and tilted to produce the compensation field (A field that cancels the drift
for a 105 MeV electron)

understood and controlled.
A schematic of the stopping target and detector solenoids is shown in Figure 6.13.

The tracking detector is located downstream of a curved transport solenoid and the muon
stopping target. The detector consists of a set of 5 straw planes, 48 cm apart, and placed so
that the axial direction of the straws is transverse to the axis of the solenoid. Each of the
5 planes contains a set of 4 straw tube arrays. One array measures position in x, and one
measures position in y (coordinates rotated by �/2). An identical (x,y) pair is attached to
the first array, but rotated by 45 deg., in order to break hit ambiguities and add redundancy.
A hit location is determined by the plane position, the straw position within a plane, and
the drift time. There is presently no second coordinate readout, although charge division
on a straw anode wire is under consideration. The azimuthal position is obtained from
hits in the rotated coordinate measurements. Both timing and pulse height information
are recorded from one end of each hit wire. Pulse height is used to discriminate between
electron and low-energy, heavily ionizing tracks (e.g. protons) which can occur through
atomic muon absorption on nuclei. There are 208 straws in each array for a total of 832
straws per plane and 4160 straws in the full 5 planes of the detector. Therefore there are
4160 readout channels.

The calorimeter is positioned behind the tracker. Electrons which pass through the
tracker are absorbed in the calorimeter and if the deposited energy lies within a small window
around 105 MeV, a trigger signal is generated. Appropriate signals that were previously
inserted into in a latency pipeline in the readout electronics of the tracking detector are
then processed by a second level trigger, and the resulting information, including data from
the calorimeter and cosmic ray shield, are stored as an event for further data analysis. In
this section, the construction and readout of the tracking detector is mainly addressed.

6.5.2 Design of the electron tracker

The requirement to the tracker system is as follows:

1 T

Figure 1: Beam blocker and DIO blocker.

Figure 2: Signal and DIO electron trajectories (yz projection in the cut view) through
the electron spectrometer in left and right respectively. They move from left to right.

We have made our ICEDUST simulation, where the muons were generated uniformly
in the muon stopping target. We generated the signal electrons and the DIO electrons
in order to see the signal acceptance and DIO rejection. The DIO electrons were gener-
ated to follow the momentum distribution calculated by A. Czarnecki et al. [6]. In these
simulation data, the beam blocker and DIO blockers were taken out of the ICEDUST
geometry, and we cut the tracks in the software analysis to simulate the blockers. This
allows e�cient optimization of the blockers in the analysis stage, without repeating dif-
ferent simulations. The dipole magnetic field was set to be -0.18 T.1 Figure 3 shows the
xy distributions of the signal electrons (left) and the DIO electrons (right) at the first
plane of the straw chambers in the case of no blockers. Figure 2 shows the trajectories of
DIO electrons through the electron spectrometer, where it is seen that the major part of

1The strengh of the dipole magnetic field at the electron spectrometer can be optimized later.
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Figure 6. Schematic layout of the downstream section of the Phase-II setup, which includes the muon
stopping target, the Electron Spectrometer Solenoid, and the Detector Solenoid.

2.2. Accelerator, Beams and Facility
2.2.1. Accelerator and Proton Beam

The accelerator must provide a proton intensity as high as possible, and suppress
beam-related backgrounds, as explained in Section 2.1.2. The COMET experiment requires
a dedicated operation of the J-PARC accelerator. The proton beam energy is reduced from
the normal Main Ring operation of 30 GeV to 8 GeV, which is sufficiently high to produce
a large number of pions but low enough to minimize antiproton production. The beam
power is adjusted to 3.2 kW in Phase-I, and will be upgraded up to 56 kW in Phase-II. We
fill four out of nine buckets of the Main Ring to realize the required pulse structure with
an interval of 1.17 µs as shown in Figure 7. The proton beam is slowly extracted during
0.5 s, keeping the bunch structure, and delivered through a new beam line to the COMET
experimental hall. Most of the beam line components have already been constructed and
will be ready to transport the beam in 2022.

LINAC
0.4 GeV

RCS
3 GeV

Main Ring
30 GeV Hadron Exp. 

Facility

Material & Life 
Science Facility

Neutrino Beam
to Kamioka

J-PARC (Japan Proton Accelerator Research Complex)

1.17 µs

Figure 7. A bird’s eye view of the J-PARC accelerator facility. COMET takes place in the Hadron
Experimental Facility. The orange ovals shown on RCS and Main Ring represent the proton bunch
structure. The solid and open ovals indicate filled and empty proton bunches, respectively, in the
COMET 8-GeV operation. (The photo was provided by the J-PARC Center).

A series of acceleration tests of 8-GeV proton beam and extinction measurements were
carried out at J-PARC. The accelerator operation was successful with 7.3 ⇥ 1012 protons
per bunch, equivalent to the Phase-I design value. It was confirmed that the extinction

COMET

8 G
eV

COMET requires a specialized beam operation. 
Only 4 of 9 bunches of MR are filled to realize a ~1 µs interval.
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Proton beam for COMET
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Proton Beam Extinction for COMET
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The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

• Background rate needs to be low in order 
to achieve sensitivity of <10-16.

• Extinction is very important.  

– Without sufficient extinction, all 
processes in prompt background 
category could become a problem.

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

• Muonic lifetime is dependent on 
target Z.  For Al lifetime is 880ns.

Proton Beam for COMET

proton beam extinction = (protons between the 
pulses) / (protons in the pulse)

COMET requirement : extinction < 10-10

� �Bunched Slow Extracton

1.17μs 1.75μs

100 ns

エネルギー 8GeV

パワー 3.2 (1.44) kW

陽子 / バンチ
陽子 / ショット

1.6 x 107

6.2 x 1012

サイクル
取出し時間

2.5 (5.2) 秒
0.5秒

9バケツのうち、4個にビームをfill

ビームの時間構造

Bunched Slow Extraction

✓ Extinction factor <10-10

Rext =
# of protons in between pulses

# of protons in pulses

# Leaked protons are dangerous to make  
BG in the timing window (see next page.)
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Beam-related BG
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Cf.) τµ(Al) = 0.9 µsec

• Radiative pion capture, π- (A,Z) → (A,Z-1) γ,  γ → e+ e- 
• Muon decay in flight, pµ > 75 MeV/c 
• etc.

correlated with beam timing}
Muon beam is contaminated by pions, and the momentum is spreading in a wide range.

# Lifetime of the muonic atom should 
be comparable to the pulse interval

100 ns Main Proton Pulse

Prompt Background

Stopped Muon Decay

DAQ Window

SIGNAL

Time [µsec]

   
   

   
# 

of
 P

ar
tic

le
s [

a.
u.

]

> ~1 !sec

# Beam-related BG occurs promptly after the beam timing. 
# Stopped muon decay happens according to the lifetime of 
the muonic atom. 
# DAQ runs only in the delayed timing window.

✓ Pulsed beam 
➡ Delayed-timing measurement
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Beam-related BG
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✓ Pulsed beam 
➡ Delayed-timing measurement

• Radiative pion capture, π- (A,Z) → (A,Z-1) γ,  γ → e+ e- 
• Muon decay in flight, pµ > 75 MeV/c 
• etc.

correlated with beam timing}
Muon beam is contaminated by pions, and the momentum is spreading in a wide range.

100 ns Main Proton Pulse

Prompt Background

Stopped Muon Decay

DAQ Window

   
   

   
# 

of
 P

ar
tic

le
s [

a.
u.

]

Time [µsec]Leaked Proton Prompt BG.

# If there are leaked protons in between 
the pulses, they might make the BG in 
the timing window.

We achieved Rext <10-10  
in the test beam campaign in 2021.
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Beam line
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Hadron Hall

A-line

B-line

MR

COMET Primary Beamline

A-line

B-line

Lambertson magnet

high-p line

COMET line

D-magnet

A-Line

High-p 
BL

COMET 
BL

Completed 

COMET experimental hall 
built in 2015

• New beam line & experimental hall were constructed. 
• The first beam transport was commissioned in 2023 (see later).

STATUS OF COMET PHASE I
SEARCH FOR THE MU-E CONVERSION WITH A SENSITIVITY OF O(10-15)

COMET BL



Muon Source

14
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Ancestor of COMET/Mu2e
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Faces & Places

Vladimir Lobashev, who was well known 
in the field of nuclear and elementary 
particle physics, passed away on 3 August, 
after a long illness. He made important 
contributions to fundamental studies in 
parity and CP violation, to neutron and 
neutrino physics, and to medium-energy 
physics. 

The early part of Lobashev’s scientific 
career, at St Petersburg Nuclear Physics 
Institute of the Russian Academy of 
Sciences, was dedicated mainly to the 
weak interaction physics. His discovery 
of parity-violating effects in nuclear 
electromagnetic transitions was instrumental 
in establishing the universality of weak 
interactions. He was awarded the Lenin 
Prize for this work in 1974. In the course 
of this research he discovered and made 
the first measurements of a new effect in 
QED ² the rotation of the polarization plane 
of gamma-rays in propagating through 
polarized electrons. He also designed novel 
methods of dealing with ultracold neutrons 
and obtained a limit on the CP-violating 
neutron electric-dipole moment, which was 

the best in the world at the time. 
In 1972 Lobashev moved to the Institute 

for Nuclear Research of the Russian 

Academy of Sciences, Troitsk, where 
he played a major role in designing and 
supervising the construction of the complex 
of intense beams of the Moscow Meson 
Factory. His most significant recent result is 
an invention of a new type of spectrometer 
for beta-decay electrons and an experiment 
to make a direct measurement of the mass of 
the electron-neutrino in tritium beta-decay, 
which together with the Mainz experiment 
produced the best limit on the neutrino 
mass.

Lobashev’s research was highly 
appreciated in Russia and all over the world. 
He was a member of the Russian Academy 
of Sciences and received many government 
awards, including the title of Honorary 
Citizen of the city of Troitsk.

His passing is a great loss to Russian 
science. He will always be remembered by 
his numerous former students and colleagues 
as a great researcher who devoted all of his 
life to science. 

:e express our deep sorrow to his relatives 
and close friends.

 ● Friends and colleagues. 

Vladimir Lobashev 1934–2011 

Ryszard Gokieli 1947–2011

O B I T U A R I E S

Vladimir Lobashev. (Image credit: INR.)

Ryszard Gokieli, a highly valued 
high-energy physicist and computing expert, 
passed away on 20 July, after a two-month 
struggle to recover from a serious heart 
attack.  

Usually seen late at night in his office, 
with a laptop and a cup of coffee, Gokieli 
was known to his colleagues and friends as 
a brilliant researcher, unusually competent 
and tireless in his work. His friends 
remember talking to him as a pleasure, 
enjoying the correctness of his judgements 
and his specific, subtle sense of humour. His 
younger colleagues will always recall how 
helpful he was in both physics and computing 
matters.

Born in 1947, Gokieli graduated from the 
University of :arsaw. For most of his career 
he was employed by the Soltan Institute 
for Nuclear Studies and was involved in a 
series of large experiments on the particle 
colliders at CERN. In the 1970s he worked 
in the Split Field Magnet Collaboration at 
the Intersecting Storage Rings, where the 
production of hadrons at large transverse 
momenta was observed for the first time, 

providing evidence for the quark nature of 
hadronic matter. Then, for about 1� years 
beginning in late 1980s, he was a member 
of the DELPHI collaboration at the Large 
Electron²Positron collider. There his 
competence in computing was recognized 
and he became leader of the DELPHI Central 
Computing effort. 

:ith the advent of the LHC era, Gokieli 

gradually increased his commitment to 
the CMS experiment, as a member of the 
:arsaw group. Once again seduced by the 
challenges of data processing, he started 
developing computing Grids. In 200� he 
became a member of the CERN-led project, 
Enabling Grids for E-science, and soon 
afterwards became the Polish representative 
in the :orldwide LHC Computing Grid 
initiative. Setting up a pan-European and 
worldwide grid for high-energy physics 
was a major success, but also Gokieli
s 
personal success. Its importance can only 
be appreciated now that the LHC is gaining 
impetus and discoveries are round the 
corner. 

In 2009 Gokieli took on yet another big 
task in organizing and building national 
computing infrastructure and services for 
nuclear power plants in Poland. As deputy 
director he recently devoted most of his 
enthusiasm to this project ² the Computing 
Centre Ŋwierk ² in work that has now been 
sadly and terminally interrupted.

 ● :oMciech :iŋlicki, Soltan Institute for 
Nuclear Studies. 

Ryszard Gokieli. (Image credit: Jerzy 
Nomaĸczuk.)
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MECO was part of a suite of rare process search experiments 
proposed at Brookhaven that was not funded
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Pion Capture Solenoid
16

‣ Long production target 
‣ Capture solenoid 

• Backward generated pion → muon

To achieve 10-17 sensitivity, 

~1011 muons/sec   
(with 107 sec running time.)
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Figure 5.3: Momentum distribution of various beam particles at the end of the pion capture solenoid
section, moving to the muon transport section. For the hadron production, GEANT QGSP BERT was
used.
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Figure 5.4: Adiabatic transition from a high magnetic field to a low magnetic field. This adiabatic
transition is executed by reducing the magnetic field. As a result, the magnitude of transverse mo-
mentum is reduced.

5.3. Muon Beam Transport

Muons and pions are transported to the muon-stopping target through the muon beam trans-
port, which consists of curved and straight superconducting solenoid magnets. The require-
ments for the muon transport section are

69

Capture solenoid

Gradient magnetic field  
makes the direction of particles aligned to the axis.

proton beam

Capture Solenoid

5 TTransport Solenoid


3 T

Muon Stopping Target

1 T

Production Target

Production targetPowerful muon source is mandatory !!
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Muon Transport Solenoid
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where the trajectories of negatively charged particles with momentum p0 and pitch angle
θ0 are corrected to be on-axis.

The present design of the COMET beamline utilizes two curved solenoids with a bending
angle of 90◦ in the same bending direction. Each of them has a magnetic field of 2 T and a
radius of curvature of 3 m. Adjusting the inner radius of the solenoid to act as the collimator
would bring down cost of this design.

To keep the center of trajectory of the low energy muons, a compensating field of 0.030 T
for the first 90◦ and 0.050 T for the second 90◦ were applied. We propose two options to
realize this dipole field: tilting coils and additional dipole coils. In the tracking simulation
these compensating fields are calculated by tilting the solenoid coils.

Figure 5.15 shows a result from finite element method (FEM) calculations of the dipole
coils with superconducting wire that is wound on each element of the transport solenoid
coils. The average field strength is about 0.03 T in the calculation, and the field integral
along the solenoid axis is controled within ±5% of the midplane.

Figure 5.15: Dipole field for drift compensation in the transport solenoid calculated by FEM
analysis. The average field strength is about 0.03 T.

5.3.3 Curved solenoid tuning

In order to compensate for the vertical drift of particles in the curved transport channels,
a vertical dipole field is produced by tilting the sections of the curved transport channel.
This is a cost effective way of producing the dipole field, however, using this method means
that the relative magnitude of the vertical dipole field component is fixed by the geometry
and thus is fixed once the solenoid has been manufactured. It may be necessary to tune the
magnitude of the vertical dipole component after manufacture to correct for manufacturing
tolerances and thermal contraction due to cooling the magnets to superconducting operating
temperatures.

Sensitivity and Background
Estimates for Phase-II of the

COMET Experiment

Benjamin Edward Krikler

High Energy Physics Group, Department of Physics
Imperial College London

A dissertation submitted to Imperial College London

for the degree of Doctor of Philosophy
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Charged Lepton Flavor Violation
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Collimator at the exit

Collimator in the middle
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Mu2e:  S-shape  
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• the muon transport should be long enough for pions to decay to muons,

• the muon transport should have a high transport e�ciency for muons with a momentum
of ≥ 40 MeV/c, and

• the muon transport should select muons with low momentum and eliminate muons of
high momentum (pµ > 75 MeV/c) to avoid backgrounds from muon decays in flight.

The justification for the first of these criteria should be obvious. For muons to stop and be
captured in the stopping target their momentum must not be too high, but it must be high
enough that they make it to the target. This defines an optimal momentum to be around
40 MeV/c. Muons with higher momentum are less likely to be stopped, as well as giving rise
to another background. Decays in flight of these muons produce electrons that are boosted in
the lab frame, resulting in an electron background in the signal region near 105 MeV. Positive
muons (which cannot be captured) are another potential source of background. In conjunction
with momentum selection, a curved solenoid transport helps eliminate all these as described
below.
The selection of an electric charge and momenta of beam particles can be performed by using
curved (toroidal) solenoids, which makes the beam dispersive. A charged particle in a solenoidal
field will follow a helical trajectory. In a curved solenoid, the central axis of this trajectory drifts
in the direction perpendicular to the plane of curvature. The magnitude of this drift, D, is
given by
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qB

3
s

R

4 p2

L
+ 1

2
p2

T

pL

, (5.4)

= 1
qB

3
s

R

4
p

2

3
cos ◊ + 1

cos ◊

4
, (5.5)

where q is the electric charge of the particle (with its sign), B is the magnetic field at the axis,
and s and R are the path length and the radius of curvature of the curved solenoid, respectively.
Here, s/R (= ◊bend) is the total bending angle of the solenoid, hence D is proportional to ◊bend.
pL and pT are longitudinal and transverse momenta so ◊ is the pitch angle of the helical
trajectory. Because of the dependence on q, charged particles with opposite signs move in
opposite directions. This can be used for charge and momentum selection if a suitable collimator
is placed after the curved solenoid.
To keep the centre of the helical trajectories of muons with a reference momentum p0 in the
bending plane, a compensating dipole field parallel to the drift direction can be applied. If a
compensating dipole field given by
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is applied, the trajectories of negatively charged particles with momentum p0 and pitch angle
◊0 will be corrected to be on-axis.
The COMET Phase-I beamline uses one curved solenoid with a bending angle of 90¶. To keep
the centre of trajectory of the low energy muons, a compensating dipole field of about 0.05 T
will be used.

5.4. 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
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COMET PHASE I
SEARCH FOR THE MU-E CONVERSION WITH A SENSITIVITY OF O(10-15)

 First realization of Lobaschev’s idea of 
pion/muon capture and transport through 
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Vladimir Lobashev 1934-2011 
CERN Courier Vol 51, No 8
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• the muon transport should be long enough for pions to decay to muons,

• the muon transport should have a high transport e�ciency for muons with a momentum
of ≥ 40 MeV/c, and

• the muon transport should select muons with low momentum and eliminate muons of
high momentum (pµ > 75 MeV/c) to avoid backgrounds from muon decays in flight.

The justification for the first of these criteria should be obvious. For muons to stop and be
captured in the stopping target their momentum must not be too high, but it must be high
enough that they make it to the target. This defines an optimal momentum to be around
40 MeV/c. Muons with higher momentum are less likely to be stopped, as well as giving rise
to another background. Decays in flight of these muons produce electrons that are boosted in
the lab frame, resulting in an electron background in the signal region near 105 MeV. Positive
muons (which cannot be captured) are another potential source of background. In conjunction
with momentum selection, a curved solenoid transport helps eliminate all these as described
below.
The selection of an electric charge and momenta of beam particles can be performed by using
curved (toroidal) solenoids, which makes the beam dispersive. A charged particle in a solenoidal
field will follow a helical trajectory. In a curved solenoid, the central axis of this trajectory drifts
in the direction perpendicular to the plane of curvature. The magnitude of this drift, D, is
given by
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where q is the electric charge of the particle (with its sign), B is the magnetic field at the axis,
and s and R are the path length and the radius of curvature of the curved solenoid, respectively.
Here, s/R (= ◊bend) is the total bending angle of the solenoid, hence D is proportional to ◊bend.
pL and pT are longitudinal and transverse momenta so ◊ is the pitch angle of the helical
trajectory. Because of the dependence on q, charged particles with opposite signs move in
opposite directions. This can be used for charge and momentum selection if a suitable collimator
is placed after the curved solenoid.
To keep the centre of the helical trajectories of muons with a reference momentum p0 in the
bending plane, a compensating dipole field parallel to the drift direction can be applied. If a
compensating dipole field given by
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is applied, the trajectories of negatively charged particles with momentum p0 and pitch angle
◊0 will be corrected to be on-axis.
The COMET Phase-I beamline uses one curved solenoid with a bending angle of 90¶. To keep
the centre of trajectory of the low energy muons, a compensating dipole field of about 0.05 T
will be used.

5.4. 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
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COMET Phase-I
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CyDet and StrECAL 

for COMET Phase-I

Y. Fujii @ CLFV2016

COMET Phase-I

10

StrECAL

Straw Tube Tracker

ECAL

• Construct the first 90 degree of the muon transport solenoid
• Perform the μ-e conversion search with a sensitivity of 10

-15
 using CyDet

• Measure the beam directly using StrECAL as a Phase-II prototype detector

CyDet

Cylindrical Drift Chamber

Trigger Hodoscope

Muon Stopping Target

CyDet

StrECAL

proton beam

µ ←
 π

Capture Solenoid

90-deg 

Transport 

Solenoid

Detector Solenoid

8 GeV, 3.2 kW
Production Target


(Graphite)

Goal of Phase-I
Physics measurement  → CyDet 
• µ-e conversion search, SES: 3×10-15 (×100 improve), 150 days running 
Beam measurement     → StrECAL 
• to understand beam quality and background  (PID, momentum, timing)
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COMET Phase-II
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Phase-II Simulations, 9 Jan. 2016 Ben Krikler: bek07@imperial.ac.uk10

Muon Beam

proton beam

Capture Solenoid

Transport Solenoid

Muon 

Stopping 

Target

Electron Spectrometer Solenoid

StrECAL 

Detector

8 GeV, 56 kW

Production Target

(Tungsten)

• SES:  2×10-17 (×10,000 improve) 
• 1 year running

Full 180◦ Transport Solenoid

Electron Spectrometer Solenoid

56 kW Beam Power

Tungsten Production Target

Straw + ECal Detector ✓Charge & momentum selection
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Sensitivity
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Y. Fujii, Windows on the Universe, QuiNhon, Vietnam, 2018

Phase-I Single Event Sensitivity

• 3×10
-15

 S.E.S. achievable in ~150 days of DAQ time corresponds to Nμ=1.5×1016

13

Number of muons stopped inside targets

Fraction of muons to be captured by Al target = 0.61

Fraction of μ-e conversion to the ground state = 0.9

103.6 < pe < 106.0 MeV/c
700 < te < 1170 ns

Phase-I Phase-II

Proton Beam Power 3.2 kW 56 kW
DAQ time 150 days ~ 1 year

Total muons stop, Nµ 1.5×1016 1.4×1018 

Detector 
Acceptance+Efficiency, Aµ-e

0.041 0.057
S.E.S. 3.0×10-15 2.0×10-17 

# of BG 0.032 < 1

Detector acceptance + efficiency

Technical Design Report, PTEP 2020 033C01 (2020).

The Phase-II sensitivity is comparable with Mu2e.

https://doi.org/10.1093/ptep/ptz125


Magnets & Detectors
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17 June 2026Ryo Nagai (UOsaka) CLFV 2026 @ Rome

• Installation to the COMET Hall was completed 
in Nov. 2025  

• Ready to the (integrated) magnetic field 
measurement and the detector installation! 

14

Installation of DS

https://youtu.be/y7w5exfLMx4?si=9qHu7cPR23ywz6BK

Solenoid magnet status
23

Solenoid Magnet System

• Capture solenoid: Coil winding & cold mass assembly in progress. Cryostat design ongoing 

• Transport solenoid: Installed and ready for cryogenic test 

• Bridge & detector solenoids: design in progress. 

• Cryogenic System: Refrigerator test completed. Helium transfer tube in production

Transport 
Solenoid

• Pion Capture solenoid:  
- Leak tests of LHe- & water-cooling pipes were successful.  
- Excitation test after installation of return yoke & transfer tube. 

• Muon Transport solenoid:  
- Ready to operate.  

• Detector solenoid:  
- Basic performance was successfully tested. 
- Magnetic field measurement will be performed in this year. Detector Solenoid 2025

Pion Capture Solenoid 2024
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Requirement for detectors
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�(E	- Eµe)5

EDIO
Log	scale

Eµe Required momentum resolution


∆p < 200 keV/c    
for 105 MeV/c electrons

Muon decay in orbit

Intrinsic physics background

A.Czarnecki, X.G.i Tormo, W.J.Marciano, PRD 84, 013006 (2011).

A. Sato et al.

Fig. 4. Typical track in the CyDet detector for a simulated signal electron with
105 MeV/𝜔.

Fig. 5. Expected reconstructed momentum distribution for signal electrons (solid line)
and decay-in-orbit (DIO) events (dashed line), under the assumption of the signal
branching ratio of 3 ω 10ε15 and the momentum resolution of 200 keV/𝜔.

BR(𝜀ε
+𝜗𝜛  𝜚ε+𝜗𝜛) = 3.1ω10

ε15. Since the intrinsic momentum reso-
lution in such a low-energy region is dominated by multiple scattering
effects, the CDC must be a low-mass detector. These requirements lead
to choices in cell configuration, wires, and gas mixture.

2.1. Layer configuration

The CDC is arranged in 20 concentric sense wire layers including 2
guard layers with alternating positive and negative stereo angles. The
positions of the wires on the readout side end-plate are shown in Fig. 6.
The 1st and 20th sense wire layers operate at a lower high voltage (HV)
and act as guard layers. Their function is to remove the space charge
that accumulates due to ionization created in the regions between the
inner (or outer) walls and the guard layer. Without these layers, space
charge would accumulate in the absence of an electric field.

2.2. Cell configuration

Each cell in the CDC has one sense wire surrounded by an almost-
square grid of field wires. The ratio of the total numbers of field to
sense wires is 3:1, and the cell size is nearly constant over the entire
CDC region, such as 16.8 mm wide and 16.0 mm high. In a strict
sense, the cell width does indeed vary slightly from layer to layer.
Additionally, the cell height changes along the longitudinal direction
due to stereo drops and gravitational effects. Moreover, the cell shape
deviates from a perfect rectangle because of the alternating stereo wire

Table 1
Design parameters of the CDC.
Inner wall Material CFRP, Al

Length 1495.5 mm
Radius 495.95–496.5 mm
Thickness CFRP: 0.5 mm, Al: 0.05 mm

Outer wall Material CFRP, Al
Length 1577.3 mm
Radius 829.9–835.0 mm
Thickness CFRP: 5.0 mm, Al: 0.1 mm

Number of sense layers 20 (including 2 guard layers)

Sense wire Material Au-plated W
Diameter 25 ϑm

Number of wires 4986
Tension 50 g
Stereo angle ±(64–75) mrad

Field wire Material Al alloy (A5056)
Diameter 126 ϑm

Number of wires 14 562
Tension 80 g
Stereo angle ±(64–75) mrad

Gas Mixture He:i-C4H10 (90:10)
Volume 2084 L

Fig. 6. Layout of wires in the CDC. Wire positions on the readout side end-plate are
shown for one-eighth of the total area.

Fig. 7. Illustration of the shape of a cell consisting of one sense wire surrounded by
eight field wires. As the position of the cell shifts relative to the CDC axis direction, the
upper corner angle 𝜍 changes periodically. The relationship between time and space
within the cell is determined by considering the periodicity of this 𝜍 angle and the
angle of incidence 𝜑 of the charged particle on the cell.

structure, as illustrated in Fig. 6. Square cells are well-suited to low
momentum tracks (such as those from the 𝜀  𝜚 conversion signal),
which might enter the drift cells with large angles with respect to the
radial direction. The stereo angle is set to 64–75 mrad, which is selected
to achieve a longitudinal spatial resolution of about 3 mm. With this
design, where all wires are set at stereo angles, the shape of each layer’s

Nuclear�Inst.�and�Methods�in�Physics��
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CDC  Cylindrical Drift Chamber for Phase-I

25

1 T
µ

e Stopping
Target
(Al discs)

CDC

1.5 m

1 m

CDC 
• electron tracking in 1 T 
• Δp = 200 keV/c  (for p=105 MeV/c) 
• Low-mass chamber 

- He:i-C4H10 (90:10)  
- 0.5-mm CFRP inner wall 
- Al field wire, 126µm, 4986 
- Au-W sense wire, 25µm, 14562 

• Alternating all stereo layer 
- 20 layers, ±64~75 mrad 

A. Sato et al.

Fig. 28. Diagram of the water cooling system for the CDC electronics.

Fig. 29. Photograph of the CDC cosmic-ray test setup.

with a gas mixture of He:i-C
4
H10 (90:10), under high voltages reaching

up to +1850 V. The data acquisition system functioned effectively,
seamlessly integrating with all 104 RECBE boards and the trigger
system as detailed in Section 5.

We developed a straight track reconstruction program tailored for
the all-stereo drift chamber, based on methodologies outlined in [27].
Fig. 30 presents a typical event display, featuring a clearly discernible
cosmic-ray track. For subsequent analysis, we used reconstructed tracks
with a good 𝜔2 value and containing a sufficiently large number of
hits (i.e., larger than 10 and 33 in position resolution and efficiency
analyses, respectively). .

Fig. 31 illustrates a typical residual distribution, calculated from the
difference between the drift distance and the closest approach distance
of a hit wire to a reconstructed track. Importantly, the hit under
examination was omitted from the tracking analysis. This residual
distribution was modeled using a double Gaussian function, revealing
a core part with a standard deviation of 180 ωm including tracking
uncertainty. The distribution’s tail portion can be attributed to two
main factors: firstly, the generation of a relatively small number of pri-
mary electron–ion pairs within a cell, a trait commonly associated with
helium-based gas mixtures; and secondly, distortions in the electric
field near the cell edges.

Fig. 30. Typical event display of cosmic-ray events as observed at the CDC’s central
plane. Black dots and red circles trace the trajectory of a cosmic-ray track, where
the black dots represent the locations of hit wires, and the red circles illustrate the
corresponding drift circles. Additionally, red bars positioned outside the main plot
delineate the locations of trigger counters.

Fig. 31. Residual distribution for a central layer at +1850V, fitted with a double
Gaussian function.

The overall position resolution was found to be within the range
of 170–190 ωm. Fig. 32 depicts the position resolution as a function of
the distance from a sense wire, illustrating how resolution varies across
different regions of the cell. Notably, the resolution remains below
150 ωm within the central range but increases in proximity to both the
sense and field wires. This variation is due to multiple factors: at shorter
distances, the resolution is compromised by the scarce production of
primary electrons, whereas at longer distances, it is influenced by the
longitudinal diffusion of electrons. Additionally, near the cell edges,
distortion of the electric field emerges as a significant factor degrading
resolution.

Hit efficiency for a single cell was assessed using tracks recon-
structed without incorporating a hit from the cell under examination.
This efficiency is quantified as the ratio of detected hits in a cell to
the total number of tracks traversing it. Fig. 33 illustrates hit efficiency
relative to the distance from a sense wire, categorized into three distinct
levels based on hardware or software criteria. Hardware hit efficiency
encompasses all detected hits within TDC data, while software hit
efficiency mandates a favorable residual of drift distance. Specifically,
5𝜀 and 3𝜀 software efficiencies necessitate residuals within five and
three standard deviations of the residual distribution, respectively.
These software efficiencies are considered to be used in the track fitting

Nuclear�Inst.�and�Methods�in�Physics��


�)	(��A�1069��������169926�

12�

A. Sato et al.

Fig. 32. Position resolution as a function of distance from a sense wire in a central
layer at +1850V.

Fig. 33. Hit efficiency as a function of distance from a sense wire in a central layer
at +1800V. The black squares indicate hardware efficiency, and the red circles and
blue triangles represent software efficiencies defined within 5𝜔 and 3𝜔 ranges in the
residual, respectively.

process. An almost 100% hardware efficiency was achieved across the
standard cell size of 8 mm. Conversely, software efficiencies tend to
decrease at shorter drift distances due to the deterioration of position
resolution near the wire. Distances exceeding 8 mm usually indicate
cell corners, where tracks cross only part of the cell; such cases are
expected to be compensated by adjacent cells.

7. Operational environment of CDC

This section describes the operational environment of the CDC
during the 150-day COMET Phase-I physics measurements.

In the Phase-I experiment, a pulsed muon beam is generated by
bombarding a carbon target with an 8 GeV, 3.2 kW pulsed proton beam,
derived from the slow extraction process of the J-PARC main ring. The
proton beam pulse is approximately 100 ns wide, with a beam spacing
during extraction of 1.17 ωs. The beam duty factor of the main ring can
range from 3 to 5. At the entrance to the CyDet, the average muon rate
reaches 1.3 ε 1010 Hz with 9.4% of these muons stopping at the muon
stopping targets, resulting in a muon stop rate of about 1.2 ε 109 Hz.
Secondary and tertiary particles, produced by stopped muons and pions
within and around the stopping targets, are subsequently injected into
the CDC region. In addition, beam flash particles, which consist mainly
of electrons and gamma rays, arrive in large numbers immediately after
the beam pulse timing and are also a significant factor in determining
the radiation environment of the CDC.

To assess the impact of these particles on the CDC, Monte Carlo
simulations were utilized to compute the cell hit rate and the accu-
mulated charge on each wire [2]. In this study, the simulation did
not include the contribution of long-duration backgrounds. The results

Fig. 34. DIO electron hit rate for each CDC cell layer. Layer ID 1 is the innermost
sense layer.

suggest that the influence of neutrons within the detector vicinity
is minimal, supporting the feasibility of achieving the experimental
objectives under the expected conditions.

7.1. Hit rate

Stopped muon-induced particles are the primary contributors to the
increased hit rate observed in the CDC. Among the secondary particles,
the DIO (decay-in-orbit) electrons are of particular concern and must
be carefully considered. Fig. 34 presents the evaluated DIO-induced hit
rates for each cell layer within the CDC. To minimize the impact of
DIO electron hits, the innermost layer of the CDC was designed with
a sufficiently large installation radius. DIO electrons that interact with
the CDC typically originate from either the high-energy tail of the DIO
spectrum or from muons stopped in regions such as the helium gas
near the inner wall. As a result, the hit rate in the CDC decreases
significantly from the innermost to the outermost layers. The time-
averaged hit rate for the innermost sense wire is estimated to be a
maximum of 5 kHz/cell. Given that the duty factor of the proton beam
cycle from the J-PARC main ring is assumed to be 3, the corresponding
instantaneous hit rate is around 15.6 kHz/cell. Consequently, the hit
occupancy for the innermost layer, during a bunch cycle of 1.17 ωs, is
approximately 1.8%. Some of the particles generated from the muon
capture process also contribute to hits in the CDC. The time-averaged
hit rate attributed to protons emitted from excited nuclei was evaluated
to be 1.4 kHz/cell. Taking into account other hit sources after nuclear
muon capture, such as bremsstrahlung photons, muonic X-rays, neu-
trons, and 𝜀-rays from excited nuclei, the hit occupancy in the CDC
due to stopped muons was calculated to be between 7% and 10%. This
result is depicted by the magenta dots in Fig. 35. Additionally, the
contribution to the hit rate from stopped pions is represented by the
cyan dots in the same figure. Compared to the other categories, the
contribution from stopped pions is relatively small.

The first few tens of nanoseconds of the pulsed beam, which reaches
the detector area every 1.17 ωs, generates a high-intensity beam flash
composed primarily of electrons, 𝜀-rays, and neutrons. Although the
beam flash itself is brief, it significantly impacts the hit occupancy rate
due to the CDC cell’s maximum drift time of approximately 700 ns. As
illustrated by the blue dots in Fig. 35, the contribution of beam flashes
to hit occupancy is estimated to be around 4% across all layers.

When considering all contributing factors, the overall hit occupancy
was evaluated to be 15% for the innermost layer and 11% for the outer-
most layer, as shown in Fig. 35. To efficiently select hits corresponding
to signal events within this high hit occupancy data, analysis programs
are being developed that leverage the charge information of each cell
and utilize hit pattern selection techniques through machine learning.

Nuclear�Inst.�and�Methods�in�Physics��
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A.Sato et al., NIM A 1069, 169926 (2024).

Good spacial resolution of 
150—200 µm

https://doi.org/10.1016/j.nima.2024.169926
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★Surface: Al plate + Aeroflex/Styrofoam

Design of the outer box

★Structure to implement fibers and cables: being discussed 

300

Cables

Fibers

★Front plate: detachable

<Front view inside the box>

<Bird’s-eye view>

Fig. 37: A cross sectional view of CyDet showing the layout of the CTH. The red panels are plastic scintillators, and the

green panels beneath the scintillators are Cherenkov counters made of Lucite. An example track is also shown.

circles so that a four-fold coincidence (two-fold in both Cherenkov and scintillator rings) can be made

with a high acceptance for the signal electrons and a reduction in the fake triggers caused by γ-rays

as shown in the right handed side in the ‘pull out’ cartoon in Fig. 39. A simple two-fold coincidence

would be insufficient to reduce the fake trigger rates from energetic γ-ray conversions.

Fig. 38: Schematic layout of the trigger hodoscope modules for both upstream and downstream, showing one segment each

of scintillator and Cherenkov radiator. Drawing of downstream trigger hodoscope module. The yellow, blue, and orange parts

correspond to the light guide, Cherenkov radiator, and plastic scintillator, respectively. For the upstream part, the design is

the same but the length of light guide is shorter.

39 40 41

5.3.1. Design of CTH. The trigger hodoscopes must be operated in a 1 T solenoidal magnetic field

and a high neutron-fluence of about 1011 (1 MeV-equivalent) neutrons per cm2. The signal-noise ratio

S/N is required to be larger than 20, and the time resolution less than 1 ns.

39 FiXme: Are the scintillator and the Cherenkov radiator parallel to each other? They appear parallel in Fig.
38 and in the inset of Fig. 39, but they are not parallel in the main panel of Fig. 39. - They are parallel. We
updated the CTH design several times, and the old drawing is included by mistake.

40 FiXme: Fix38, poor resolution - replaced to new drawing.
41 FiXme: Fig39, poor resolution - replaced.
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CTH  Cylindrical Trigger Hodoscopes for Phase-I

26

CTH  
• 128 Plastic Scintillators + Fiber bundle  
• SiPM readout with cooling 
• 4-fold coincidence trigger

Y. Fujii, CM43, 9 July 2024

Conceptual design

4

Detector Solenoid

Shielding box

Cooling box

5/7.5 m fibre bundles

MPPC

Readout

Signal e-

BG particles

CDC

Target

M. Moritsu  (Kyushu U.)  ̶̶  21/02/2025

Scintillator quality control
23

2

Objectives of the scintillator QC

Quality control of the 256 Scintillator Counters (SC) of the 
CTH is ongoing at Kyushu University. 

Objectives of the QC: 
Ø Wrap the 256 scintillator counters in aluminized mylar
Ø Measure their light yield and timing resolution

Ø To detect defective scintillators
Ø To ensure the performance requirements of the 

CTH can be met

1. Objectives

by T. Bouillaud (PD)Activity in KU ①

Plastic scintillator BC-408
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Plastic scintillator BC-408

令和7年度　修士論文発表会　2026/02/12　　　　　　　　　　　　　　　　　　　大阪大学青木研究室　修士2年　住村明紀 

 カウンター固定治具

40

シンチレーター

接続パーツ フレーム

直角接続ブラケット

ファイバーバンドル

フレーム

 CM48　2026/03/04   @ Yokohama National University  (Online)　                                The University of Osaka   M2 Akinori Sumimura

MPPC cooling box
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StrECAL system
27

Straw Tube Tracker 
• Operational in vacuum in 1 T 
• Δp = 150~200 keV/c  (for p=105 MeV/c) 
• Straw tube 
- 20 µm thick, 9.75 mm diameter for Phase-I  
- 12 µm thick, 5 mm diameter for Phase-II 

• 5 stations (xx’yy’×5) 
• Ar:C2H6 (50:50) 

Electron Calorimeter 
• 1,920 LYSO crystals 
- 2×2×12 cm (10.5 radiation length)  

• APD readout 
• ΔE/E = 5%  (for E=105 MeV) 
• 40-ns decay time

Detectors for beam measurement in Phase-I, 
and µ-e search in Phase-II

Straw Tracker

3 of 5 stations were completed

e-

Straw Tube 
Tracker

ECAL

ECAL prototype: 

QA/QC of the crystals and 
APDs are ongoing.

LYSO crystal

COMET Straws

Spiral welding

Straight welding
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Physics detector : CRV (related to RCR item 10&20) 

24

• Partial installation with different 
technologies is planned in LI.

• Top : plastic scintillators(JINR/GTU)
• Preparation in J-PARC R&D building is 
ongoing.

• Discussion on installation scheme is 
ongoing.

• Side : ARGO-RPC(IHEP) or scintillators
• First irradiation test at GIF++ @CERN was 
performed. It was found that a specialised
DAQ is required.

• Juno experiment provided the DAQ (11/2025): 
test with Cosmic-ray gave good results. 
Next GIF++ test beam in May 2026.

• Upstream/Downstream : iRPC(IP2I/LPCA)
• Discussion on integration plan is ongoing.

Top CRV

Side CRV

Upstream CRV

Downstream CRV

CRV  Cosmic Ray Veto

28

• Hybrid CRV
• Scintillator

• 4 layers

• Readout by MPPCs through 
wavelength-shifting 
fibres.

• RPC
• Existing RPCs (CMS, ARGO)

• Evaluation is ongoing.

Cosmic Ray Veto (CRV) Detector

1st scintillator module was 
constructed and being commissioned.

• Hybrid CRV
• Scintillator

• 4 layers

• Readout by MPPCs through 
wavelength-shifting 
fibres.

• RPC
• Existing RPCs (CMS, ARGO)

• Evaluation is ongoing.

Cosmic Ray Veto (CRV) Detector

1st scintillator module was 
constructed and being commissioned.

“COMET Experiment to Search for μ-e Conversion at J-PARC” Kou Oishi,  KEK IPNS,  Japan / Muon4Future 2025 @ Venice, Italy

Requirements
✦ Detection efficiency > 99.99%

★ CR is one of the most crucial BG sources.

Design
✦ Top&side: plastic scintillating stripes

★ 4 layers on each side

★ readout by MPPCs through wavelength-shifting fibres

✦ Front&back: Resistive Plate Chamber strips
★ A module with 2D-aligned RPC strips

★ 5 to 7 layers on each side

1st module of the lateral CRV modules
✦ Being commissioned with cosmic rays to evaluate the detection efficiency 

   April, 2016

COMET&Phase,I

Technical&Design&Report&&
January,&2014July, 2016    

Cosmic Ray Veto
20

1st Module being 
commissioned

C. Cârloganu           CM38, 16.11.2022                                     

Proposal for GRPCs as possible technology for bridge-CRV

Single gap GRPC
• avalanche mode
• mm intrinsic segmentation
• ns intrinsic time resolution

Graphite 
Float glass 
Peek

3.6 mm

• ~90-95% efficiency
• gas:  98% TFE, 2% SF6

A tracker module: 5 to 7 detector modules Segmentation and number of chambers to be defined 
by physics simulations & measured performance

• layered PCB with x,y  strips readout on opposite sides
• ~ 1,2 m / 1,5 m  strips
• two GRPs/ module
• <25 mm thick

A detector module: two single gap GRPCs with common readout 

float glass

PCB

1.2 mm gap

Al Honeycomb cassette

Baseline: 10  mm pitch

ASIC # ASIC/
module

# ASIC / CRV

5 layers

# ASIC / CRV

7 layers

PETIROC 144 720 1008
LIROC 40 200 280

Top and side CRV module

RPC module

Fig. 71: One of the baseline designs for the coupling mechanism of SiPM to WLS fibre.

◦ Light from a MIP is not shared between different SiPMs resulting in a very high efficiency even

with a high signal threshold.

◦ The efficiency of each strip can be measured using coincident signals recorded in other strips.

◦ In case of problems with one channel only a small part of the detector is affected.

◦ A time resolution of about 1 ns can be achieved.

Fig. 72: CRV strip layout.

SCRV modules and layers. Fifteen strips form an SCV module of dimension 0.7 × 60 ×
300(360) cm3. The relatively low weight of the SCV module of about 10 kg give it good handling

properties. Strips are accurately placed on a 0.6 mm thick aluminium sheet, which is covered with

double-sided adhesive tape on the strip side. After placing the strips next to each other, they are

tightly glued onto the aluminium sheet. The mechanical encapsulation of the module is obtained by

using another sheet as a cover (See Fig. 73). The mechanical strength of the module is given both by

the strips being glued together and by the aluminium sheets enveloping it.

The short sides which run along the module are physically protected by a thin, U-shaped, stainless-

steel layer which is glued to the aluminium sheets on both sides. The steel mechanical envelope also

shields the strips from external light sources.

Modules are placed side-by-side in order to form a SCRV layer. The cosmic ray rejection power

of the SCRV is ensured by deploying four successive detection layers. The modules are shifted by

73/115

coupling mechanism 
of SiPM to WLS fibre 

             C. Cârloganu, KAON2025,  Mainz      17

Top [ day-1cm-2] Side [ day-1cm-2] Downstream [ day-1cm-2] Upstream [ day-1cm-2]

Mitigating the Atmospheric Background 

99.90% → ~1 background event

99.99% → < 0.3 background events (mostly sneaking)

Scintillators

RPCs

Non  analog simulation  using 
Importance Sampling  and 
Backward  Monte Carlo

CRV  
• Full coverage except the beam holes, using different technologies 
• Top CRV:  plastic scintillator arrays 
• Side CRV:  recycled RPC modules 
• Upstream/Downstream CRV:  RPC with CMS technology 



Beam commissioning
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COMET Internal Note
COMET-doc-186-v1

Muon Transport 
Solenoid

Detectors

Pion production target

Experimental area

Beam area

Proton beamfrom Main Ring
Proton

Target

Range
Counter

Straw Tube Tracker

Muon
Beam Monitor

Concrete wall

Turn chamber

Figure 2: Schematics of the Phase-α experiment. The proton beam from the J-PARC Main Ring
accelerator is injected into the pion production target, producing secondary pions and muons. Low-
momentum muons are transported through the Muon Transport Solenoid to the experimental area,
where they are detected by the Muon Beam Monitor, the Straw Tube Tracker, and the Range Counter.

Pion Production Target

To beam dump

Transfer solenoid magnet

Turn chamber

Pion Production Target

Figure 3: Photographs of the upstream beamline and the target beam duct used for the Phase-α
proton target.

9

Phase-𝛼 30

Detectors
Detectors
✦Position measurement by the Muon 

Beam Monitor and Straw Tube Tracker
✦Direction by the Straw Tube Tracker.
✦Decay time measured by the Range 

Counter.
★ For momentum reconstruction and muon 

identification
★ Also generates trigger signals
DAQ
✦Based on the MIDAS DAQ framework, 

officially adopted by COMET.

Transport Solenoid Exit

Muon Beam Monitor

Straw Tube Tracker

Range Counter

“COMET Experiment” Kou Oishi,  KEK IPNS,  Japan / J-PARC Symposium 2024 @ Ibaraki, Japan

   April, 2016

COMET&Phase,I

Technical&Design&Report&&
January,&2014July, 2016    The 1st Commissioning of the COMET facility
✦ The muon beam was  

successfully transported by  
the Muon Transport Solenoid.

★ The observed momentum spectrum 
is consistent with simulation.

Phase-α (2)
16

Muon Transport Solenoid

Detectors

Pion Production Section

Proton beam
Target

Experimental area

Beam area
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Data Simulation
  Stat. Error   Target
  Syst. Error   Non-Target

Phase-α Detectors

Preliminary

The 1st beam commissioning in 2023 for 
• COMET proton beam line 
• Muon Transport Solenoid 
• (w/o Pion Capture Solenoid)

Observed muon yields are consistent 
with simulation (preliminary). 
The final results will be published soon. 

K. Oishi, J-PARC Symposium 2024



Schedule and Summary
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Schedule
32

Schedule

27

We intend to keep up this schedule regardless to budget situation.Phase-I
starts in 2028• We intend to keep up this schedule regardless of budget situation. 

• Phase-I starts with low intensity (1/10 of the nominal) using limited radiation shields.
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Detector Integration
33

17 June 2026Ryo Nagai (UOsaka) CLFV 2026 @ Rome

• CDC+CTH will be installed in a stainless-steel 
support frame  

• The frame is already constructed and now 
testing a scheme of the integration of CDC+CTH 

19

Integration 
@ J-PARC

Preliminary

4 March 2026Ryo Nagai (UOsaka) 48th COMET Collaboration Meeting @ YNU

• CyDet (CDC+CTH) will be installed 
into the DS…  
• CyDet Cradle  
• Rail System  
• Cradle Installation Mount   

• Cradle was constructed, but the 
others have to be developed 

2

CyDet Integration  
DS

Yoke

CyDet Cradle

CDC

CTH

CTH
BS

(Rough Sketch)

Installation Mount

Rail System

Cradle @ J-PARC R&D bldg.

• Detectors will be installed in a stainless-steel 
support frame in 2027. 

• The frame is already constructed and now testing 
a scheme of the integration.
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Summary

‣ COMET aims to search for µ-e conversion with sensitivity 
of 3×10-15  / 2×10-17  at Phase-I / II. 

‣ All the solenoid magnets including PCS & DS were 
installed. The commissioning is ongoing. 

‣ The first beam commissioning (Phase-𝛼) data has been 
finalized. The results will be published soon. 

‣ COMET aims to start Phase-I with low intensity in 2028.

34



Thank you for listening

35

~200 collaborators,

19 countries

COMET collaboration

>200 collaborators
19 countries 
Spokesperson : Masaharu Aoki (The University of Osaka)
Co-spokesperson : Yuan Ye (IHEP)

Collaboration
Photo@IHEP
Nov. 2025

4

COMET collaboration

>200 collaborators
17 countries

44th Collaboration meeting
at J-PARC (Nov. 2024)

46th Collaboration meeting
at LPCA (Jun. 2025)
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Muon beam collimator
37

Solenoid Magnet System

• Capture solenoid: Coil winding & cold mass assembly in progress. Cryostat design ongoing 

• Transport solenoid: Installed and ready for cryogenic test 

• Bridge & detector solenoids: design in progress. 

• Cryogenic System: Refrigerator test completed. Helium transfer tube in production

Transport 
Solenoid

Muon collimator construction & installation

• New muon collimator was constructed based on the 
optimization.

• Installation of the collimator was completed.
• Students also made significant contributions to the 
installation work.

14

• Optimized muon collimator 
was constructed based on 
recent studies. 

• Installation of the collimator 
was completed.
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Related (byproduct) measurements
38

B.Yeo, Kuno, MJ.Lee, Zuber,  
PRD96, 075027 (2017)μ− + (A, Z) → e+ + (A, Z − 2)

μ− + e− → e− + e−
Koike, Kuno, J.Sato, Yamanaka,  
PRL105, 121601 (2010).  
Uesaka, Kuno, J.Sato, T.Sato, Yamanaka,  
PRD93, 076006 (2016), PRD97, 015017 (2018).

• The Coulomb attraction from the nucleus in a heavy muonic 
atom leads to significant enhancement in its rate. 

• Z dependence could be used to distinguish interaction types.

• Lepton Number Violation process. 
• Target nucleus mass relation is required: 

- to eliminate radiative muon capture BG 
• 10,000× sensitivity improvement is possible. 
• Promising isotopes:  40Ca, 32S

Future experimental improvement for the search
of lepton-number-violating processes in the eμ sector

Beomki Yeo,1,* Yoshitaka Kuno,2,† MyeongJae Lee,3,‡ and Kai Zuber4,§
1Department of Physics, Korea Advanced Institute of Science and Technology (KAIST),

Daejeon 34141, Republic of Korea
2Department of Physics, Graduate School of Science, Osaka University,

Toyonaka, Osaka 560-0043, Japan
3Center for Axion and Precision Physics Research, Institute for Basic Science (IBS),

Daejeon 34051, Republic of Korea
4Institute for Nuclear and Particle Physics, Technische Universität Dresden, 01069 Dresden, Germany

(Received 20 August 2017; published 18 October 2017)

The conservation of lepton flavor and total lepton number are no longer guaranteed in the Standard
Model after the discovery of neutrino oscillations. The μ− þ NðA; ZÞ → eþ þ NðA; Z − 2Þ conversion in a
muonic atom is one of the most promising channels to investigate the lepton number violation processes,
and measurement of the μ− − eþ conversion is planned in future μ− − e− conversion experiments with a
muonic atom in a muon-stopping target. This article discusses experimental strategies to maximize the
sensitivity of the μ− − eþ conversion experiment by introducing the new requirement of the mass relation
of MðA; Z − 2Þ < MðA; Z − 1Þ, where MðA; ZÞ is the mass of the muon-stopping target nucleus, to
eliminate the backgrounds from radiative muon capture. The sensitivity of the μ− − eþ conversion is
expected to be improved by 4 orders of magnitude in forthcoming experiments using a proper target
nucleus that satisfies the mass relation. The most promising isotopes found are 40Ca and 32S.

DOI: 10.1103/PhysRevD.96.075027

I. INTRODUCTION

Since lepton flavor violation was confirmed by the
discovery of neutrino oscillation, interest has consid-
erably shifted to the whole leptonic sector in terms of
the search for new physics beyond the Standard Model
(SM). Anomalies in the leptonic sector governed by
new physics have been studied within three major
phenomena: (1) lepton universality violation (LUV),
(2) charged lepton flavor violation (CLFV), and (3)
lepton number violation (LNV). The SM, which pre-
serves the lepton universality, predicts that three gen-
erations of leptons behave consistently within the
electroweak interaction. However, recent measurements
of B̄ → Dð$Þl−ν̄l [1–4] and Bþ → Kþlþl− [5] have
shown nontrivial discrepancies (4σ and 2.6σ, respec-
tively) to the SM predictions, showing the possibility
of LUV in new physics [6]. An interesting implication
of LUV is that experimentally observable CLFV phe-
nomena may emerge from new physics [7,8]. Although
the processes of CLFV can occur by neutrino mixing
in the SM, it should be noted that the rates of the SM
contributions were found to be extremely small, on the
order of Oð10−54Þ because of small neutrino masses.

Therefore, CLFV processes have been investigated
through the various muon decay channels: μ− − e−

conversion, μþ → eþ þ γ decay, and μþ → eþ þ eþ þ
e− decay in the expectation of a discovery of new
physics [9]. The observation of LNV would provide
crucial evidence on the small neutrino mass (≲eV).
The LNV processes, with the change of lepton number
by two units ðΔL ¼ 2Þ, can be mediated by Majorana
neutrinos through the type-1 seesaw mechanism or new
particles appearing at a high energy scale (>TeV).
These phenomena have been explored mostly through
0νββ decay [10], which corresponds to the LNV
process in the ee sector. LNV processes in other
sectors also have been searched with muon-to-positron
conversion μ− þ NðA; ZÞ → eþ þ NðA; Z − 2Þ [11–17]
and rare Kaon decays such as Kþ → μþμþπ− [18–21],
while their experimental limits are far behind that of
0νββ decay, as shown in Table I.
Nevertheless, the μ− − eþ conversion is worth inves-

tigating further for two reasons: (1) The μ− − eþ

conversion is discoverable if the LNV process is more
likely to occur in flavor off-diagonal sectors, e.g., the eμ
sector, as implied by recent studies [22–24]. Several
theories beyond the SM of particle physics, such as the
Majorana neutrino, the doubly charged singlet scalar
model [25,26], and the left-right symmetric model [27]
have been suggested as feasible theories for the μ− − eþ

conversion. (2) In principle, the experimental sensitivity
of the μ− − eþ conversion can significantly increase with

*byeo@kaist.ac.kr
†kuno@phys.sci.osaka-u.ac.jp
‡myeongjaelee@ibs.re.kr
§zuber@physik.tu-dresden.de

PHYSICAL REVIEW D 96, 075027 (2017)
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Summary of COMET Phase-I / II
39

Phase-I Phase-II #

Proton Beam Power 3.2 kW (8 GeV×0.4 µA) 56 kW (8 GeV×7 µA)

# of protons / acc. cycle 6.2×1012 / 2.48 sec 4.4×1013 / 1.0 sec

DAQ time 1.26×107 sec (146 days) 2.0×107 sec (231 days)

Total protons on target 3.2×1019 9.0×1020

# of muons stop / proton 4.7×10-4 1.6×10-3

Total muons stop 1.5×1016 1.4×1018

Detector 
Acceptance+Efficiency

0.041 0.057

S.E.S. 3.0×10-15 2.0×10-17

# of BG 0.032 < 1

# Phase-II parameters are tentative, more improvement under study
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Sensitivity
40

Y. Fujii, Windows on the Universe, QuiNhon, Vietnam, 2018

Phase-I Single Event Sensitivity

• 3×10
-15

 S.E.S. achievable in ~150 days of DAQ time corresponds to Nμ=1.5×1016

13

Number of muons stopped inside targets

Fraction of muons to be captured by Al target = 0.61

Fraction of μ-e conversion to the ground state = 0.9

103.6 < pe < 106.0 MeV/c
700 < te < 1170 ns

=  3×10-15

Nµ = 1.5×1016   → 150 days by 3.2 kW

@ Phase-I

@ Phase-II =  2×10-17
1 year by 56 kW 
+ Tungsten production target

+ 180◦ Transport Solenoid

+ Electron Spec. Solenoid

S.E.S
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Background estimation
41

COMET Phase-I Backgrounds
Table 20.8: Summary of the estimated background events for a single-event sensitivity of 3 ◊ 10≠15 in
COMET Phase-I with a proton extinction factor of 3 ◊ 10≠11.

Type Background Estimated events
Physics Muon decay in orbit 0.01

Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001

Prompt Beam * Beam electrons
* Muon decay in flight
* Pion decay in flight
* Other beam particles

All (*) Combined Æ 0.0038
Radiative pion capture 0.0028
Neutrons ≥ 10≠9

Delayed Beam Beam electrons ≥ 0
Muon decay in flight ≥ 0
Pion decay in flight ≥ 0
Radiative pion capture ≥ 0
Anti-proton induced backgrounds 0.0012

Others Cosmic rays† < 0.01
Total 0.032

† This estimate is currently limited by computing resources.

295

Y. Fujii, Windows on the Universe, QuiNhon, Vietnam, 2018
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 S.E.S. achievable in ~150 days of DAQ time corresponds to Nμ=1.5×1016

13

Number of muons stopped inside targets

Fraction of muons to be captured by Al target = 0.61

Fraction of μ-e conversion to the ground state = 0.9

103.6 < pe < 106.0 MeV/c
700 < te < 1170 ns
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Number of muons stopped inside targets

Fraction of muons to be captured by Al target = 0.61

Fraction of μ-e conversion to the ground state = 0.9

103.6 < pe < 106.0 MeV/c
700 < te < 1170 ns

Assuming 

Rext = 3×10-11

BG is small enough

@ Phase-I

@ Phase-II BG is still less than 1 by simulation
to be confirmed by Phase-I Beam Measurement
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Target dependence to discriminate interactions
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25

Atomic number dependence of the mu-e conversion rate for various LFV operators

Z-like  vecor

Photon-like vector

Photonic dipole

Higgs-like scalar

•Maximal in the intermediate nuclei.
•Different Z dependence for heavy nuclei.
•Large enhancement in the Z-like vector case
(neutron-rich for heavy nuclei).

Al Ti Pb

V. Cirigliano, R. Kitano, Y. Okada, and P. Tuson, 2009

V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D 80, 013002 (2009).

Al Ti Pb
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Trigger & DAQ
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and readout systems also run on common hardware—in this case based on commercial network
components—using ethernet; again, the two systems send data in opposite directions. The
slow control and monitor systems are largely independent of these other systems, the main
connection required is at the software level. However, the slow control will need to monitor
both the custom boards of the readout system, and standard o�-the-shelf sensors, and thus
needs to be fairly flexible.

10.1. Trigger System

The triggers for the two separate systems are quite di�erent, although in both cases the infor-
mation is transmitted and processed over the gigabit optical links. The trigger decision along
with fast control and timing signals are sent back to readout system through the same links.
In the CyDet (Figure 10.1), the baseline plan is that Cherenkov trigger hodoscope (CTH) pro-
vides the beam trigger, however, considering the high hit rate in CTH, a trigger using CDC
hit information is being developed. In the StrEcal (Figure 10.2), the ECAL provides the event
trigger. The cosmic ray detector can provide veto or calibration trigger, as well as be used for
debugging of both detectors. In all cases, the trigger is handled by a central trigger processor
implemented in the FPGA of an o�-the-shelf board.
The trigger system, which is composed of a number of subdetector trigger systems, should be
located near the subdetector frontend electronics, or at least near the detector solenoid, to
reduce the trigger latency. However, those areas are typically high radiation areas, meaning
that the subdetector trigger systems are supposed to be radiation-hard. Conversely, the fast
control system is composed of o�-the-shelf FPGA board mounted in a commercial crate, of
which the radiation-hard design techniques are not applied in most cases. This requires to
locate the fast control system at non-radiation area, while at the same time, the distance to
the subdetector trigger system should be minimized for smaller latency.

Figure 10.1: Block diagram of the CyDet fast control and trigger systems.
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Figure 10.3: The FC7 board. Each of the large mezzanine cards to the right contains eight SFP+
cages, so 16 MGT links per FC7 boards.

MGT protocol and Fast control signals The MGT protocol implemented for COMET central
trigger system is based on the customization of Xilinx Aurora protocol.
This serial link design has originated from the the GBT (a.k.a. GigaBit Transceiver) proto-
col [126], developed by CERN. The link speed is the same as 4.8 GHz, with internal 84 bits
of data plus 36 bits of control data, in total 120 bits, operating under 40 MHz reference clock.
The implementation of GBT was tried for use in central trigger system, however, it is found
that the FPGA resources are not enough for implementing 16 channels of GBT links into one
FC7 board. A manual MGT description is developed to cope with insu�cient FPGA resources,
high speed and fixed latency, by keeping the compatibility with formal GBT design on data
width or line features.
In the new MGT development based on Xilinx Aurora protocol [127], replacing GBT, the serial
line speed is set to 4.8 GHz, same with GBT, with, master clock rate 120 MHz. Therefore,
external data width is 4.8 GHz/120 MHz = 40 bits. The 8b10b encoding scheme is used for
DC-balancing therefore, internal data width is 32 bits.
One trigger data packet is made out of three MGT packets. The reason is (1) 32 bit bus is not
su�ciently wide to transfer all trigger data from a readout board or a subtrigger board; (2) 120
MHz global clock and resulting 8.3 ns triggering time resolution is too fast when considering
beam-beam separation time, and (3) backward compatibility of firmware with GBT protocol.
The trigger data width becomes 24 + 30 + 30 = 84, where the first 24 is the valid data width
of the first packet after subtracting 8 bit “comma” data (10 bits after 8b10b encoding), later
two 30s are the valid data width of the second and the third packets after subtracting two bits
of packet identifiers. Synchronized 40 MHz clock is generated from the 120 MHz MGT clock
at the FCT board level, and sent to the readout boards.
The set of fast control commands which will be sent on the MGT links in COMET are summa-
rized below. Not all signals are required in the consumer board of fast control signals, however,
the clock, busy, trigger decision and trigger number signals are the most important in the
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Figure 10.14: Block diagram of the StrEcal readout and configuration system.
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Figure 10.15: Block diagram of the CyDet readout and configuration system.

protocols (Ethernet, UDP, TCP/IP). Most readout cards will use TCP to communicate with
the controlling PC, but may use di�erent protocols to communicate between themselves.
When a trigger occurs, the event data are stored in bu�ers in the front-end electronics of
each system. When the bu�er has a whole event it will be sent as a packet (or packets)
of data to a PC. In some cases the data will travel initially on custom data links (within
the front-end hardware), but these will be translated to standard network links as soon as
convenient. Packetising will be conducted such that minimal translation is required; the data
volume will fit within standard network packet size and headers will be placed to ease the load
on hardware. To avoid the PCs polling and then requesting data under software control, ideally
data destinations will use flow control to prevent packets being sent when they are busy. This
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Figure 10.4: Photograph of the prototype FCT board. The SFP+ housing for the MGT fiber is at the
upper side and FPGA is to the right of this. The empty space along the right edge is for the 400-pin
FMC connector, which is mounted on the opposite side of the board. The RJ-45 connector at the left
side is for JTAG connection.

boards, as the role of those boards are di�erent. The subdetector trigger boards mostly send
the trigger data to FCT, when the readout boards requires trigger decision and trigger number
data from FCT. The signal definitions are summarized in Table 10.2 and Table 10.3.

10.1.2 StrEcal trigger

The ECAL consists of up to ≥2000 crystals in an approximately circular array. The trigger is
required to give a good time resolution (to keep the readout windows around the trigger time
as narrow as possible) and good energy resolution (so as to select energy clusters in the signal
region rather than background). Since the energy deposition will be divided among several
crystals, it is necessary to do a summation over crystals to reconstruct the full energy. The
necessary size of the summation area depends on the radius of the showers to be triggered on
(i.e. the planar distance around the entry point where most of the energy is reliably contained).
At energies of ≥ 100 MeV, the necessary radius is somewhat smaller that the lateral size of the
ECAL crystals. Thus, if we take the sum of 4 ◊ 4 crystals, when the particle enters in the
middle 2 ◊ 2 crystals, e�ectively all the energy will be included. It is therefore proposed to
select the basic trigger unit (cell) as a group of 2 ◊ 2 crystals (corresponding to one crystal
module of the ECAL), and to determine the total energy by using the sum of an array of 2 ◊ 2
trigger cells (i.e. 4 ◊ 4 crystals), referred as trigger group in belows. All possible combinations
of the sums of 2◊2 trigger cells forming one trigger group will be calculated and the maximum
energy found in one of these combinations will be used. This is illustrated in Figure 10.5. A
simulation study on this energy summation results at least 106 DIO rejection when around 90
% CE e�ciency, as shown in Figure 10.6.
The ECAL electronics and pretrigger system is developed in order to realize these cell-by-cell
energy summation, and to cooperate with frontend electronics of ECAL. Detailed structure of

164

FC7
FCT I/F board for FCT & RECBE
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Muon Stopping Target
44

Al target discs

Stopping Target  
• Al target consists of 17 discs  
• 100-mm radius, 0.2-mm thickness, 50-mm spacing.
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CLFV and New Physics
45

✓ Different measurements are complementary. 
✓ µ-e conversion is sensitive to both contributions.
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Figure 3.1: Schematic description of the two (tree level) e�ective contributions to µ≠e conversion: on
the left (right) panel, the photonic (four-fermion/contact) interaction.

rate; should the non-photonic contribution dominates, µ≠e conversion could be su�ciently
large to be observed, even if µ+

æ e+“ decay is small. In the latter case, even if no µ æ e“
signal is seen, there will still be an opportunity to find µ≠e conversion signals.
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Figure 3.2: A comparison of the parameter phase explored by COMET (and subsequent experiments)
to the present limits from MEG and SINDRUM. The parameter Ÿ parametrises the relative contribu-
tion of dipole and contact operators (cf. Eq. (3.5)), and � is an e�ective New Physics scale.

Although the approach of [26] allows for a phenomenological understanding of how the two
considered types of operators (dipole and four-fermion) can contribute to CLFV observables,
and to infer bounds on the scale of the associated New Physics, recent works have proposed a
more systematic approach (taking into account the simultaneous e�ects of an extended set of
operators, and including renormalisation of the e�ective coe�cients) [27, 28]. Following [29],

12

mu-e Conversion

Andre Schöning, Mu3e Collaboration 12 PSI, Open Users Meeting, February 21-23, 2012

μ+ → e+e+e-  versus  μ+ → e+γμ+ → e+e+e-  versus  μ+ → e+γ
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MEG 2016 
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μ-e conversion in BSM

• μ-e conversion appears in many physics models beyond the standard model (BSM)
• Sensitive to the new physics (NP) independent on models

• Unless having unknown mechanism to suppress LFV, its branching ratio(BR) can be 
detectable

• BR is depending on the models of NPs
• Combination of different CLFV searches can even inspect NP’s internal structure
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Figure 1.6: Feynman diagrams that produce µ-e conversion through New Physics models. The
upper three diagrams ((a) to (c)) all connect to the nucleus via some massive
exchange particle, whereas the lower three diagrams ((d) to (f)) all connect
via an exchanged photon. In addition to interactions with the quarks, since
µ-e conversion interacts with the whole nucleus, there are also models where the
interaction involves external gluon lines.

1.3.2 Muon CLFV Channels

Fig. 1.6 shows a variety of Feynman diagrams for µ-e conversion involving new particles
and couplings predicted by many BSM theories. The large variety of models to which
µ-e conversion would be sensitive makes this a particularly attractive search channel for
New Physics [29].

It can also be seen how complementary the different muon CLFV channels will be.
In the case of leptoquarks for example, shown in Fig. 1.6c, one can expect µ-e conversion
to take place at tree level, whilst generating a signal in a µ+ → e+e−e+ experiment can
only occur via loop diagrams. Similarly, the relative sensitivities between µ+ → e+γ

searches and µ-e conversion searches can be used to pin down what the New Physics is
in the case of a positive observation, or heavily constrain numerous different models in
the case of a null measurement. This is apparent from the fact that New Physics can
be classed as photonic (such as the lower three diagrams in Fig. 1.6) or as a four-Fermi
contact interaction (as in the upper three diagrams in Fig. 1.6). The new physics, which
‘switches on’ at some new mass scale, is integrated away to leave an effective, low-energy
field theory.
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Figure 1.7: Searches for µ-e conversion and µ+ → e+γ have relative sensitivities that depend
on the underlying physics, making the two channels highly complementary. As
shown on the left, New Physics can produce a signal in both channels, but one
channel or the other can be comparatively suppressed due to the need to include
extra vertices and loops. The plot on the right is adapted from [30], based on [31],
and shows the relative sensitivity for the toy lagrangian of equation (1.2) as
a function of κ, how non-photonic the New Physics is, and Λ, the mass scale
assuming coupling strengths of unity.

By constructing a toy Lagrangian consisting of two new interaction terms, one being
photonic and the other a contact term, it is possible to study the relative sensitivities
of µ-e conversion and µ-e gamma searches. The interaction terms in such a Lagrangian
would look like:

L =
1

κ+ 1

mµ

Λ2
(µ̄Rσ

µνeLFµν) +
κ

κ+ 1

1

Λ2
(µ̄Lγ

µeL) (q̄LγµqL) (1.2)

where κ is a dimensionless parameter that determines to what degree the new physics
appears photonic (κ → 0) or four-Fermi-like (κ → ∞).

If the underlying new physics is photonic in nature, then one can expect a direct
search for µ-e gamma to be more sensitive: coupling the photon to the nucleus of an atom
will pick up an extra factor of α, reducing the µ-e conversion rate by about two orders of
magnitude. On the other hand, if the new physics favours interacting directly with the
nucleus, as a four-Fermi contact term, then µ-e conversion would be more sensitive. In
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μ-e conversion in BSM

• μ-e conversion appears in many physics models beyond the standard model (BSM)
• Sensitive to the new physics (NP) independent on models

• Unless having unknown mechanism to suppress LFV, its branching ratio(BR) can be 
detectable

• BR is depending on the models of NPs
• Combination of different CLFV searches can even inspect NP’s internal structure
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upper three diagrams ((a) to (c)) all connect to the nucleus via some massive
exchange particle, whereas the lower three diagrams ((d) to (f)) all connect
via an exchanged photon. In addition to interactions with the quarks, since
µ-e conversion interacts with the whole nucleus, there are also models where the
interaction involves external gluon lines.

1.3.2 Muon CLFV Channels

Fig. 1.6 shows a variety of Feynman diagrams for µ-e conversion involving new particles
and couplings predicted by many BSM theories. The large variety of models to which
µ-e conversion would be sensitive makes this a particularly attractive search channel for
New Physics [29].

It can also be seen how complementary the different muon CLFV channels will be.
In the case of leptoquarks for example, shown in Fig. 1.6c, one can expect µ-e conversion
to take place at tree level, whilst generating a signal in a µ+ → e+e−e+ experiment can
only occur via loop diagrams. Similarly, the relative sensitivities between µ+ → e+γ

searches and µ-e conversion searches can be used to pin down what the New Physics is
in the case of a positive observation, or heavily constrain numerous different models in
the case of a null measurement. This is apparent from the fact that New Physics can
be classed as photonic (such as the lower three diagrams in Fig. 1.6) or as a four-Fermi
contact interaction (as in the upper three diagrams in Fig. 1.6). The new physics, which
‘switches on’ at some new mass scale, is integrated away to leave an effective, low-energy
field theory.

The History and Theory of Charged Lepton Flavour Violation (CLFV) 32

��������

10
2

10
3

10
4

Photonic Four-Fermi

0.01 0.1 1 10 100

COMET Phase-I
(extended)

COMET Phase-II

PRISM

COMET Phase-I

SINDRUM-II

MEG

MEG (Previous)

Figure 1.7: Searches for µ-e conversion and µ+ → e+γ have relative sensitivities that depend
on the underlying physics, making the two channels highly complementary. As
shown on the left, New Physics can produce a signal in both channels, but one
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extra vertices and loops. The plot on the right is adapted from [30], based on [31],
and shows the relative sensitivity for the toy lagrangian of equation (1.2) as
a function of κ, how non-photonic the New Physics is, and Λ, the mass scale
assuming coupling strengths of unity.

By constructing a toy Lagrangian consisting of two new interaction terms, one being
photonic and the other a contact term, it is possible to study the relative sensitivities
of µ-e conversion and µ-e gamma searches. The interaction terms in such a Lagrangian
would look like:
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where κ is a dimensionless parameter that determines to what degree the new physics
appears photonic (κ → 0) or four-Fermi-like (κ → ∞).

If the underlying new physics is photonic in nature, then one can expect a direct
search for µ-e gamma to be more sensitive: coupling the photon to the nucleus of an atom
will pick up an extra factor of α, reducing the µ-e conversion rate by about two orders of
magnitude. On the other hand, if the new physics favours interacting directly with the
nucleus, as a four-Fermi contact term, then µ-e conversion would be more sensitive. In
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We can explore NP scale 
beyond 1000 TeV !!
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Charged Lepton Flavor Violation in Muon
46

• µ+ → e+ γ 
• µ+ → e+ e+ e- 
• µ- N → e- N  (µ-e conversion)

3 Major Processes

# due to small mass ratio of neutrino to weak boson

SM Lepton Mixing to CLFV

BR~O(10-54)B(µ� e⇥) =
3�

32⌅
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S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340

Note:   LFV in SM with massive neutrinos

µ e

�

� very tiny!

The SM with neutrino masses predicts small event rates for the LFV.

W

The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54

5

�µ � �e

SM neutrinos

SM with massive neutrinos (Dirac) BSM

B(µ+ ! e+�) ⇡ 10�54 B(µ+ ! e+�)� 10�54

too small to access experimentally
an experimental evidence:  

a clear signature of New Physics NP  
(SM background FREE)

�7

 oscillations
⌫

Charged lepton flavour violation search: Motivation

Bi =
�i

�tot

10-1010-2010-3010-4010-50

New PhysicsSM

Current upper limits on Bi

10-130 100

New particles

 Large window for BSM search without SM backgrounds

Neutral lepton flavour 
violation has been observed. 
Lepton mixing in the SM has 
been known.

�5

Since the SM contribution is negligibly small,  

Observation of CLFV indicates a clear evidence of  New Physics.

B(μ → eγ) = 3α
32π ∑

i=2,3
U*μiUei

Δm2
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≲ 10-54
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Muon-to-electron conversion
47

Fate of muonic atom
µ-e conversion

 µ- + (A,Z) → e- + (A,Z)  

single mono-energetic electron

(39% in Al)

(61% in Al)

Eμe = mμ − Bμ − Erec = 104.97 MeV for Al

SINDRUM-II, EPJ C47, 337 (2006)
Br(µ- Au → e- Au) < 7 x 10-13

Current upper limit


