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Introduction
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A charged lepton flavour-violating process
✦ Muon decays to single electron with no neutrino.

★ Strongly suppressed in the SM including the neutrino oscillation.

★ Branching ratio: BR(μN→eN) ~ BR(μ→eγ) <  10-54

✦ Reach up to ~10-15 in several Beyond SMs.

★ Z’, leptoquarks, heavy right-handed neutrinos, SUSY-GUT, etc

✦ Model discrimination with μ→eγ and μ→eee
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Muon-to-Electron Conversion
3

The History and Theory of Charged Lepton Flavour Violation (CLFV) 31
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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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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
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Fig. 1 Reach as a function of
(left) the angle θD , which
parametrizes the relative
magnitude of dipole and
four-fermion coefficients, and
(right) the variable
κD = cotan(θD − π/2). The
scale $ is defined in Eq. (2.1)
with the coefficients normalised
according to Table 2. The solid
region is currently excluded
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tors {êA}. This is expected since distinct observations at low
energy can measure the same high-scale NP coefficients. The
changing modulus of the basis vectors is simple to calculate
and include, and affects the reach. The changes in direction
can affect the complementarity of processes if the vectors
become more or less aligned (see Appendix C).

3 Illustrating experimental constraints

In this section, we illustrate the constraints on New Physics
from current and futureµ → e searches, and show how these
results can be combined to identify the allowed region of
coefficient space. We parametrize the coefficient space with
spherical coordinates [51] (Table 2) assuming that the vector
of coefficients C⃗ is normalised to unity at the experimental
scale. The reach of the various experiments in $LFV can
be calculated as a function of these angles and the branch-
ing ratios given in Eq. C.3. We stress that we are showing
(projected) exclusion curves, as opposed to “one-at-a-time”
bounds, since our EFT formulation should account for poten-
tial cancellations in the theoretical rate.

In deriving this parametrization, we approximate the oper-
ator coefficients as real numbers. This familiar simplifica-
tion reduces our coefficient space from six complex to six
real dimensions, replacing relative phases between interfer-
ing coefficients with a relative sign. Furthermore, we focus on
a four-dimensional subspace, corresponding approximately
to the four processes we examine, by suppressing two of
the three four-lepton directions (the four-lepton operators
can be distinguished by measuring the angular distribution
in µ → eēe [52,53]). The direction e⃗S associated to the
scalar four lepton operator interferes with none of the other
operators and receives negligible loop corrections, so it is
complementary by inspection. We also neglect a linear com-
bination of the vector four-lepton directions e⃗V R and e⃗V L ,
since their contributions to µ → eēe have similar form. A
judicious choice ensures the approximate orthogonality of

Table 2 Dimensionless operator coefficients expressed in the angular
coordinates. The radial coordinate is 1/$2

LFV , θI : 0..π and φ : 0..2π .
As discussed in Appendix 1, the e⃗V L × e⃗V R plane was projected to a
line, deviations from which are measured by θV . In general, the basis
vectors {eA} are not unit vectors, and their normalisation is given in
Table 5 and after Eq. (C.3) for the primed vectors

C⃗ · e⃗D |e⃗D | cos θD

C⃗ · e⃗S |e⃗S | sin θD cos θS

C⃗ · e⃗V L |e⃗′
V L | sin θD sin θS cos θV

C⃗ · e⃗V R |e⃗′
V R | sin θD sin θS cos θV

C⃗ · e⃗Alight |e⃗Alight | sin θD sin θS sin θV sin φ

C⃗ · e⃗Aheavy⊥ |e⃗Aheavy⊥| sin θD sin θS sin θV cos φ

the remaining four basis vectors. The full details are given in
Appendix C. Modulo these approximations, the parametri-
sation describes the experimentally constrainable space, so
we now plot various slices through the excluded region to
illustrate its shape.

We plot in Fig. 1 the reach of µ → eLγ , µ → eL ēe and
µAl → eLAl as a function of θD for θS = π/2, θV = π/4,
and φ = π/4. This corresponds to C⃗ · e⃗S = 0, so µ → eēe
induced by the C⃗ · e⃗D , C⃗ · e⃗V R and C⃗ · e⃗V L , and µA→ eA
probed by Al and Au. At θD = 0, the dipole coefficient is
only contribution to the rates. At θD = π/2, C⃗ · e⃗D vanishes
(so does µ → eγ ) and µ → eēe and µA→ eA are purely
mediated by four-fermion operators. For θD > π/2, C⃗ · e⃗D
is negative and µA → eA vanishes when the dipole contri-
bution cancels the remaining contributions. The rate drops
abruptly, indicating that the dipole contribution is relatively
small and the cancellation only occurs in a narrow region.
The valley is broader for µ → eēe, since the contribution
of C⃗ · e⃗D is more important, and the rate never vanishes
because µ → eēe independently constrains each coefficient
contributing to this process, so the rate only vanishes when
all the coefficients do (see Eq. 2.3); although the dipole inter-
feres with four-fermion contributions in the amplitude, the
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Signal & intrinsic BGs
✦ Signal: μ− + N → e− + N

★ Monochromatic energy of 105 MeV (Al)

✦ Intrinsic physics backgrounds: decay-in-orbit (DIO)
★ Contaminate the signal region w/ a finite resolution.

★ Momentum resolution < 200 keV/c is required.

Intense bunched muon beam
✦ World-class intensity proton beam @ J-PARC.

★ To gain high statistics of muons.

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

★ Backgrounds arise from the proton and its secondaries.

❖ Antiproton, radiative pion capture, muon decay in flight, etc...

✦ Bunched beam structure

★ Delayed timing window for masking the beam BGs.

★ The fraction of residual protons between the bunches 
                     (extinction = n/N in the right fig.) < 10−10
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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 Experiment
5

Phase-IIPhase-I

Main Ring
LINAC

✓ Sensitivity O(10-15)
✓ Physic measurement

by cylindrical detectors ‘CyDet’

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

✓ Sensitivity O(10-17)
✓ Physic measurement

by StrECAL

Reused

COMET Facility

Searching for μ-e conversion at J-PARC
✦ The final goal: O(10-17) sensitivity.

★ 10, 000× improvement over the current limit.

✦ Dedicated facility and muon transport line being constructed.

✦ Two-staged plan: Phase-I and Phase-II
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Sensitivity O(10-15)
✦ π→μ in the transport solenoid.

✦ CyDet combining with the muon stopping targets,

★ CDC: Cylindrical Drift Chamber (momentum)

★ CTH: Cylindrical Trigger Hodoscope (time and trigger)

✦ Cosmic Ray Veto surrounding the CyDet

Beam profile & beam-related BGs
✦ Measured by the Phase-II detector: StrECAL.

   April, 2016
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Phase-I 
6

Pion production target

90° Muon 
Transport Solenoid

CyDet

CDC Cylindrical drift chamber 

CTH 
Cylindrical trigger 

 hodoscope

Target discs

μ−

e−

1T field

Proton beam

Cosmic Ray Veto



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

   April, 2016

COMET&Phase,I

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

* StrECAL also works in Phase-I 
 for the beam & BG measurement.

Sensitivity O(10-17)
✦ The transport line will be extended.

✦ The additional electron spectrometer further 
suppresses low momentum electrons and beam BGs.

✦ StrECAL combining

★ Straw Tube Tracker (momentum)

★ ECAL: Electromagnetic calorimeter (energy & time)

❖ Provides trigger signals.

Phase-II
7

e-

C-Shape Muon 
Transport Solenoid

Electron
Spectrometer

Target discs

StrECAL

Proton beam

the spectrometer

Straw Tube Tracker

ECAL
 Electromagnetic 
 Calorimeter
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Our Collaborators
with the delivered solenoid magnet
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COMET Collaboration
8

November 2024 @ J-PARC
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Facility
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Proton Beam 
10

No inter-bunch contaminations in T78 exp.

6.4 Obtained Events 75
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Figure 6.9: Event distribution with forward-SBK.
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(b) 7.5 kV

Figure 6.10: Event distribution with backward-SBK and low RF voltage.
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Figure 6.11: Event distribution with backward-SBK.

Extinction Study (SX)
w The extinction was measured by counting all secondary pions 

at the K1.8BR beamline of the J-PARC hadron experimental facility.
◦ In counting, the coincidence was taken with two beamline 

hodoscopes, the main detector, and two or three trigger counters.
⁃ The third trigger counter was added in the middle of beam time.

w Three independent TDC systems –– KC705, FCT, and HUL,
were used in parallel to guarantee measurement accuracy.

w All the planned operation modes were tested, 
and the extinction was successfully measured. 
◦ The improvement of extinction in the new operation 

(backward 600 ns) was confirmed.
w Run table (partial list)

COMET CM34, 5th July 2021 Kyohei Noguchi, Kyushu University, Japan3

K1.8BR
π beam

Ion chamber

Trigger Counters

Main Detector

Beamline
Hodoscopes

Injected Bunch Kicker Shift Other Setting # of spills

Rear No kicker shift 440
Front Forward 600 ns 1950
Front Forward 700 ns 7461
Rear Backward 600 ns 11982
Rear Backward 600 ns RF 15 kV 1252
Rear Backward 600 ns RF 7.5 kV 1222

TDC FCT KC705 HUL

Time
resolution 7.5 ns 5 ns 1 ns

TDC
length 24 bits 27 bits 19 bits

# of
boards 8 2 8

BGs

K. Noguchi, et al., Proc. of Sci., 402 (2022)

J-PARC Proton Beam for COMET
✦ Accelerated up to 8 GeV

★ (1) To minimise antiprotons.

★ (2) ‘Extinction’ < 10-10

❖ The fraction of residual protons

✦ 3.2 (56) kW for Phase-I (Phase-II)

✦ Bunched slow extraction 
 for the timing-window measurement

★ 4 out of 9 buckets will be filled.

The measured extinction is < 1.0×10-10 
✦ @ K1.8BR of the Hadron Facility (T78 exp. in 2021)

2

Pulsed 8 GeV Proton Beam, Enabled by the J-PARC MR

To avoid antiproton-related backgrounds, 8 GeV proton, instead 
of 30 GeV, is required 
Pulse beam with ~1 µsec separation is essential  (cf. next slide) 

Bunch separation of J-PARC MR = 600 nsec 

➡  Customised operation mode is proposed;

RCS
h=2

(2 bunches)

4 batch

injection

0.6 �sec

MR
h=9

(8 bunches)

RCS
h=2

(1 bunch)

4 batch

injection

1.2 �sec

MR
h=9

(4 bunches)

* Normal Operation * * Customised Operation *

Hajime NISHIGUCHI (KEK)                                              ”8-GeV Commissioning & Extinction”  　                                        COMET CM34, online

Bunched beam operation for COMET

https://doi.org/10.22323/1.402.0104
http://www.apple.com/jp
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COMET Beam Line (C-Line)
✦ Dedicated beam line for COMET

✦ Proton beam monitors are being developed.

★ Diamond, TiO2, and SiC: High radiation tolerance 

✦ Commissioning of the 8 GeV slow extraction succeeded.

★ COMET Phase-α (later)

   April, 2016
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COMET Proton Beam Line
11

Chapter 5

Proton Beamline

The COMET experiment will be built in the NP Hall, commonly called the ‘Hadron Hall’.
In addition to the existing beam line (A-line) from the MR, a new beam line is being built
(B-line). The B-line will serve both high-momentum (up to 30 GeV) experiments and COMET
(8 GeV) and will have two branches: one from the A-line, and a second between COMET and
the high-momentum experiments. During the standard high-momentum running the A-line
and B-line share the beam in the ratio of 10,000:1. In the low-momentum running for COMET
the entire beam is sent to the B-line. The schematic of the beam lines are shown in Figure 5.1.
It is noted that the proton beamline is common for COMET Phase-I and Phase-II.

A-line

B-line

COMET
Hall

Figure 5.1: The A and B-lines from the MR into the NP Hall. A schematic of the COMET experiment
is shown in the bottom right.

5.1. Branch between A- and B-line

To realize multiple operation modes, a Lambertson magnet followed by two septum magnets
will be deployed to provide the A/B-line branches. Figure 5.2 shows the cross section of the

27

Main Ring

COMET Facility
Beam line for COMET (red line)

The C-Line branching point

C-line

B-line
C-line

To COMET Facility

P. Chetry, et al., IEEE Sensors Journal, 23 (1) (2023), 724-732

http://www.apple.com/jp
https://doi.org/10.1109/JSEN.2022.3224809
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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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Proton Target
✦ Graphite (Tungsten) for Phase-I (II).

Pion capture solenoid
✦ 4.4 T superconducting magnet

✦ Pions extracted in the backward direction.

★ Better exclusive collection of low-momentum pions

✦ Delivered and installed in 2024!

Simulation

   April, 2016
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Pion Production Section
12

ProtonTo TS



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

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.

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

Characteristic 90°-bent solenoid
✦ 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.
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Muon Transport Solenoid
13

Vertical positions of different 
 particle types before the collimator

N. Sumi, et al., IEEE Trans. Appl. Supercond. 33 (5) (2023), 1–5
Y. Arimoto, et al., IEEE Trans. Appl. Supercond. 34 (5) (2024), 1–5

http://www.apple.com/jp
https://doi.org/10.1109/TASC.2023.3247679
http://www.apple.com/jp
https://doi.org/10.1109/TASC.2023.3343683
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Aluminium Target 
✦ 17 aluminium discs 

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

★ Stability and performance tests of various aluminium alloys are ongoing.

✦ 4.7 × 10-4 stopping muons / proton for Phase-I 

Germanium Detector
✦ To be placed to measure muonic X-rays for normalisation.

   April, 2016
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14

Prototype of the target and support Test production with different aluminium alloys

Muon Stopping Target
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The 1st Commissioning of the COMET facility in 2023
✦ Proton Beam

★ Slow-extracted pulsed 8 GeV proton beam at 260 W (~1/10 of Phase-I)

★ Beam tuning and profile measurement were well performed.

✦ The muon beam was successfully transported by the TS.

★ Muon momentum spectrum was measured for the first time!

   April, 2016
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Phase-α
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Measured beam size
Phosphor plate response

before and after beam tuning

Before Tuning

After Tuning

  

Horizontal
σ(tgt)=2.14mm

Vertical
σ(tgt)=3.88mm

  

Target Monitor
(CTM)

  How to measure these at Phase-I?

Vertical
σ(tgt)=3.88mm

Preliminary

Muon Transport Solenoid

Detectors
Experimental area

Beam areaConcrete wall

TargetProton beam
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Detectors



Requirements
✦ Measure signal electrons’ momentum  

avoiding beam particles.

✦ Spatial resolution < 200 μm

Design
✦ ~5000 (Au plated W) sense wires in 20 layers

★ Stereo wire configuration for 
3-dimensional position measurement

✦ Chamber radius: 496 mm to 840 mm

★ Suppress hits by DIO electrons < 60 MeV/c 

✦ Gas: He : iso-C4H10 = 90:10

CDC Construction completed in 2016
✦ Commissioning ongoing

★ Performance evaluation with cosmic rays

★ Chain test of the front- and back-ends 
             electronics including the trigger system.

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

   April, 2016

COMET&Phase,I

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

Cylindrical Drift Chamber
17
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Figure 31: Residual distribution for a central layer at +1850 V, fitted with a double
Gaussian function.

influenced by the longitudinal diffusion of electrons. Additionally, near the cell
edges, distortion of the electric field emerges as a significant factor degrading
resolution.585
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Figure 32: Position resolution as a function of distance from a sense wire in a central
layer at +1850 V.

Hit efficiency for a single cell was assessed using tracks reconstructed 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. Figure 33 illustrates hit efficiency relative to the distance from a sense wire,

39

CDC being commissioned

Spatial resolution 
with cosmic rays

A. Sato et al.

Fig. 25. The COMET CDC front-end readout board.

5.1. Readout board and firmware

Fig. 25 shows a photograph of the readout board built for the
COMET CDC. It features two connectors, each capable of accepting
a 24-channel analog signal. These signals are processed by six ASD
(Amplifier Shaper Discriminator) ASIC chips [22] and six ADCs (Analog
Devices Inc., AD9212) before being routed to an FPGA chip (Xilinx,
Virtex-5 XC5VLX155T). The acquired data is then transmitted to a
backend computer via a Small Form-factor Pluggable (SFP) slot utiliz-
ing SiTCP technology [23] through an optical fiber cable. Additionally,
the board features two RJ45 connectors: one for the JTAG line, used to
download firmware into the FPGA, and the other for transmitting clock,
trigger, and busy signals to a custom FCT (Fast Control and Timing)
board.

Modifications have been implemented on the board for the COMET
experiment, primarily in two key aspects. Firstly, the ASIC chip has
been replaced with a JRK B ASD CMOS chip of equivalent performance
due to the obsolescence of the original chip. The PCB design was
adjusted slightly to accommodate this replacement chip. Secondly,
there has been a specification change in the connector for the high-
speed communication port; the COMET CDC now utilizes a DisplayPort
(DP) connector.

Fig. 26 displays a block diagram of the RECBE firmware, comprising
five principal sections. The Fast Control block is designed to receive
the reference clock and trigger (including the trigger number) from
the FCT board, issuing a busy signal to halt further trigger receptions
when its buffer reaches capacity. In parallel, the CDC block organizes
data concerning drift time and energy deposit derived from digitized
inputs by the TDC and ADC. The SiTCP block facilitates the forward-
ing of event data to the data-acquisition system through a Gigabit
Ethernet fiber link, with TCP/IP ensuring reliable end-to-end connec-
tivity. Configuration and status are managed via the Register block,
accessible through UDP communications. Finally, the System Monitor
block plays a crucial role in overseeing the board’s operational status,
tracking metrics such as temperature and voltage. This structure not
only streamlines data processing and communication but also enhances
the system’s reliability and monitoring capabilities.

There are three clock domains in the RECBE, as illustrated in Fig. 26
with different colors: the yellow domain operates at 40 MHz, sourced
from the FCT board; the green domain functions at 120/240 MHz,
servicing the ADC with a 30 MHz clock and the TDC with a 960 MHz
clock; and the blue domain runs at 125 MHz, aligned with the data

Fig. 26. Block diagram of the RECBE firmware.

transfer rate for Gigabit Ethernet. Signal and data buses crossing these
clock domains are meticulously managed to prevent meta-stability
issues. Due to concerns about radiation, no local clocks or nonvolatile
memory are utilized within the system. It is necessary to remotely and
regularly re-configure the firmware to rectify any errors induced by
radiation exposure.

The ring buffer, designed to store ADC and TDC data, has a capacity
of 256 depths, which equates to approximately 8.533 �s. By setting
an appropriate rollback length as an offset within the ring buffer, it
is possible to retrieve ADC and TDC data from about 8 �s prior. The
standard event window size for the CDC is 32 samples, translating
to roughly 1.067 �s. Consequently, the maximum allowable trigger
latency, after accounting for the typical event window size, is about
7 �s. Additionally, as a prelude to transmission to the SiTCP module,
there is a downstream buffer comprising 256-depth block RAM. Given
the typical event window size, this buffer can accommodate up to 8
events.

5.2. Mass production of readout electronics

During the pre-production phase of the CDC readout electronics,
four boards were assembled using lead-free solder with a peak temper-
ature range of 245–255 ˝C, and another four utilized tin–lead (Sn–Pb)
solder, peaking at 205–215 ˝C. Remarkably, only one solder joint
failure was identified among the boards using Sn–Pb solder. Follow-
ing assembly, a comprehensive burn-in test was conducted on these
boards, which revealed no significant difference in RECBE performance
between the two solder types. Based on these findings, the decision
was made to opt for lead-free solder for mass production, aligning with
global manufacturing standards. The durability tests conducted suggest
that the RECBE’s operational lifespan is projected to exceed 2.5 years,
using the data garnered from this testing phase.

Mass-production of 120 readout electronics boards was efficiently
completed within a span of one and a half months. This comprehensive
process included soldering, assembling, functional and performance
testing, followed by an aging test. A total of 126 products had success-
fully passed the aging test, affirming their reliability for operational
use.

5.3. Radiation tolerance

Radiation damage to the front-end readout and the CDC is a crit-
ical concern for the experiment. Positioned downstream of the CDC

Nuclear�Inst.�and�Methods�in�Physics��
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A. Sato, et al., Nucl. Instrum. Methods Phys. Res. A, 1069 (2024), 169926

http://www.apple.com/jp
https://doi.org/10.1016/j.nima.2024.169926
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Requirements
✦ (Primary) trigger decision

✦ T0 measurement for tracking

Design
✦ 2×64 plastic scintillators installed at each end

★ Thickness: (inner) 5 mm (outer) 10 mm

★ Readout by MPPCs through a plastic fibre bundle.

★ > 40 p.e. for a detection efficiency > 99%

✦ MPPCs operated < −36°C 

★ Against radiation damage.

✦ For reasonable trigger rate,

★ 4-fold coincidence

★ Inner lead shield to block gamma rays from inside.

✦ Front-end electronics being produced

✦ Mass production will start.
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Cylindrical Trigger Hodoscope
18

Y. Fujii, CM43, 9 July 2024

Overview

2

CTH

CDC

Al µ Stop Target
µ-

1T
e-

×64

The latest realistic prototype

Lateral view

Frontend electronics

Y. Fujii, et al., Nucl. Instrum. Methods Phys. Res. A, 1067 (2024), 169665

https://doi.org/10.1016/j.nima.2024.169665
http://www.apple.com/jp


3CyDet trigger system
CDC

COTTRI CDC MB
FPGA : Kintex-7

x 1

Fast control board
x 7

Central trigger 
system

Hit info Digitized hit info

x 86Readout
48 ch/board

Hit classification 
by GBDT

Event classification 
based on hit sum cut

CDC trigger process

COTTRI CDC FE
FPGA : Kintex-7

x 10 CDC trigger

CTH trigger

CyDet trigger decision 
making based on CDC 
and CTH trigger

CyDet trigger and 
clock distributer

• Previous research outcomes
• 96 % signal retention efficiency while suppressing trigger rate 13 kHz

(CTH trigger rate ~ 90 kHz, Phase-I DAQ requirements 26 kHz)
• Latency : 3.2 μs ( phase-I requirements 6.5 μs)

https://doi.org/10.1109/TNS.2021.3084624
GBDT (Gradient Boosted Decision Trees) is one of the machine learning algorithms.
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Trigger electronics
✦ FC7: the central trigger-administrating electronics

★ FC7: general use FPGA board supporting gigabit data transfer 
 (developed by CMS@CERN).

★ Both the CyDet and StrECAL system share it.

✦ COTTRI: Frontend digitiser & trigger boards for CyDet

★ Online waveform processing with flash ADC chips.

Trigger scheme
✦ CyDet trigger is being developed 

 to achieve a trigger rate < ~20 kcps.

✦ Machine learning-based trigger logic on FPGA 

★ Boosted decision tree for hit classification

★ Neural network for online tracking

✦ Software trigger is getting attractive.
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Trigger System
19

M. Miyataki, et al., IEEE NSS&MIC&RTSD (2024)

http://www.apple.com/jp
https://doi.org/10.1093/ptep/ptz125
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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 
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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



Requirements
✦ Momentum resolution < 200 keV/c

★ Operation in a vacuum of < 100 Pa

Thin-wall straw tube
✦ 9.75 mmΦ straw with 20 μm thickness

★ Ultrasonic welding for less material budget.

★ 5 mmΦ with 12 μm in Phase-II 

✦ Ar:C2H6 = 50:50
✦ A prototype test showed 

      a spatial resolution of ~ 110 μm.

★ Momentum resolution < 200 keV is achievable.

★ Succeeded operation in vacuum of < 0.1 Pa.

✦ The 1st station was commissioned in Phase-α.

★ The 2nd and 3rd stations are being constructed.

“COMET Experiment to Search for μ-e Conversion at J-PARC” Kou Oishi,  KEK IPNS,  Japan / Muon4Future 2025 @ Venice, Italy
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Y. Fujii @ CLFV2016

StrawTracker

• Straw Tube Tracker consists of ~2500 straw tubes
• Main tracker for Phase-I beam measurement / Phase-II 

physics measurement
• Operation in vacuum
• 20/12um thick, 9.8/5mmΦ straw tube for Phase-I/Phase-II
• Gas mixture candidates: Ar:C2H6=50:50, Ar:CO2=70:30
• Complete the mass production of Phase-I straw tube

22

1st straw plane (x1)

2nd straw plane (x2)

3rd straw plane (y1)

4th straw plane (y2)

gas manifold

gas manifold
front-end boards

front-end boards

optical fibre-link
feedthrough

optical fibre-link
feedthrough

anode 
feedthrough

anode 
feedthrough

gas outlet

gas inlet

signal lines

signal lines

Beam

390
1950

15
60

signal lines

HV lines

front-end boards

gas inlet

gas outlet

gas manifold

1st Straw Station

Phase-I straw tubes

1st Straw Station in Phase-αH. Nishiguchi, et al., Nucl. Instrum. Methods Phys. Res. A, 958 (2020) 162800
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2. Straw tracker

The tracker consists of five tracker super-layer, so-called “sta-
tion”. Each tracker station consists of four straw-tube planes; x1
and x2 for measuring the x-coordinate and y1 and y2 for measuring
the y-coordinate, respectively. Each pair of planes are staggered by
half a straw diameter to allow local resolution of left-right ambi-
guities. The total thickness of tracker is less than 0.004X0 since the
straw-wall thickness is extremely thin, 200 μm, and the gap be-
tween each stations is vacuum. The design of straw tracker is
schematically shown in Fig. 1. Each station is constructed as a
stand-alone unit and mounted on the detector frame which is
inserted and removed from the solenoid on rails. Anode wires,
made of gold coated tungsten, are extracted via a feedthrough into
the gas manifold as shown in Fig. 1. A gas manifold is implemented
in the outer border of straw-tube volume which is just inside the
detector solenoid. For the COMET straw tracker, the gas manifold
does not only provide the gas supply but it also makes the tracker

to be operational in a vacuum, since the gas manifold contains the
front-end electronics and the high voltage (HV) supply lines so
that the electronics parts are put in the chamber active gas to
avoid any discharge probability and rising temperature in a va-
cuum. A default gas mixture of 50%-Ar and 50%-C2H6 is provided
from this gas manifold to the straw tube. An alternative gas mix-
ture is under investigation using the prototype detector.

3. Straw tube

There are mainly two methods to provide thin wall straw for a
particle detector, namely “doubly wound” and “straight adhesion”.
The doubly-wound type of straw is composed by a double layer of
spirally over-woven straws of metalised polyimide film, e.g.

Fig. 1. Schematic view of the straw tracker.

Fig. 2. Different adhesion styles of straw construction; (Left) the original doubly-wound style, (Centre) the new straight-adhesion style, (Right) the welding seam of a
completed straw.

Voltage[V]
1400 1500 1600 1700 1800 1900 2000 2100

G
ai

n

410

510

Gas Mixture
Ar:CO2=50:50
Ar:CO2=60:40
Ar:CO2=70:30
Ar:CO2=80:20
Ar:CO2=90:10
Ar:C2H6=50:50

Signal Gain

Fig. 3. One straw Prototype; (Left) Photo, (Right) Obtained gas amplifications with different gas mixtures as a function of applied HV.

Fig. 4. Picture of full scale prototype.

H. Nishiguchi et al. / Nuclear Instruments and Methods in Physics Research A 845 (2017) 269–272270

COMET Straws

Spiral welding

http://www.apple.com/jp
https://doi.org/10.1016/j.nima.2019.162800
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Requirements
✦ Particle identification for the beam measurement.

✦ Energy resolution < 5%  
  to suppress trigger rate of DIO electrons.

LYSO Crystal Scintillators
✦ High density (7.1 g/cm3), high light yield (70% NaI), and  

fast time response (40 nsec)

✦ Dimension of 2×2×12 cm3.

✦ Readout by 10×10 mm2 APD + FE electronics

✦ ~2000 crystals (~ 1 mΦ sensitive area.)

Prototype w/ 8×8 crystals
✦ Good performance at 105 MeV/c

★ Energy resolution of 3.9%
★ Position resolution of 7.7 mm
★ Timing resolution of 0.5 nsec

Detector construction beginning 
✦ Quality control of the crystal modules construction
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ECAL prototype w/ 
8×8 crystal modules
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ਤ 4.2: Saint-Gobainࣾ੡ LYSO݁থɻ ਤ 4.3: APD S8664-1010ɻ
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αΠζ͕ 10 × 10 mm2 Ͱ͋ΓɺLYSO ݁থͷγϯνϨʔγϣϯޫͷ೾௕ 420 nm ʹରͯ͠
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͸ɺ1 mmްͷ Eljen Technologyࣾ੡γϦίϯΫοΩʔ EJ-560 [41]Ͱޫֶతʹ઀ଓ͢Δɻ

APD͸ɺԹ౓ܭͱ LEDͱಉҰͷج൘ (APDج൘)্ʹઃஔ͢ΔɻAPDͷ৴߸͸ɺπΠε
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LYSO crystal

Support Frange

ECAL (2/2)
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A Study of the Performance of the Tracker 
and Calorimeter for the COMET Experiment
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5タイプのシンボルロゴ

�タイプのシンボルロゴは、それぞれ十分検討したうえでシンボルとロゴを組み合せて

あります。原則として、これ以外のやり方で、シンボルとロゴタイプを組み合わせるこ

とはできません。

シンボルと和文ロゴタイプ、
および英文ロゴタイプを天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
左右方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
左右方向に組み合わせたタイプ
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基本要素

Kou Oishi, Kyushu University, Japan, on behalf of the COMET collaboration
CLFV2019 : The 3rd International Conference on Charged Lepton Flavor Violation @ Fukuoka, Japan. 17th-19th June 2019

COMET Experiment

1. Crystal-segmented calorimeter
✦ ~2000 crystals (~1m diameter)

2. LYSO inorganic crystal scintillator
✦ High density (7.1 g/cm3), high light yield (70% NaI), and 

fast decay constant (40 nsec)

3. 10×10 mm2 APD photo sensor
4. Temperature monitor
5. LED calibration source

Performance of ECAL
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  All the requirements satisfied.

Ibaraki, Japan

Main Ring
LINAC

e-

Straw Tube Tracker
Measures momentum w/ σP < 200 keV/c.

ECAL
 (Electron Calorimeter)

Measures energy and time-of-flight.
Triggers readout.

High intensity proton beam @ J-PARC
Phase-I (2022)

Sensitivity of ~ 10−15

Beam measurement programme to 
 investigate profiles of time,  
 momentum, and particle kinds.

Phase-II (202x)
Sensitivity of ~ 10−18

Very low branching ratio in the SM.

In physics beyond the SM,

 A clear signal of new physics
 Decay In Orbit is the most severe BG.
  → Good momentum resolution required

μ-e Conversion
Al

Muon Capture

νμ
νe

νμ
μ-e Conversion

105 MeV

104.5103.5
Momentum Spectrum of e−

(MeV/c)

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.

98

B(µ�Al⇥ e�Al) � O(10�15)

B(µ�Al� e�Al) < O(10�54)

e−

μ−
μ−

μ−
e−

Decay 
in Orbit
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LYSO crystal

ECAL Prototype

Performance @ 105 MeV
Energy Resolution 3.9%
Position Resolution 7.7 mm

Time Resolution 0.53 nsec

Particle Identification (PID)

Electron
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   Different responses of ECAL to e/μ/π were measured @ PSI, 
Switzerland in 2015.
   PID efficiency > 90% is achievable by combining with time-
of-flight (TOF) variable, which is measured by the tracker + ECAL.

ECAL response to e/μ/π PID efficiency evaluated w/ energy(data) + TOF(MC)

Bunched Proton Beam

ECAL Prototype 
& Vacuum Chamber

2×2 Crystals module
wrapped by Al mylar bag
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ECAL Energy Resolution BeamFluc.No0 in Mix Region
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symσObserved 

 w/ Term (d)symσFitted 
 w/o Term (d)symσFitted 

Fitted Stochastic Term (a)
asymσ

 w/o Term (d)totσExtracted 

★ The tracker & ECAL prototypes were tested 
together. (Tohoku Univ. 2017 March)

★ All the detector and electronics worked 
properly.

★ Achieved a vacuum pressure < 1 Pa.
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The position resolution of the straw tube was 
evaluated and achieved the requirement of < 200 μm. 
The gas mixture of Ar:C2H6 showed a better 
performance.
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

2016, with the various momentum electron beam. The setup for the beam test is schemati-
cally shown in Figure 11.34 (Left), and its photo is also shown in Figure 11.34 (Right). Here

Figure 11.34: Test-beam setup; (Left) Schematic view of the setup, (Right) Photo of set up viewing
from the upstream.

“BDC” means the “beam-difining counter” which consists of bidirectional 1-mm-thick scinti-
fibre counters, and “FC” means the “finger counter” which consists of finger-size 1-mm-thick
thin plastic schintillator counters. Trigger signal is made by the coincidence between two FCs
and “TC” (Timing Counter) which consists of high light yield plastic scintillator with the fast
fine-mesh PMT to provide the precise timing measurement. The electron beam momenta is
varied between 50-300 MeV/c.
Figure 11.35 shows the measured detection e�ciency for the gas mixture of Ar/C2H6(50/50) as
a function of applied HV. Straw single e�ciency is measured by counting the number of proper
hits in layer-2 and counting the number of tracks in layer-2 which is reconstructed by the hits
in layer-1 and layer-3. As shown in Figure 11.35 (Left), high enough HV, higher than 1800
V, guarantees the full e�ciency. However, due to the small but finite gap between each straw
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Y. Fujii @ CLFV2016

StrawTracker

• Straw Tube Tracker consists of ~2500 straw tubes
• Main tracker for Phase-I beam measurement / Phase-II 

physics measurement
• Operation in vacuum
• 20/12um thick, 9.8/5mmΦ straw tube for Phase-I/Phase-II
• Gas mixture candidates: Ar:C2H6=50:50, Ar:CO2=70:30
• Complete the mass production of Phase-I straw tube

22
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Phase-I straw tubes Full-scale straw tracker prototype

StrECAL Combined Test

Straw Tracker Prototype
1. Full-scale Phase-I straw tube chamber w/ 20 μm thickness

✦ In Phase-II, more thinner tubes (12 μm) will be used.

2. 16 straw tubes (3 layers) / axis
3. Operated in a vacuum chamber.
4. Two candidate gas mixtures

✦ Ar:C2H6 (50:50) and Ar:CO2 (70:30)

Performance of Straw Tracker
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A Study of the Performance of the Tracker 
and Calorimeter for the COMET Experiment
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5タイプのシンボルロゴ

�タイプのシンボルロゴは、それぞれ十分検討したうえでシンボルとロゴを組み合せて

あります。原則として、これ以外のやり方で、シンボルとロゴタイプを組み合わせるこ

とはできません。

シンボルと和文ロゴタイプ、
および英文ロゴタイプを天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
左右方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
左右方向に組み合わせたタイプ

天地方向の組み合せ 左右方向の組み合せ
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文
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英
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基本要素

Kou Oishi, Kyushu University, Japan, on behalf of the COMET collaboration
CLFV2019 : The 3rd International Conference on Charged Lepton Flavor Violation @ Fukuoka, Japan. 17th-19th June 2019

COMET Experiment

1. Crystal-segmented calorimeter
✦ ~2000 crystals (~1m diameter)

2. LYSO inorganic crystal scintillator
✦ High density (7.1 g/cm3), high light yield (70% NaI), and 

fast decay constant (40 nsec)

3. 10×10 mm2 APD photo sensor
4. Temperature monitor
5. LED calibration source

Performance of ECAL

   April, 2016

COMET&Phase,I

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

  All the requirements satisfied.

Ibaraki, Japan

Main Ring
LINAC

e-

Straw Tube Tracker
Measures momentum w/ σP < 200 keV/c.

ECAL
 (Electron Calorimeter)

Measures energy and time-of-flight.
Triggers readout.

High intensity proton beam @ J-PARC
Phase-I (2022)

Sensitivity of ~ 10−15

Beam measurement programme to 
 investigate profiles of time,  
 momentum, and particle kinds.

Phase-II (202x)
Sensitivity of ~ 10−18

Very low branching ratio in the SM.

In physics beyond the SM,

 A clear signal of new physics
 Decay In Orbit is the most severe BG.
  → Good momentum resolution required

μ-e Conversion
Al

Muon Capture

νμ
νe

νμ
μ-e Conversion

105 MeV

104.5103.5
Momentum Spectrum of e−

(MeV/c)

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.

98

B(µ�Al⇥ e�Al) � O(10�15)

B(µ�Al� e�Al) < O(10�54)

e−

μ−
μ−

μ−
e−

Decay 
in Orbit

StrECAL Detector

C-Shape Muon 
Transport Solenoid

Pion Production Target

Muon Stopping Target

Electron Spectrometer

Phase-II 
Geometry

Beam Measurement 
in Phase-I
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ਤ 4.2: Saint-Gobainࣾ੡ LYSO݁থɻ ਤ 4.3: APD S8664-1010ɻ

LYSO ݁থɺ൓ࣹࡐɺAPDɺLEDɺAPD ൘ɺεϖʔαʔج 1 ͔ͭͣͭΒͳΔɻ·ͨɺॎԣ

2 × 2ͷηάϝϯτݕग़ثͷ૊Λݕग़ثϞδϡʔϧͱݺশ͢Δɻ͜Ε͸ɺηάϝϯτݕग़ث 4

ͭɺԹ౓ܭ 1ͭɺηάϝϯτݕग़ثΛ·ͱΊΔ൓ࣹ͔ࡐΒͳΔɻޙ࠷ʹɺॎԣ 4× 4ͷݕग़ث

Ϟδϡʔϧͷ૊ΛεʔύʔϞδϡʔϧͱݺশ͢Δɻ

ΔͨΊɺਅۭνΣϯόʔ಺ʹઃ͢ڀݚΛ࡞ΕΔਅۭதͰͷಈ͞ٻཁ͍͓ͯʹػ͸ɺ࣮ػ࡞ࢼ

ஔ͢Δɻ͜ͷਅۭνΣϯόʔ಺෦ʹεʔύʔϞδϡʔϧΛઃஔ͢ΔɻϙϦςτϥϑϧΦϩΤν

Ϩϯ (PTFE: Polytetrafluoroethylene)੡ͷ࣏۩ʹΑΓɺεʔύʔϞδϡʔϧΛࠨӈͱ্ํ͔

Βԡ͚͑ͭͯ͞ݻఆ͢Δɻ֤ݕग़ثͷ৴߸͸ϑΟʔυεϧʔج൘Λ௨ͯ͠ɺਅۭνΣϯόʔ

֎ͷલஈ૿෯ثʹೖྗ͢Δɻલஈ૿෯͔ثΒग़ྗ͞ΕΔ৴߸͸ɺ೾هܗ࿥૷ஔΛ༻͍ͯه࿥

͢Δɻ

ҎԼͰ͸֤ύʔπʹ͍ͭͯड़΂Δɻ

LYSO݁থ

ECALʹ༻͍Δ LYSO݁থͱͯ͠ɺSaint-Gobainࣾͱ OXIDEࣾͷ੡඼͕ީิͱͳ͍ͬͯ

Δɻਤ 4.2ʹ Saint-Gobainࣾ੡ͷ LYSO݁থͷࣸਅΛࣔ͢ɻ྆ LYSO݁থͷαΠζ͸ɺ࣮

ͱಉ͡ػ 20 × 20 × 120 mm3 Ͱ͋ΔɻຊڀݚͰ͸྆݁থͷੑೳࠩʹ͍ͭͯධՁͨ͠ɻ͜Ε͸

ୈ 4.2ষʹ͓͍ͯड़΂Δɻ

ثग़ݕޫ

ͱͯ͠ɺ඿দϗτχΫεࣾ੡ثग़ݕޫ APD S8664-1010 [40]Λ࠾༻ͨ͠ɻ͜Ε͸डޫ໘ͷ

αΠζ͕ 10 × 10 mm2 Ͱ͋ΓɺLYSO ݁থͷγϯνϨʔγϣϯޫͷ೾௕ 420 nm ʹରͯ͠

70%Ҏ্ͷޮࢠྔ͍ߴ཰Λ࣋ͭɻ࢖༻ͨ͠ APDͷࣸਅΛਤ 4.3ʹࣔ͢ɻAPDͱ LYSO݁থ

͸ɺ1 mmްͷ Eljen Technologyࣾ੡γϦίϯΫοΩʔ EJ-560 [41]Ͱޫֶతʹ઀ଓ͢Δɻ

APD͸ɺԹ౓ܭͱ LEDͱಉҰͷج൘ (APDج൘)্ʹઃஔ͢ΔɻAPDͷ৴߸͸ɺπΠε

τέʔϒϧʹΑͬͯಡΈग़͢ɻECAL جड़ͷதؒޙͰ͸ɺ͜ͷέʔϒϧΛܭઃظͷॳػ࡞ࢼ

LYSO crystal

ECAL Prototype

Performance @ 105 MeV
Energy Resolution 3.9%
Position Resolution 7.7 mm

Time Resolution 0.53 nsec

Particle Identification (PID)
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   Different responses of ECAL to e/μ/π were measured @ PSI, 
Switzerland in 2015.
   PID efficiency > 90% is achievable by combining with time-
of-flight (TOF) variable, which is measured by the tracker + ECAL.

ECAL response to e/μ/π PID efficiency evaluated w/ energy(data) + TOF(MC)

Bunched Proton Beam

ECAL Prototype 
& Vacuum Chamber

2×2 Crystals module
wrapped by Al mylar bag
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★ The tracker & ECAL prototypes were tested 
together. (Tohoku Univ. 2017 March)

★ All the detector and electronics worked 
properly.

★ Achieved a vacuum pressure < 1 Pa.
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The position resolution of the straw tube was 
evaluated and achieved the requirement of < 200 μm. 
The gas mixture of Ar:C2H6 showed a better 
performance.
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

2016, with the various momentum electron beam. The setup for the beam test is schemati-
cally shown in Figure 11.34 (Left), and its photo is also shown in Figure 11.34 (Right). Here

Figure 11.34: Test-beam setup; (Left) Schematic view of the setup, (Right) Photo of set up viewing
from the upstream.

“BDC” means the “beam-difining counter” which consists of bidirectional 1-mm-thick scinti-
fibre counters, and “FC” means the “finger counter” which consists of finger-size 1-mm-thick
thin plastic schintillator counters. Trigger signal is made by the coincidence between two FCs
and “TC” (Timing Counter) which consists of high light yield plastic scintillator with the fast
fine-mesh PMT to provide the precise timing measurement. The electron beam momenta is
varied between 50-300 MeV/c.
Figure 11.35 shows the measured detection e�ciency for the gas mixture of Ar/C2H6(50/50) as
a function of applied HV. Straw single e�ciency is measured by counting the number of proper
hits in layer-2 and counting the number of tracks in layer-2 which is reconstructed by the hits
in layer-1 and layer-3. As shown in Figure 11.35 (Left), high enough HV, higher than 1800
V, guarantees the full e�ciency. However, due to the small but finite gap between each straw
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Y. Fujii @ CLFV2016

StrawTracker

• Straw Tube Tracker consists of ~2500 straw tubes
• Main tracker for Phase-I beam measurement / Phase-II 

physics measurement
• Operation in vacuum
• 20/12um thick, 9.8/5mmΦ straw tube for Phase-I/Phase-II
• Gas mixture candidates: Ar:C2H6=50:50, Ar:CO2=70:30
• Complete the mass production of Phase-I straw tube

22
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StrECAL Combined Test

Straw Tracker Prototype
1. Full-scale Phase-I straw tube chamber w/ 20 μm thickness

✦ In Phase-II, more thinner tubes (12 μm) will be used.

2. 16 straw tubes (3 layers) / axis
3. Operated in a vacuum chamber.
4. Two candidate gas mixtures

✦ Ar:C2H6 (50:50) and Ar:CO2 (70:30)
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References • H.Nishiguchi, et al., Development of an extremely thin-wall straw tracker operational in vacuum The COMET straw tracker system, Nucl. Instrum. Methods A, 845 (2017), pp. 269-272

• K.Oishi, Development of Electromagnetic Calorimeter Using LYSO Crystals for the COMET Experiment at J-PARC, Proceeding of Science, 314 (2018), doi.org/10.22323/1.314.0800
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Single Event Sensitivity (SES)
✦ Estimated 3×10-15 for 150 days operation.

★ Nμ = 1.5×1016 : the number of muons stopped in the target 

★ fcap = 0.61 : the fraction of captured muons to total muons on target

★ fgnd = 0.9 : the fraction of μ-e conversion to the ground state in the final state

★ Aμ-e = 0.041 : the net acceptance for the μ-e conversion signal (see below)

Physics Backgrounds 
✦ “Prompt beam” and “delayed beam” components will be directly evaluated.

   April, 2016

COMET&Phase,I

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

Phase-I Sensitivity
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20.1.5 Net Signal Acceptance

Thus the net acceptance for the µ≠e conversion signal of Aµ-e = 0.041 is obtained for T1 = 700
ns and T2=1170 ns, where appropriate numbers of the online event selection (see Section 16.1.3),
the o�ine track finding e�ciency (See Section 13.5.1) and DAQ e�ciency (assumed) are con-
sidered. The breakdown of the acceptance is shown in Table 20.2.

Event selection Value Comments
Online event selection e�ciency 0.9 Section 16.1.3
DAQ e�ciency 0.9
Track finding e�ciency 0.99 Section 13.5.1
Geometrical acceptance + Track quality cuts 0.18
Momentum window (Ámom) 0.93 103.6 MeV/c < Pe <106.0 MeV/c
Timing window (Átime) 0.3 700 ns < t < 1170 ns
Total 0.041

Table 20.2: Breakdown of the µ≠e conversion signal acceptances.

20.1.6 Single Event Sensitivity

The single event sensitivity (SES) aimed by COMET Phase-I and the required running time
are described. The current upper limit on gold from SINDRUM-II is 7 ◊ 10≠13 [1]. The goal
of COMET Phase-I is an improvement of a factor of 100 on aluminium over the current limit,
namely,

B(µ≠ + Al æ e≠ + Al) = 3 ◊ 10≠15 (as SES) or (20.3)
< 7 ◊ 10≠15 (as 90 % C.L. upper limit). (20.4)

The SES is given by

B(µ≠ + Al æ e≠ + Al) = 1
Nµ · fcap · fgnd · Aµ-e

, (20.5)

where Nµ is the number of muons stopped in the target. The fraction of captured muons to
total muons on target fcap = 0.61 is taken, while the fraction of µ≠e conversion to the ground
state in the final state of fgnd = 0.9 is taken [22]. Aµ-e = 0.041 is the net signal acceptance.
To achieve SES=3 ◊ 10≠15, Nµ = 1.5 ◊ 1016 is needed. By using the muon yield per proton
of 4.7 ◊ 10≠4 in Section 8.5., a total number of protons on target (POT) of 3.2 ◊ 1019 is
needed. With the proton beam current of 0.4 µA, the measurement requires about 1.26 ◊ 107

seconds, corresponding to about 146 days. Note that that the pion production yield may have
an uncertainty of a factor of two or three, as shown in Section 8.1.2. The estimated running
time might be uncertain accordingly.

20.2. Background Estimation with CyDet

The potential background sources in the search for the µ≠N æ e≠N conversion are grouped
into four categories. These categories are intrinsic physics backgrounds, beam-related prompt
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The COMET Collaboration, et al., Prog. Theor. Exp. Phys. 2020 (3) (2020), 033C01.

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.
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Physics background sources

https://doi.org/10.1093/ptep/ptz125
http://www.apple.com/jp
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COMET experiment will search for μ-e conversion at J-PARC.
✦ Aims at single event sensitivity:  3×10-15 (Phase-I) and O(10-17) (Phase-II).

✦ Perform a direct measurement of the beam profile and backgrounds in Phase-I.

✦ The facility & beam line construction is getting completed.

✦ The detector construction is also progressing.

★ CyDet, StrECAL, and Cosmic Ray Veto

✦ We will start with low-intensity (~10% power) commissioning & data taking runs.
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Summary & Schedule
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Beam line & Solenoids
Detector Preparation

Low-intensity
Runs

Data taking
→ Phase-II

Phase-I

Sensitivity of 10−15


