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Muon Charged Lepton Flavour Violation (CLFV)

➤ No CLFV processes in the Standard Model


➤ Massive neutrinos induce CLFV processes via neutrino oscillations


➤ Already new physics beyond the Standard Model but as tiny as almost undetectable


➤ Clear sign of the new physics if discovered
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CLFV in EFT

➤ Searches for CLFV processes indirectly probing ΛNP > 
1 PeV new physics scale


⇔ Ultra large Moon collider, 14 PeV pp (arXiv:2106.02048) 

➤ Complementary searches available with different muon 

CLFV modes (mainly μ→eγ, μ→eee, μN→eN)

➤ Current upper bound; 7×10-13 @Au, 90%C.L. by 

SINDRUM II

➤ COMET aims to search for a μ-e conversion with 

100/10,000 times better sensitivity
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FIG. 2. Reach as a function of the angle ✓V , which is effectively the angle between the µ ! eēe and µA! eA four-fermion
operators, for different contributions of the dipole operator: (left) ✓D = ⇡/2, (middle) ✓D = 5⇡/9, and (right) ✓D = 3⇡/4. The
solid region is currently excluded.

210

310

410

510

  (
Te

V)
Λ

MEG [4.2e-13]

MEG-II [4e-14]

SI
ND

RU
M

-I 
[1

e-
12

]

M
u3

e-
I [

1e
-1

5]

M
u3

e-
II 

[1
e-

16
]

SINDRUM-II [7e-13] (Au)

AMF / PRISM [1e-18] (Au)

COMET-I [1e-15] (Al)

Mu2e / COMET-II [1e-16] (Al)

AMF / PRISM [1e-18] (Al)

/4π=φ/2  π=Sθ/2  π=Dθ                          Aµ→eA  eee→µ γ e→µ

410−  210−  010−  2−10− 2−10  010  210  410 Vκ

210

310

410

510

  (
Te

V)
Λ

MEG [4.2e-13]

MEG-II [4e-14]

SINDRUM-I [1e-12]

Mu3e-I [1e-15]

Mu3e-II [1e-16] SINDRUM-II [7e-13] (Au)

AMF / PRISM [1e-18] (Au)

COMET-I [1e-15] (Al)

Mu2e / COMET-II [1e-16] (Al)

AMF / PRISM [1e-18] (Al)

/4π=φ/2  π=Sθ/9  π=5Dθ                          Aµ→eA  eee→µ γ e→µ

410−  210−  010−  2−10− 2−10  010  210  410 Vκ

210

310

410

510

  (
Te

V)
Λ

MEG [4.2e-13]

MEG-II [4e-14]

SINDRUM-I [1e-12]

Mu3e-I [1e-15]

Mu3e-II [1e-16]

SINDRUM-II [7e-13] (Au)

AMF / PRISM [1e-18] (Au)

COMET-I [1e-15] (Al)

Mu2e / COMET-II [1e-16] (Al)

AMF / PRISM [1e-18] (Al)

/4π=φ/2  π=Sθ/4  π=3Dθ                          Aµ→eA  eee→µ γ e→µ

410−  210−  010−  2−10− 2−10  010  210  410 Vκ

FIG. 3. Reach as a function of V = cotan(✓V � ⇡/2) for different contributions of the dipole operator: (left) ✓D = ⇡/2,
(middle) ✓D = 5⇡/9, and (right) ✓D = 3⇡/4. The solid region is currently excluded.
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FIG. 4. Reach as a function of the angle � for different contributions of the dipole operator: (left) ✓D = ⇡/2, (middle) ✓D = ⇡/4,
and (right) ✓D = 3⇡/4. Note that � runs from 0 ! 2⇡, although it is plotted from 0 ! ⇡; the rates for � 2 (⇡ ! 2⇡) with
positive dipole are equal to those with negative dipole and � 2 (0 ! ⇡). The solid region is currently excluded.
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orders of magnitude different from the other coefficients, we also plot the reach in a parametrization similar to that
introduced in [19] by defining a variable

D = cotan(✓D � ⇡/2) . (III.1)

This non-linear transformation magnifies the regions where the dipole contribution either dominates the four-fermion
interactions (✓ = 0,⇡) or is suppressed (✓ = ⇡/2). We also define a similar variable V , that magnifies the regions
where leptonic four-fermion coefficients are much larger or smaller than those with quarks. We subtract ⇡/2 in order
to have µ ! e� larger at the centre of the plot, following [19]. However, this choice means that =0 corresponds to
both to ✓ = 0 and ✓ = ⇡, and the rates can be discontinuous at 0 while they are continuous at ±1. This can be
observed in figure 3.
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FIG. 1. Reach as a function of (left) the angle ✓D, which parametrizes the relative magnitude of dipole and four-fermion
coefficients, and (right) the variable D = cotan(✓D �⇡/2). The scale ⇤ is defined in eqn (II.1) with the coefficients normalised
according to Table II. The solid region is currently excluded.

Figure 2 displays the reach as a function of ✓V , which is effectively the angle between the µ ! eēe and µA! eA
four-fermion operators. Results for a vanishing dipole contribution (✓D = ⇡/2) shows that µ ! eēe vanishes at
✓V = ⇡/2 and µA! eA at ✓V = 0,⇡. Adding a small negative dipole coefficient, µ ! eēe doesn’t vanish anymore
since the dipole contributes independently as well as in interference with the four-fermion contributions, and the
rate is reduced when this interference is destructive. The magnitude of the negative dipole coefficient is larger for
✓D = 3⇡/4, exhibiting that µA! eA vanishes when the dipole cancels the four-fermion contributions. Similar plots
for V = cotan(✓V � ⇡/2) are shown in Figure 3.

Figure 4 illustrates the complementarity of heavy and light targets for µA!eA, by plotting the conversion ratios
as function of ~C · ~eAlight / sin� and ~C · ~eAheavy? / cos�. Recall that ~C · ~eAheavy? parametrizes the independent
information obtained with Au. This additional contribution to µAu ! eLAu causes the rate to vanish at a different
value than that of the light targets. The dipole, which also contributes to µA ! eA, was taken to either vanish
(✓D = ⇡/2), be positive (✓D = 3⇡/4) or negative (✓D = ⇡/4). This illustrates the impact of ~C · ~eD on the rate:
cancellations can occur among the dipole and four-fermion contributions, as well as between the two independent
combinations of four-fermion coefficients.

Finally, the dependence of the sensitivity on the angle � and the variable D is exhibited in Figure 5. As expected,
the µ ! e� and µ ! eēe processes are independent of �. The shape of the conversion processes on light and heavy
targets are globally similar, although the ridges along which the rates cancel are slightly different.
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https://arxiv.org/abs/2106.02048
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Sacha Davidson, Bertrand Echenard Snowmass RP frontier kick off meeting  - Jul  2020         p.5

Many BSM scenarios predict observable CLFV rates, for example:

CLFV and BSM physics

Each model generate a specific pattern of operators → multiple CLFV measurements to 
extract the underlying physics. 

Supersymmetry Heavy neutrino Two Higgs doublet

Leptoquarks Compositeness
New heavy bosons / 
anomalous coupling

Lo
op

s
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nt
ac

t 
in

te
ra

ct
io

n
µ-e conversion in BSM

Different interactions generate different processes → complementary searches unveil the BSM structure

4
S. Davidson and B Echenard, Rare processes and Precision Frontier kick-off meeting (2020)
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Signal and Backgrounds

➤ Single electron with a mono-energy of ~105 MeV


➤ No accidental coincidence


➤ sensitivity ∝ beam intensity ➡︎ more & more muons!


➤ Pulsed-beam + delayed time window to sweep out all beam 
prompt backgrounds
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Ee = Mµ - Bµ    

    ~ 105 MeV

τµ = 863 ns @Al
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Decay In Orbit (DIO)
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COMET Experiment @J-PARC

6

J-PARC (Japan Proton Accelerator Research Complex) 
@ Tokai village, JAPAN

Rapid Cycle Synchrotron 
(RCS) 0.4 → 3 GeV

Proton Linear Accelerator 
0 → 0.4 GeV

Main Ring  Synchrotron 
3 → 30 (8) GeV

>200 researchers
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COMET Phase-I - Overview -
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COMET Phase-I ~Proton beam~
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Bunched-slow extraction @8GeV has been well studied at 
J-PARC hadron hall and high quality bunched beam was 
obtained


All events between pulses are most probably “accidental 
BG” (≠single particle from the beam)


→ RExtinction < 10-11 (K. Noguchi et.al. NuFact2021)

https://pos.sissa.it/402/104/
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COMET Phase-I ~Muon beam~

9

1) 8GeV protons hit the Graphite target and produce secondary pions (Energy chosen to 
maximise the pion yield while preventing anti-protons)


2) Low momentum π- likely back scatter and direct to the muon transportation solenoid (TS) 
while decaying to µ-


3) A curved TS with a dipole field to select low momentum negative particles
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Fig. 4. Simulated CDC-hit map including hits from a 105-MeV conversion
electron. Each dot represents the hit position of charged particles. The “others”
includes heavy particles, such as alpha, triton, and heavy ions. The red and
black tilted boxes inside the inner wall of the CDC are Cherenkov counters
and scintillators of the CTH, respectively. The filled boxes represent CTH
counter hits.

between the conversion electron and background particles.
Fig. 4 shows a simulated conversion-electron trajectory over-
laying with background particles recorded within an event win-
dow of 1.1µs. The main background particles are protons from
the muon-nuclear-capture processes and low-energy electrons
from the gamma-ray interactions at the CDC walls. Notable
differences between background and signal hits appear in the
hit patterns and energy deposition. The conversion electron
makes a helical trajectory that is fully contained in the CDC
due to the magnetic field, as shown in Fig. 4. The track
will produce a series of neighboring hits in the azimuthal
direction at a radius given by the transverse momentum of the
conversion electron, and no or very few hits beyond this radius.
The low-energy electrons pass along the CDC wires, and their
trajectories are helical orbits with small radii, resulting in long-
lived hits on the same wire. The protons mostly have high
momenta and pass through the CDC from inside to outside
with a larger energy loss than the conversion electrons.

B. Classification Algorithm

In the hit classification stage, GBDTs are used to evaluate
whether the hits in the set of neighboring wires are consistent
with the expectations for a conversion electron. The signal-
like hits have larger GBDT-output values and are selected for
the event classification. Fig. 5 shows the CDC-hit maps before
(Fig. 5a) and after (Fig. 5b) applying the GBDTs. Red and blue
dots represent signal and background hits based on simulation
information. The dot size of Fig. 5b reflects the GBDT-output
value. While some background hits with large GBDT-output
still remain after applying GBDT, it is clear that GBDT can
classify the signal hits out of background hits. Therefore,
the deposited energy on the wire of interest and its radial
position are selected as the GBDT-input features. In order to
eliminate hits of the low-energy electrons, hit classifiers begin
with filtering the wires having long-lived hits. The energy
deposition of neighboring wires in the same layer is also
used to suppress low-energy electron hits. For the hardware
implementation, the input feature must be quantized so that
the total size of trigger data fits to the reasonable data transfer
rate between different FPGAs with the available FPGA logic

(a)

(b)
Fig. 5. Hit maps of the CDC (a) before and (b) after applying the GBDTs.
See the text for details.

Fig. 6. Procedures for the final trigger decision. CTH ID means an identifica-
tion number for each CTH counter. “T” (true) and “F” (false) mean triggered
and non-triggered sections, respectively. Hit counters of the CTH are filled
with red for the Cherenkov counters and black for the scintillation counters.

resources, such as the number of LUTs. The energy deposition
of each wire is compressed into 2 bits, as written in Section II.
Therefore, 6-input LUTs are used for the hit classification
using energy deposition from the wire of interest and two
neighboring wires. We implement a set of 6-input LUTs inside
the FPGA, and each set of 6-bit wire hit patterns is fed into
each different LUT depending on their radial position. Thus all
the input features (deposited energy, neighboring hit pattern,
and radial position) can be considered.

Fig. 6 describes the procedure of the final trigger decision
by the event classifier, which combines CDC and CTH trigger
information. The conversion electron leaves hits only in a part
of the CDC readout area, which is correlated with the CTH-
hit positions, as shown in Fig. 4. An active part of the CDC
is defined for each CTH counter to reject background hits
efficiently while keeping the conversion-electron hits. When
the number of signal-like hits in each active part exceeds a
threshold, the CDC trigger is generated for each CTH counter.
The CTH trigger provides the counter information passing the

COMET Phase-I ~CyDet~

➤ CDC


➤ ~5,000 wires, 20 stereo layers for momentum measurement, He:iC5H10=90:10, typical drift time <400ns


➤ Signal electrons’ trajectories fully contained inside the volume


➤ CTH


➤ 2 layers of 64 segmented plastic scintillator rings at both ends of CDC for the timing measurement


➤ Suppress accidental events and low momentum particles by taking four-fold coincidence
10

CTH

CDC

Muon Stopping Target
µ-

1T
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COMET Phase-I ~CDC~
➤ All stereo-angle wire cylindrical drift chamber to measure the momentum of 

incoming charged particle


➤ Following the wiring completion in 2016, the full channels readout tested in 2019 → 
almost ready for the installation

11

2016

2019
C. Wu, et.al. DOI:10.1016/j.nima.2021.165756

https://www.sciencedirect.com/science/article/abs/pii/S0168900221007415
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COMET Phase-I ~CTH~
➤ Four fold coincidence for better timing determination & less 

accidental events ⇔ the rate of e+/e- <10MeV is  as high as 
1-10 MHz


➤ After 4-fold coincidence, the rate become less than 100 
kHz (based on simulation studies)


➤ Photon extraction with fibre bundles to use inexpensive 
commercial SiPMs

12

CDC

CTH

Signal e-

γ BG

Lead absorber

Proton BG

- 10 mm-T outer layer
- 5 mm-T inner layer

Y. Fujii, et.al. DOI:10.5281/zenodo.6781368

MPPC sideScintillator side

CTH counter + fibre prototype constructed 
and tested @Monash

HPK MPPC (1.3 × 1.3 mm2)

MPPC cooling system to achieve ~ -40℃ CTH Counter supporting structure

Fibre bundle prototype

https://zenodo.org/record/6781368#.Yu1_dy-r24I
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COMET Phase-I ~CyDet trigger~

➤ Further trigger rate suppression by using the CDC hit 
information @FPGA level to achieve the trigger rate less 
than 13 kHz with the maximum signal efficiency


➤ Many BG hits deposit larger energy than signal ones 
without helix  pattern contained inside the CDC


➤ GBDT for hit classification to reduce the BG-like hits


➤ Neural network based event classification trigger is 
being developed for further BG trigger suppression

13

Hit pattern
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Y. Fujii, M. Miyataki et.al. NuFact 2023

Y. Fujii, NuFact2022, Salt-Lake city, Utah

DECISION TREE BASED HIT CLASSIFICATION (2)
➤ Actual implementation 

➤ Perform hit classification by configuring look-up tables (LUTs) with GBDT weighting tables 

➤ One COTTRI CDC FE covers 10 RECBEs = 480 wires, 6-bit (2-bit ADC+neighbouring ADCs) 
data/each as input, decision tree’s score as 6-bit output (larger = signal-like) 

➤ Only one or two clock cycles for the score calculation

11
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Hit classification result
GBDT-score distribution 
Separation between signal- and background-hit score. 
Zigzag shape due to the small size of the input feature (e.g. 2-bit data) 
Receiver Operating Characteristic (ROC) curve for hits 
Comparison with other data types 
1-bit data : truth or false for the ADC cut 
raw data : no data compression after the ADC cut  

2-bit data gives the good performance.

34

GBDT-score distribution ROC curve for hits

2-bit data
1-bit data
raw data

Pipeline LUT
Pipeline LUT
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All projected hits in a single time window After scoring hits

Hit data

Hit data

Hit data

Hit data

Hit data

…

Score

Score

Score

Score

Score
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Y. Fujii, NuFact2022, Salt-Lake city, Utah

MODEL CONSTRUCTION (3)
➤ As a first test, we made sets of toy MC for signal/background events for NN training/test 

➤ 5% noise events randomly distributed with/without the arch (signal-like) pattern 

➤ Quantised and sparse Multi layer perceptron (QMLP) was tentatively chosen 

➤ Few hyper-parameters tuned roughly by utilising a Keras built-in Bayesian optimiser

20

BRAM DSP FF LUT

0 0 5 32

Resource usage @Kintex-7 xc7k355T-FFG901 (%)

Latency estimated to be 260 clock cycles 

= 130ns @200MHz
Signal BG

Signal Efficiency

Ba
ck
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ff
ic
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nc

y

     QKeras Signal tagger, AUC=99.7% 
     QKeras BG tagger, AUC=99.7% 
     FPGA Signal tagger, AUC=96.5% 
     FPGA BG tagger, AUC=96.7%

Using mock data and real FPGA boards, 120 ns 
latency achieved without losing too many signals

Preliminary

Y. Nakazawa’s PhD thesis

https://indico.fnal.gov/event/53004/contributions/245839/
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COMET Phase-I ~StrECAL~
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Direct beam measurement with Phase-II prototype detectors
LYSO crystals

- Full energy absorption
- Fast time response

APD readout (space & 
radiation tolerance)

5 or more Straw stations
- Each station consists of 

2 horizontal and 2 
vertical layers

- Vacuum tight ultra thin 
straw tubes
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COMET Phase-I ~Straw Tracker~
➤ The 1st full channel straw station constructed for COMET Phase-α/Phase-I beam measurements


➤ Made of Aluminised mylar 20µmT, 10mmφ tolerate the 1 atm pressure difference, filled with Ar:Ethane 50:50


➤ Expected σp ~ 180 keV/c


➤ Besides, 12µmT, 5mmφ straws have been developed and being tested, σp ~150 keV/c essential to achieve the 
aiming sensitivity in Phase-II

15
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 We are currently working on refining straw 

creation process to improve produced tubes 

diameter and length precision

 As planned for Phase-I the length of straws stays 

the same 1.2 and 1.6 meters

 At the moment we have results of tests performed 

with 1.2m straw tubes

CM35 | 01.12.2021 3

Straw tubes R&D

1.2m/5mmφ

Fixed end

Optical Sensor

Gas 

Pipe Gas Inlet
Straw

FSR

Sensor

CM35 | 01.12.2021 7

Performance tests setup 

Picture on the left shows stand for elongation measurements. Tube is fixed by 

one end through which the gas pressure is applied. The free end is located in 

laser sensor beam which records tube elongation.

Second setup is used to measure the tube elongation dependency on stretch 

force.
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COMET Phase-I ~Electron Calorimeter~
➤ Measure the electron arrival time with good energy resolution


➤ Energy resolution better than 5% @100 MeV e-, σt ~ 0.5 ns, σX/Y ~ 6mm, all validated 
in the test beam measurement


➤ LYSO 64 × 16 modules to be installed in the Phase-I


➤ In Phase-II it’ll be scaled up to 5,000 for ~1.5 mφ coverage with smaller gaps

16

20mm

20mm

120mm
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COMET Phase-I ~Other Systems~

17

Cradle Production
4

・The cradle trial fitting was done for the brief measurement 
・After the brief measurement, the fully welding works were done  
・After welding, the corrected the deformation, cleaned up the browned surface 
・The dummy endplates of CDC/CTH were also welded and assembled to support the cradle 
・The dummy rail was passed to check the parallel with the pillow blocks (igsu)

CyDet support & 
insertion system

Ge muonic X-ray detector

Cosmic ray veto

Muon stopping target support 
system
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COMET Phase-I ~Expected Sensitivity~

18

ℬ(μ−N → e−N) |Al =
1

Nμ ⋅ fcap ⋅ fgnd ⋅ Aμ−e
= 3.0 × 10−15

Nµ : #of stopped µ-, 1.5×1016, exp. @ 150 days,


fcap : fraction of stopped µ- captured, 0.61, theory,


fgnd : fraction of µ- bound to ground state, 0.9 theory,


Aµ : acceptance of µ-e signal, 0.041, exp..

Item Value Comment

Acceptance 0.2 Fixed

Trigger/DAQ efficiency 0.8 Subject to change

Track finding efficiency 0.99 SC

Track selection 0.9 SC

Momentum window 0.93 103.6 MeV/c < p < 106.0 MeV/c

Timing window 0.3 700 < t < 1170 ns, SC

Total 0.04 At least 25% error
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COMET Phase-I ~Background~

19

Type Background Estimated events

Physics Muons decay in orbit 0.01

Radiative muon campture 0.0019

Neutron emission after muon capture < 0.001

Charged particle emission after muon capture < 0.001

Prompt beam Beam electrons, µ/π decay-in-flight, others Total < 0.0038

Radiative pion capture 0.0028

Delayed beam ↑ from delayed proton beam Negligible

Antiproton induced background 0.0012

Others Cosmic rays (computationally limited) < 0.01

Total < 0.032
➡︎ COMET Phase-I is almost BG free, sensitivity is only limited by the 

cost of radiation shielding and detector’s rate capabilities!
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COMET Phase-II ~Concept~

20

×100 Sensitivity means ×100 
background particles

➤ DIO background suppression is 

essential

➤ Better momentum resolution 

≒ less materials


➤ Higher pile-up situation

Smaller diameter straw-tubes with 
thinner wall


Additional electron spectrometer 
to reduce lower momentum DIOs
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COMET Phase-II

21

Muon Stopping Target

+ beam blocker

8GeV Proton Beam (56 kW)

Detector Solenoid (~ 1T) + StrECAL

Electron Spectrometer ~1T

to select ~100MeV/c charged particles

Production Target + High Efficiency Pion Capture Solenoid ~5T,

Large aperture to effectively collect low momentum π/μ

Muon Transport Solenoid ~3T

to select low momentum μ-


and suppress π-

μ-

e-

1)×20 powerful beam

2)×10 more muon stopping efficiency

3)C-shaped “Electron” spectrometer

➡︎ ×200 times better sensitivity !
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COMET Phase-II ~Sensitivity~

22

ℬ(μ−N → e−N) |Al =
1

Nμ ⋅ fcap ⋅ fgnd ⋅ Aμ−e
= 1.4 × 10−17

Nµ : #of stopped µ-, 3.3×1018, exp. @ 230 days,


fcap : fraction of stopped µ- captured, 0.61, theory,


fgnd : fraction of µ- bound to ground state, 0.9 theory,


Aµ : acceptance of µ-e signal, 0.036, exp..

Item Value in P-I Value in P-II Comment

Acceptance 0.2 0.18 Fixed

Trigger/DAQ efficiency 0.8 0.87 Subject to change

Track reconstruction efficiency 0.99 0.77 SC

Track selection 0.9 0.94 SC

Momentum window 0.93 0.62 104.2 MeV/c < p < 105.5 MeV/c

Timing window 0.3 0.49 600 < t < 1170 ns, SC

Total 0.04 0.034 At least 25% error

K. Oishi, PhD thesis in 2020

https://catalog.lib.kyushu-u.ac.jp/opac_download_md/4474936/sci1369.pdf
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Phase-α

➤ After C-line completion at J-PARC hadron facility, 
temporary graphite target and muon beam 
measurement detectors were installed


➤ COMET phase-α w/ very low intensity to study the 
beam profile before/after the TS

23

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Phase-α Beamline
The beamline without the Pion Capture Solenoid & Field 
✦ The this Pion Production Target contained in a vacuum pipe. 
✦ Muon Transport Solenoid to be used in Phase-I&-II, too. 
✦ Beam-masking system with two moving collimator slits before the Transport Solenoid. 

★ Special thanks to Shunsuke for the installation, and Oliver and Kevin for the production!

4

Pion Production Target

To beam dump

Transfer solenoid magnet

Turn chamber

Pion Production Target

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023 11

Assembled Detectors

Transport Solenoid Exit

Muon Beam Monitor

Straw Tube Tracker

Range Counter

Me (K. Oishi)

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Range Counter (Osaka Univ. & Imperial)
Multi-layered plastic scintillating counters with  
  a graphite momentum degrader and a copper muon absorber. 
✦ Change the momentum range to measure with different thicknesses of the degrader. 
✦ Reconstruct the number of muons stopped in the copper absorber. 

★ Negative muon's life time in copper becomes to ~160 nsec, 
★ which can be distinguished from other muon decay in lighter materials ~2.2 µsec. 

✦ Also works as the trigger detector.

10

preT0

T0, T1, T2,  
absorber

Degraders

e−

T0 T1 & T2

AbsorberDegraders

µ−

preT0

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Muon Beam Monitor (SYSU, China)
Scintillating fibre hodoscope (SYSU of China) 
✦ Hodoscope detector with 1 mm2 plastic scintillating fibres, readout by SiPMs. 
✦ 30×30 cm2 area holds 2D-aligned 128+128 fibres. 
✦ A multi-channel input electronics was developed. 

★ ~3 nsec time resolution. 
★ Good hit rate tolerance and capability for the experiment.

8

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Proton Beam Monitor
Proton Beam Monitor 
✦ Polycrystalline TiO2 was developed for the sensor module. 

★ Very thin (0.3 µm) and much lower cost than diamonds. 
✦ Good performance was observed in lab. in MR dump. 
✦ Eight modules were attached around the  

vacuum windows at the entrance of the COMET beam room.

6

Electrode

Electrode

10mm

0.5mm

QT1
V+

Active area

0.3µm

SEM

Muon position/timing detector Range counter

Beam masking systemGraphite target

Proton beam profile monitor
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Phase-α

➤ The first muon beam was delivered to the COMET experimental 
area!


➤ Clear pulse structure + muon decay time structure were observed


➤ Some π+ decay chain candidate events were seen


➤ Detailed analysis is ongoing and possibility for taking the further 
beam profiling data early this year

24

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Introduction
COMET Phase-α 
✦ Finally we had the beam time! 
✦ Commissioning of  

★ the COMET proton beamline and  
★ the COMET muon beam transport. 

✦ Beam time 
★ 10th − 14th February (commissioning) 
★ 3rd − 4th & 9th – 15th March 

Some very preliminary results to be 
shown today. 
✦ Discussion towards the potential next 

beam time in June is necessary. 
★ What can we do and/or should we do?

2

Collaborators seeing the first signals
Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

1500 2000 2500 3000 3500
Samplig ID
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400−
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100−

0AD
C

(c
h)

Event:644 2

Positive Beam Measurement

Changed the dipole field's polarity for positive-charged beam. 
✦ π-µ-e decay chain waveforms were observed in the Range Counter. 
✦ Detailed waveform analysis is ongoing and to be explained by Roden. 

The beam-masking system was also used with the positive beam. 
✦ For beam kinematics study using positive pions,  

which can be identified event by event → tracking. 
✦ Three datasets with three mask positions were taken. 

★ More three datasets are necessary at least.

21

π+

µ+

e+

Beam-Masking System  
in front of the Transport Solenoid

Very Preliminary

Kou Oishi / Imperial College LondonCOMET CM39 / 27th  Mar. 2023

Negative Muon Measurement

Muon Decay Time Distribution (w/ the beam bunch structure BGs) 
✦ Fitted by double exponential curves with a flat BG. 

★ The bunch structure is also taken into account in the fitting. 

✦ A clear 'short component' was observed (& None in case w/o the absorber.) 
★ The first muon observation in the COMET experimental area!
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Hadron experimental facility “C-line” is completed


 - J-PARC  news article 17th March

https://j-parc.jp/c/topics/2023/03/17001125.html
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Summary & Prospects
➤ COMET searches for the µ-e conversion with 

the world’s best sensitivity, 10-15 and 10-17 in 
its Phase-I and Phase-II


➤ Many things are ongoing to start the physics 
run in 2024/2025


➤ Recent phase-α experiment proved the low-p 
muon transportation scheme with a curved 
solenoid


➤ More to come in next few years, stay tuned!
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COMET Phase-I - Monash Activities -

26

Beam collimators

CTH 1:1 prototype

Operation room

100 MeV e- beam
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What is CLFV?
➤ Modern Particle Physics


➤ Based on the beautiful symmetries and 
conservation laws → eventually broken


➤ Forces are nicely unified → but no gravity


➤ No dark matters, neutrino masses, etc…


➤ We know


➤ Quarks mix (CKM matrix)


➤ Neutrinos mix (PMNS matrix)


➤ So why don’t charged leptons mix?


➤ Charged Lepton Flavour Violation 
(CLFV)

27
Wikipedia
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CLFV History

28
A.Papa, EPJ Web of Conferences (2020)

➤ Muons were discovered in 1936 accidentally


➤ “Who ordered that?” — I. I. Rabi


➤ Dawn of the flavour physics


➤ Current upper limits (for muons = golden 
channels @90% C.L.)


➤ BR(μ+→e+e+e-) < 1.0 × 10-12 by SINDRUM 
@PSI, Nucl. Phys. B 299 (1988)


➤ CR (μ-N→e-N)|Au < 7.0 × 10-13 by 
SINDRUM II @PSI, Eur. Phys. J. C 47 (2006) 
337


➤ BR(μ+→e+γ) < 4.2 × 10-13 by MEG @PSI, 
Eur. Phys. J. C 76 (2016) 434

of the new particles (red line) would indirectly appear
enhancing the probability of processes that otherwise
would be strongly suppressed or never occur.

The most general approach to describe the NP under
the assumption that the NP characteristic energy scale is
well above the energies explored so far is to write an ef-
fective lagrangian made by the sum of the SM lagrangian
and all the other new terms, suppressed by inverse powers
of the new heavy mass scale ⇤ [11–13]:

Le f f = LSM +
X

d>4

c(d)
n

⇤d�4O
(d) (1)

where O are the operators, d is the mass dimension and
cn dimensionless coe�cients. As it follows from eq. 1
searching for strongly suppressed or forbidden processes
o↵ers the unique possibility to probe otherwise unreach-
able and unexploited new physics energy scale. Following
the approach of the e↵ective lagrangian and assuming NP
natural coupling the current upper limits on muon cLFV
processes translates in new energy scale limits⇤ >O(100)
TeV, independently of the detailed form of the operator re-
sponsible for the cLFV process [14, 15].

Muonic rare channels such as the µ+ ! e+� decay, the
µ+ ! e+e+e� decay and µ�N ! e�N conversion in nu-
clei are the most promising and complementary cLFV pro-
cesses (often referred to as "golden muonic channels" [1,
16–20]): (a) The tremendous muon beam intensities (al-
ready available: up to few ⇥108 µ/s (continuous, DC) [21,
22], available soon: O(1011) µ/s (pulsed) [23, 24] and un-
derstudy: O(1010) µ/s (DC) [25, 26], implying for huge
statistical samples, together with ultimate performing de-
tectors allow for astonishing muonic cLFV SES; (b) The
combined phenomenological analysis of these three pro-
cesses allow for discriminating the underlying operators
generating a potential signal, given di↵erent process sen-
sitivities to the di↵erent operators. Figure 2 shows the
history of cLFV experiments based on the golden muonic
channels.

Two of the three golden muonic channels can be stud-
ied at PSI which delivers the world’s most intense con-
tinuous muon beam uniquely suited to study coincidence-
type experiments as µ+ ! e+� and µ+ ! e+e+e� decay
searches, where there is more than one particle in the final
state.

The MEG experiment searches for the µ+ ! e+� de-
cay ([27, 28]) and has recently set the most stringent up-
per limit on its branching ratio B(µ+ ! e+�) < 4.2 ⇥
10�13 [29–32]. It is a factor 30 improvement over the
previous limit set by the MEGA experiment [33] and also
the strongest bound on any forbidden decay particle. The
strong physics motivation to further explore the µ+ ! e+�
decay has led the collaboration to decide upon an upgrade
of the experiment, with the aim to improve the sensitiv-
ity by at least one order of magnitude. The MEG upgrade
(MEGII) has been approved at PSI and by the Institutions
of the international collaboration [34], and is now under-
way [35].

Figure 2. History of cLFV experiments with muons.

Following the mentioned complementary approach the
Mu3e experiment at PSI will search for the µ+ ! e+e+e�
decay aiming at a sensitivity of a few ⇥10�15 [36] (Mu3e
phase I) and an ultimate sensitivity of a few ⇥10�16 (cur-
rent upper limit B(µ+ ! e+e+e�)< 1.0 ⇥ 10�12 [37]), and
COMET [23] in Japan and Mu2e [24] in US will search
for the µ�N ! e�N conversion aiming at final sensitivi-
ties of few ⇥10�17(current upper limit B(µ Au ! e Au)
< 7 ⇥ 10�13 [38]).

2 The MEGII experiment

A schematic view of the MEGII apparatus is shown in Fig-
ure 3.

In MEGII, surface (positive) muons with a momentum
of 29 MeV/c are stopped in a thin slanted polyethylene tar-
get (thickness 140 µm; angle 15 deg), located at the center
of a magnetic spectrometer.

The signature of a µ+ ! e+� decay at rest is a back-
to-back, mono-energetic, time coincident � and e+. The
signal event is identified by five observables: The gamma
energy E�, the positron energy Ee, the relative gamma-
positron time te�, the relative gamma-positron angles ✓e�
and �e�. There are two main background sources, the dom-
inant being the accidental coincidences between a high
energy positron from the main muon decay µ+ ! e+⌫⌫
(Michel decay) and a high energy photon from positron
annihilation-in-flight or bremsstrahlung or from the radia-
tive muon decay (RMD) µ+ ! e+⌫⌫�. The other source
comes from the RMD itself when neutrinos take o↵ a small
amount of energy.

All the � kinematics variables (energy E�, time t� and
interaction point X�) are measured using a liquid Xenon
(LXe) calorimeter. All the e+ kinematics variables are
measured by a spectrometer made of single cylindrical ac-
tive drift chamber CDCH and a highly segmented pixe-
lated Timing Counter pTC mounted inside a gradient mag-

2

EPJ Web of Conferences 234, 01011 (2020) https://doi.org/10.1051/epjconf/202023401011
FCCP2019

Saturating?
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Future Prospects (from my optimistic view)
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of the new particles (red line) would indirectly appear
enhancing the probability of processes that otherwise
would be strongly suppressed or never occur.

The most general approach to describe the NP under
the assumption that the NP characteristic energy scale is
well above the energies explored so far is to write an ef-
fective lagrangian made by the sum of the SM lagrangian
and all the other new terms, suppressed by inverse powers
of the new heavy mass scale ⇤ [11–13]:

Le f f = LSM +
X

d>4

c(d)
n

⇤d�4O
(d) (1)

where O are the operators, d is the mass dimension and
cn dimensionless coe�cients. As it follows from eq. 1
searching for strongly suppressed or forbidden processes
o↵ers the unique possibility to probe otherwise unreach-
able and unexploited new physics energy scale. Following
the approach of the e↵ective lagrangian and assuming NP
natural coupling the current upper limits on muon cLFV
processes translates in new energy scale limits⇤ >O(100)
TeV, independently of the detailed form of the operator re-
sponsible for the cLFV process [14, 15].

Muonic rare channels such as the µ+ ! e+� decay, the
µ+ ! e+e+e� decay and µ�N ! e�N conversion in nu-
clei are the most promising and complementary cLFV pro-
cesses (often referred to as "golden muonic channels" [1,
16–20]): (a) The tremendous muon beam intensities (al-
ready available: up to few ⇥108 µ/s (continuous, DC) [21,
22], available soon: O(1011) µ/s (pulsed) [23, 24] and un-
derstudy: O(1010) µ/s (DC) [25, 26], implying for huge
statistical samples, together with ultimate performing de-
tectors allow for astonishing muonic cLFV SES; (b) The
combined phenomenological analysis of these three pro-
cesses allow for discriminating the underlying operators
generating a potential signal, given di↵erent process sen-
sitivities to the di↵erent operators. Figure 2 shows the
history of cLFV experiments based on the golden muonic
channels.

Two of the three golden muonic channels can be stud-
ied at PSI which delivers the world’s most intense con-
tinuous muon beam uniquely suited to study coincidence-
type experiments as µ+ ! e+� and µ+ ! e+e+e� decay
searches, where there is more than one particle in the final
state.

The MEG experiment searches for the µ+ ! e+� de-
cay ([27, 28]) and has recently set the most stringent up-
per limit on its branching ratio B(µ+ ! e+�) < 4.2 ⇥
10�13 [29–32]. It is a factor 30 improvement over the
previous limit set by the MEGA experiment [33] and also
the strongest bound on any forbidden decay particle. The
strong physics motivation to further explore the µ+ ! e+�
decay has led the collaboration to decide upon an upgrade
of the experiment, with the aim to improve the sensitiv-
ity by at least one order of magnitude. The MEG upgrade
(MEGII) has been approved at PSI and by the Institutions
of the international collaboration [34], and is now under-
way [35].

Figure 2. History of cLFV experiments with muons.

Following the mentioned complementary approach the
Mu3e experiment at PSI will search for the µ+ ! e+e+e�
decay aiming at a sensitivity of a few ⇥10�15 [36] (Mu3e
phase I) and an ultimate sensitivity of a few ⇥10�16 (cur-
rent upper limit B(µ+ ! e+e+e�)< 1.0 ⇥ 10�12 [37]), and
COMET [23] in Japan and Mu2e [24] in US will search
for the µ�N ! e�N conversion aiming at final sensitivi-
ties of few ⇥10�17(current upper limit B(µ Au ! e Au)
< 7 ⇥ 10�13 [38]).

2 The MEGII experiment

A schematic view of the MEGII apparatus is shown in Fig-
ure 3.

In MEGII, surface (positive) muons with a momentum
of 29 MeV/c are stopped in a thin slanted polyethylene tar-
get (thickness 140 µm; angle 15 deg), located at the center
of a magnetic spectrometer.

The signature of a µ+ ! e+� decay at rest is a back-
to-back, mono-energetic, time coincident � and e+. The
signal event is identified by five observables: The gamma
energy E�, the positron energy Ee, the relative gamma-
positron time te�, the relative gamma-positron angles ✓e�
and �e�. There are two main background sources, the dom-
inant being the accidental coincidences between a high
energy positron from the main muon decay µ+ ! e+⌫⌫
(Michel decay) and a high energy photon from positron
annihilation-in-flight or bremsstrahlung or from the radia-
tive muon decay (RMD) µ+ ! e+⌫⌫�. The other source
comes from the RMD itself when neutrinos take o↵ a small
amount of energy.

All the � kinematics variables (energy E�, time t� and
interaction point X�) are measured using a liquid Xenon
(LXe) calorimeter. All the e+ kinematics variables are
measured by a spectrometer made of single cylindrical ac-
tive drift chamber CDCH and a highly segmented pixe-
lated Timing Counter pTC mounted inside a gradient mag-
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EPJ Web of Conferences 234, 01011 (2020) https://doi.org/10.1051/epjconf/202023401011
FCCP2019

Saturating?

DeeMe

MEG II

COMET P-I

Mu3e P-I

Super MEG?
Mu2e

Mu3e P-II

COMET P-II
Mu2e-II

PRISM/PRIME

Of course NO!
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CLFV and Leptoquarks

➤ LQ can simultaneously explain both;


➤ Recent B physics anomalies


➤ Long standing g-2 anomaly

30
P.F. Perez, et.al. arXiv:2104.11229
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FIG. 9: Left panel : Same as Fig. 3; we also include a contribution from C10µµ = 1.5 C
0
10µµ. Right panel :

The region shaded in blue is in agreement with the combined result from the Muon g � 2 experiment at
Fermilab and E821 at BNL within 1�. We have also fixed the Wilson coe�cients that reproduce the
experimental measurements of Br(Bs ! µ

+
µ
�) and RK within 1�. The predicted values for RK⇤ are

higher than the current central values as discussed in the text.

5. SUMMARY

We have discussed the simplest quark-lepton unification theory that can be realized at the
TeV scale [6] and can be seen as a low energy limit of the Pati-Salam theory. This theory is
based on the SU(4)C ⌦ SU(2)L ⌦ U(1)R gauge group and, in order to have a consistent theory
for fermion masses at the low scale, neutrino masses are generated through the inverse seesaw
mechanism. This theory predicts the existence of a vector leptoquark, Xµ ⇠ (3,1, 2/3)SM, and
two scalar leptoquarks, �3 ⇠ (3̄,2, �1/6)SM and �4 ⇠ (3,2, 7/6)SM, that can provide a relevant
contribution to meson decays.

We have studied the possibility to explain the experimental values for the clean observables
involving b ! s transitions, i.e. RK , RK⇤ and Br(Bs ! µ

+
µ
�), in two main scenarios. In the first

scenario the scalar leptoquark �3 gives the main contributions to explain the measured values of
the relevant meson decays through couplings to both electrons and muons. In the second scenario
the scalar leptoquark �4 plays the main role to explain the values for the neutral flavor anomalies;
in this scenario the New Physics is coupled mostly to electrons as it is required by the experimental
bound from µ ! e�. Furthermore, we showed that �4 can be used to explain the g�2 of the muon
while being consistent with other experimental bounds.

We found scenarios where we can address simultaneously the flavor and the (g�2)µ anomalies,
in which both leptoquarks �3 and �4 play a role. In these scenarios, the recent experimental results
for RK and RK⇤ are explained by contributions from �3 and �4, with Wilson coe�cients of the
same order as in the SM, while the measured value of (g � 2)µ can be addressed by coupling �4

mostly to muons, so that the aforementioned anomalies can all be explained in consistency with
constraints from lepton flavor violation.

We hope that, in the near future, more experimental data and an improvement on the
theoretical predictions will determine whether these anomalies represent final evidence for New
Physics, and whether the minimal theory for quark-lepton unification can be behind them by

Left plot; Scalar LQ, Φ4 satisfies all b 


Right plot; Allowed region from g-2 results


anomalies All 1σ band


→ all of them somehow satisfied
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(a) All Muons

(b) Stopped Muons

(c) Muons with p > 70 MeV/c around the stopping target

Figure 5.26: The heights of muons as they pass along the beamline. (a) The path of all muons.
(b): The paths of muons that stop in the target. (c): The heights of muons
with momentum greater than 70 MeV/c when they enter the region around the
stopping target. These could potentially decay in flight to give electrons with 100
MeV/c or greater. These plots should be compared to those of Fig. 5.21 before
collimators were introduced, where it is clear how well the dangerous muons are
being suppressed.


