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cLFV :: μ ­ e conversion in muonic atoms  

Muonic atoms
 stopped in a target → 1s bound state

+
muonic X-Rays

μ−

Decay In Orbit

Signal:  
a single mono-energetic electron of ~105 MeV at 
well defined time determined  by the lifetime of 

the muonic atom 

Required momentum resolution : 
better than 200 keV/c 
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μ ­ e conversion in muonic atoms :: experimental concept  
 

Decay In Orbit

measurement 
window 

0.7  - 1.17 μs

Delayed DAQ gate to suppress prompt backgrounds
Narrow proton pulses
O(1010) out-of-time protons suppression  

Atmospheric muons can fake signal events 
⇒ proportional to the running time
⇒  higher beam intensity is preferrable

Soft pions confined with solenoidal B field
Strong gradient to increase the yield through magnetic reflection  
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COMET @ JParc Facility (KEK /JAEA)

43 institutes,18 countries 

Hadron Exp Facility

ν Exp Facility
T2K→ SK

Material & Life Science 
Facility

muon & pulsed neutron sources

LINAC 
330m, 400 MeV

Main Ring 
1.6km Sync, 0.75 MW

Rapid Cycling Sync 
350m, 25 Hz, 1 MW
400 MeV → 3 GeV
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COMET design

8 GeV proton beam (56 kW)

Muon transport

solenoid (3T):

π− → μ−

Stopping target (2T)

Pion Capture solenoid (5T)

Detector solenoid (1T)

Calorimeter

Expected muon yield: 1011 stopped muons / s

105 MeV e-

Electron Spectrometer (1T)

No photons and neutrons from 
the target getting to the 

detector! 
No low momentum charged 

particles either …
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Electromagnetic calorimeter
•  trigger & timing: response time 

faster than 100 ns
• electron energy : ΔE/E < 5% (@105 

MeV) 
• cluster position: σx<1 cm
• 50 cm of radius
• made of 1920 LYSO crystals 

2×2×12 cm3 (10.5 X0)
• read out by APDs (operates @ 1 T)

COMET design :: detection section 

Straw tubes tracker
• operates in vacuum @ 1T 
• Δp = 150~200 keV/c (@105 MeV/c) 
• 12 μm thick, 5 mm diameter for Phase-II
• at least five stations

Ar:C2H6 (50:50), 1900 V 
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A simulated COMET event
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COMET , a 2(,5) -stage experiment

5 m

Phase I Phase 2Phase II

Expected limit : 7 10 -15 @ 90% CL 
Total background: 0.01 events 
Running time: 0.4 yrs (1.2 107 s)

8 GeV proton beam (3.2 kW) 
Graphite proton target 
1.2 109  stopped muons/s

8 GeV proton beam (56 kW) 
Tungsten proton target 
1.2 1011  stopped muons/s

Expected limit : 7 10 -17 @ 90% CL 
Total background: 0.32 events 

Running time: 1 yr (2 107 s)

5T pion 
capture 
solenoid
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COMET , a 2(,5) -stage experiment

5 m

Phase I Phase 2Phase II

Expected limit : 7 10 -15 @ 90% CL 
Total background: 0.01 events 
Running time: 0.4 yrs (1.2 107 s)

8 GeV proton beam (3.2 kW) 
Graphite proton target 
1.2 109  stopped muons/s

8 GeV proton beam (56 kW) 
Tungsten proton target 
1.2 1011  stopped muons/s

Expected limit : 7 10 -17 @ 90% CL 
Total background: 0.32 events 

Running time: 1 yr (2 107 s)

5T pion 
capture 
solenoid

Detector
Room

Target
Room

Beam
Dump

Target

Phase-α

Detector

Machine
Room

•  Low intensity run (260 W) 
without Pion Capture Solenoid 

•  Thin graphite p-target 

•  Proton beam diagnostic 
detectors  

•  Secondary particle detectors

 2022Phase  α
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COMET Status :: Facility ConstructionCOMET Facility ConstructionCurrent Status (1) — Facility Construction —
10

Hajime NISHIGUCHI (KEK)                                             ”The COMET Experiment”                         ICHEP2020, 28Jul-06Aug/2020,Virtual Prague

MR (30GeV proton synchrotron)

A-Line

B-Line
C-Line

✤ Dedicated proton beam line is under construction. 
✤ Three proton beam lines in Hadron Experimental Facility. A-Line is primary and 

in-operation. B-Line just completed and started operation in June 2020. C-Line, 
dedicated for COMET, is under construction and expected to be completed in 
2021.

✤ Inside COMET hall, pion/muon transport system is under construction. 
✤ Transport solenoid is already completed. Other components, pion capture 

solenoid, detector solenoid etc., are under construction.

Hadron 
Experimental 

Facility

COMET 
Hall

Upstream of the proton C-line completed in 2021

Shutdown of J-PARC MR  until middle of 2022 for PS upgrade for MW beam 

COMET beamline construction to be completed  during shutdown  
TS1	cold-mass

CS	cold-mass

Pion capture 
solenoids (CS and 
TS cold mass) to 
be delivered in 
summer 2023. 
Cryostats under 
construction.
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COMET Phase1:: Proton Beam Extinction 

Tiny leakage of protons in between consecutive pulses can cause a 
background through Beam Pion Capture process: 

π-+(A,Z) → (A,Z-1)* → γ+(A,Z-1)  
γ → e+ e- 

Pulsed beam to reduce the electron and pion beam background  
Requirement: 

extinction better than 10-10 to reach design sensitivity O(10-17)

Measurement in Hadron hall 9.3x10-11 Extinction achieved (Preliminary) 

H.Nishiguchi, IPAC2019  

K.Noguchi, NuFACT 2021 
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COMET Phase I
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Physics  
measurements

COMET Phase I
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Physics  
measurements

Beam  
measurements

COMET Phase I
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COMET Status :: StrawECAL (Staw tracker + ECAL)

Current Status (3) — Detector Construction —
12

Hajime NISHIGUCHI (KEK)                                             ”The COMET Experiment”                         ICHEP2020, 28Jul-06Aug/2020,Virtual Prague

CyDet  (for µ-e conv. search) StrECAL  (for beam measurement)CDC under Cosmic-ray Tests

Cylindrical drift chamber (CDC) 
takes more data 

at the Fuji experimental hall

2a.		Cabling		(HV	side)

7

HV: 1850 V 
Gas mixture: He/i-C4H10=90/10 
flow rate: 100 ccm

Akira SATO                                                                                                                                                     COMET Phase-I CDC

CDC Cosmic-ray test: Analysis
New analysis framework for the CDC based on ICEDUST was developed by 
Yohei. 
The 1st analysis of the Stage-3 data (20-27 Dec. `19) has been done by Saki 
Ohta-san. 2M events. 
→ Saki’s Master thesis 

The spacial resolution was worse than the Stage-2. 
Noise effects?  

Manabu is also working for detailed analysis. + a new M1, Higuchi-kun. 
Gain saturation study with the CR test data by Sun-kun.

4

Spacial resolution by Saki Hit distribution by ManabuCR event track

Yohei’s talk

Sun’s talk
StrECAL Beam Test at ELPH 

Tohoku University in March 2017

beam defining counters (BDC) of SciFi in vacuum at upstream 
and downstream the straw chamber

StrECAL test-beam experiment

H.Nishiguchi(KEK)                                                       StrECAL Overview                                               COMET CM21,J-PARC

 Modification on each subdetector is ongoing
 Straw : Just need to repair the broken parts 
 ECAL : Many modification is ongoing (See Hiroshi’s presentation) 
 FE/amp./Trig : Many updates are ongoing (See Kazuki, Dima, Leonid, MyeongJae, 

and Yuki’s presentation) 
 Vacuum compatible Beam Defining Counter : Starting the construction

upstream downstream

 Vacuum chamber for BDC is 
ready for assembly 
 See Takashi Saito’s presentation

straw chamber

BDCStructure
• Prototype 
• Developed for the beam test in March 2016. 
• Housing 16 modules (= 64 crystals) in vacuum 
• Partially successful and a lot to learn. 

• Vacuum leakage 
• Detailed design for the construction (mechanical robustness) 
• Improved design has been made by Hiroshi 
• Minor, but important modifications. 

• To be beam-tested in the coming beam test (March 2017) 
• Hope to finalize the critical R&D items. 

• The structure for the COMET ECAL 
• Started the engineering design together with REPIC 
• Based on the prototype experience 
• Will be able to show the draft/ver.1 design in the Integration 
Workshop.

8

full string test of trigger 
and FE to DAQ (FCT 

and FC7)

✤ CDC, completed 
and under 
commissioning 
with cosmic-ray.

✤ Trigger 
hodoscope is 
under 
development.

✤ Straw 1st station is under construction, 
will be completed soon.

✤ Five stations in total.
✤ ECAL prototype 

successfully 
completed.

✤ Detector assembly 
will start soon.

Completed CDC

Event Display
(CR track)

Straw Tracker
Assembly

ECAL
prototype

Hajime Nishiguchi 
NuFact2021

5 stations of straw detectors+ ~2000 LYSO-cells calorimeter 

First station completed !

Beam test with prototype achieved 150um spatial resolution, <200keV/c momentum resolution feasible 
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COMET Phase-I :: Cylindrical Drift Chamber

• 20 concentric sense layers
• mechanical design based on Belle II CDC 
• all stereo layers ± 70 mrad (alternate)
• Helium based gas (He:iC4H10=90:10) to minimise multiple scattering
• large inner bore (~500 mm) to avoid beam flash and DIO

•  signal tracks (~100 MeV/c) contained inside the CDC for 
better signal resolution

• triggered events : 60% single turn tracks & 40% multiple turn 
tracks

Momentum resolution: better than 200 
keV/c @ 105 MeV/c

Test of a small prototype of the COMET cylindrical drift chamber
Nucl. Inst. Meth A 1015 (2021) 165756.

Current Status (3) — Detector Construction —
12

Hajime NISHIGUCHI (KEK)                                             ”The COMET Experiment”                         ICHEP2020, 28Jul-06Aug/2020,Virtual Prague
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• To be beam-tested in the coming beam test (March 2017) 
• Hope to finalize the critical R&D items. 

• The structure for the COMET ECAL 
• Started the engineering design together with REPIC 
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• Will be able to show the draft/ver.1 design in the Integration 
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8

full string test of trigger 
and FE to DAQ (FCT 

and FC7)

✤ CDC, completed 
and under 
commissioning 
with cosmic-ray.

✤ Trigger 
hodoscope is 
under 
development.

✤ Straw 1st station is under construction, 
will be completed soon.

✤ Five stations in total.
✤ ECAL prototype 

successfully 
completed.

✤ Detector assembly 
will start soon.

Completed CDC

Event Display
(CR track)

Straw Tracker
Assembly

ECAL
prototype

• CDC fully read out since 
2019 

• Currently at KEK  being 
commissioned with 
cosmic rays 
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COMET Phase-I :: Electron Detectors (CyDet)

CyDet (Cylindrical Detector System)

• Cylindrical drift chamber (CDC) 
• All stereo layers for z 

information 
• Helium based gas to minimize 

multiple scattering 
• Large inner board to avoid 

beam flash and Michel (DIO) 
electrons (~50 cm radius) 

• Cylindrical trigger hodoscope 
• a pair of plastic scintillators and 

Cherenkov counter for trigger 
and PID 

• 64 pairs each at upstream and 
downstream ends

45

the detector to be read out.

A key feature of COMET is to use a pulsed beam that allows for elimination of prompt beam back-
grounds by looking only at tracks that arrive after the beam pulse. Therefore, a momentum tracking
device should be able to withstand a large flux of particles during the burst of “beam flash” particles.
The time window for the measurement of electrons from µ−N → e−N conversion in COMET will
start after several hundred nanosecond after the prompt.

The dimensions of the CyDet are shown in Fig. 91. The length of the CDC at the inner wall is
1490.3 mm. The inner wall of the CDC is made of a 500 µm thick carbon fibre reinforced plastic
(CFRP). The endplates will be conical in shape. The thickness of the endplate is about 10 mm to
rigidly support the feedthroughs. The outer wall of the CDC is made of CFRP which is 5 mm thick.
Trigger hodoscopes are placed at both the upstream and downstream ends of the CDC. In addition,
to reduce protons emitted from nuclear muon capture, a cylindrical absorber that is also made CFRP
will be placed concentrically with respect to the CDC axis. A preliminary thickness of the proton
absorber is 0.5 mm. 13 14

CDC

Beam duct

3210

Stopping target

Return yoke

Superconducting coils

Shielding

Proton absorber

Trigger hodoscope

CDC inner wall CDC outer wall

Vacuum window

CDC endplate

300

unit : mm

1490.3

1577.3

49
6

83
5

90
0

1973

36
0

25
0

16
10

86
4

Collimator

Cryostat

10
7.

5

12
7.

5

Figure 91: The CyDet geometry used in the CyDet simulation studies in this TDR.

13All calculations presented in this report are based on this design except design of the inner wall and the absorber;
the inner wall and the absorber are modeled as a 100 µm thick aluminised Mylar and a 1 mm thick CFRP, respectively.
Total amount of mass is almost same. The thickness of absorber might change in further optimization in future.

14The geometry in Fig. 91 has no support structure of the trigger hodoscope, which is illustrated in Fig. 101. Opti-
mization of the geometry of the CDC including design of the collimator and the detector solenoid is underway. The final
geometry will be determined in near future considering engineering aspects.

71

Cylindrical trigger 
hodoscope (CTH)

Cylindrical drift 
chamber (CDC)

1 Tesla magnetic 

field

Muon stopping 
target

Single turn and multiple turn events
• About half signal tracks would 

leave multiple turns in the 
chamber.

• Separation is not trivial
• A combination of pattern scanning 

and helix fitting method
• Can reach >80% purity separation.
• 2.5 MeV/c resolution achieved from 

helix fitting.

232020/8/17

Pattern 2

2  ●●●●
1 ●●●●
0   ●●●●

Pattern 3

2 ●●●●
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Purity

signal tack contained

Four-hold  
coincidence 

provides trigger 
and PID

 2-rings of ultra fast scintillators 
(64 segments, 33/36 x 1 x 1 cm3)
read by optical fibres and SiPMs

2-rings of Cherenkov counters 
(acrylic plastic, 300x90x10 mm3) 

to be added in a second step
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COMET Phase-I :: Atmospheric backgroundCyDet (Cylindrical Detector System)

• Cylindrical drift chamber (CDC) 
• All stereo layers for z 

information 
• Helium based gas to minimize 

multiple scattering 
• Large inner board to avoid 

beam flash and Michel (DIO) 
electrons (~50 cm radius) 

• Cylindrical trigger hodoscope 
• a pair of plastic scintillators and 

Cherenkov counter for trigger 
and PID 

• 64 pairs each at upstream and 
downstream ends

45

the detector to be read out.

A key feature of COMET is to use a pulsed beam that allows for elimination of prompt beam back-
grounds by looking only at tracks that arrive after the beam pulse. Therefore, a momentum tracking
device should be able to withstand a large flux of particles during the burst of “beam flash” particles.
The time window for the measurement of electrons from µ−N → e−N conversion in COMET will
start after several hundred nanosecond after the prompt.

The dimensions of the CyDet are shown in Fig. 91. The length of the CDC at the inner wall is
1490.3 mm. The inner wall of the CDC is made of a 500 µm thick carbon fibre reinforced plastic
(CFRP). The endplates will be conical in shape. The thickness of the endplate is about 10 mm to
rigidly support the feedthroughs. The outer wall of the CDC is made of CFRP which is 5 mm thick.
Trigger hodoscopes are placed at both the upstream and downstream ends of the CDC. In addition,
to reduce protons emitted from nuclear muon capture, a cylindrical absorber that is also made CFRP
will be placed concentrically with respect to the CDC axis. A preliminary thickness of the proton
absorber is 0.5 mm. 13 14
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Figure 91: The CyDet geometry used in the CyDet simulation studies in this TDR.

13All calculations presented in this report are based on this design except design of the inner wall and the absorber;
the inner wall and the absorber are modeled as a 100 µm thick aluminised Mylar and a 1 mm thick CFRP, respectively.
Total amount of mass is almost same. The thickness of absorber might change in further optimization in future.

14The geometry in Fig. 91 has no support structure of the trigger hodoscope, which is illustrated in Fig. 101. Opti-
mization of the geometry of the CDC including design of the collimator and the detector solenoid is underway. The final
geometry will be determined in near future considering engineering aspects.
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Cylindrical trigger 
hodoscope (CTH)

Cylindrical drift 
chamber (CDC)

1 Tesla magnetic 

field

Muon stopping 
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Single turn and multiple turn events
• About half signal tracks would 

leave multiple turns in the 
chamber.
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• A combination of pattern scanning 

and helix fitting method
• Can reach >80% purity separation.
• 2.5 MeV/c resolution achieved from 

helix fitting.
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Purity

signal tack contained

Backgrounds
•Cosmic Ray          Solution: CRV !  
CR muons can decay in flight or interact with the 
materials around the area of the muon-stopping target 
producing signal-like electrons in the detector region.
The  Cosmic Ray Veto (CRV)   based on the 
scintillator counters must identify CR muons and  
provide a rejection power  of about 10-4 for them. 

Each side of CRV  consists of 4 layers of strips

Atmospheric muons  = main background 

Cover as hermetically as possible the detectors (C 
with very high efficiency veto counters (CRV) 

requirement : < 0.01 evts for COMET Phase 1 
(The short data acquisition foreseen helps! )
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COMET Phase I :: a hybrid CRV

Backgrounds
•Cosmic Ray          Solution: CRV !  
CR muons can decay in flight or interact with the 
materials around the area of the muon-stopping target 
producing signal-like electrons in the detector region.
The  Cosmic Ray Veto (CRV)   based on the 
scintillator counters must identify CR muons and  
provide a rejection power  of about 10-4 for them. 

Each side of CRV  consists of 4 layers of strips

Scintillators CRV

A tracker module: 7 detector modules (baseline)

a module (1900x600 mm2):  
 two single-gap GRPCs  

with common readout 
float glass

PCB

1.2 mm gap

Al Honeycomb cassette

GRPC CRV
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CyDet
The main drift chamber parameters
Momentum resolution : 
better 200 keV/c at 105 MeV/c

 CyDet event. This is a projected view 
from the central plane of the detector

Blue hits correspond to the 
signal electron.

Red points are hits caused from 
background processes

 Total energy deposits per 
cell for signal electrons 

and noise hits
Track Finding in CDC

• Hit selection using Gradient Boosted Decision Trees (GBDT) and 
Hough transform. 

• Classify hits using local, neighbor and charge features 
• 95% backgrounds can be rejected with keeping 99% of the signals
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Figure 13.67: This is the final output of the algorithm. Note that the local clusters of background
that were mislabelled in the neighbour-level GBDT output in Figure 13.62 have been removed.

Figure 13.68: Distribution of the output of the track level GBDT, comparing response from signal
hits to the response from background hits.

is to be expected given that it was constructed using Hough transforms over the output of the
neighbour-level GBDT. The second performance measure is the correlation matrix, which helps
describe the relationships between features. Figure 13.70b shows no strong correlations between
any of the seven neighbour-level feature and features the Inverse Hough Transform feature. This
suggests that the shape-based feature does bring new information to the classification process.

Occupancy Rates Descriptions of the occupancy rates before and after classification are pro-
vide a useful metric for evaluating the hit filtering abilities of the algorithm. The occupancy
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Figure 13.61: A 16.3% occupancy event in the CyDet. This is a projected view from the central
plane of the detector, looking in the direction of the beamline. The red points are hits caused from
background processes, while the blue hits correspond to the signal electron. The remaining points are
the inactivate wires.

as a baseline for judging the performance of the algorithm. The second feature is the timing
of the wire hit relative to the timing of the hit in the CTH trigger system. Signal hits tend
to occur soon after these trigger hits, while background hits occur randomly with respect to
the trigger timing. The third feature is the hits radial distance from the centre. The magnetic
field and geometry is tuned so that signal tracks curve through the fiducial volume, rarely
reaching the outer layers, yet always passing through the inner ones. The background hits in
used data distribute more evenly throughout the layers, peaking slightly at the inner and outer
CDC layers. A GBDT trained only on these features is discussed in the performance section
for reference, but not implemented in the algorithm itself.
The separation power of these features are further exploited by defining features that describe
the neighbouring wires of a hit, i.e. the “neighbour-level” features. Due to the alternating
stereo angles, the features on the neighbouring wires in the same layer are more powerful than
adjacent layers. These are referred to as the left and right neighbours of a hit. Along with the
local features, the left-right timing and energy deposit features are used. This defines seven
input features for the GBDT, referred to as the neighbour-level GBDT. Its output is visualised
in Figure 13.62.

Circular Hough Transform A crucial part of correctly identifying signal-like hit lies in the
ability to check that the hit forms a track shape with other signal-like hits. To recover infor-
mation about this shape, a circular Hough transform is used. This is best illustrated with the
aide of Figure 13.63. In Figure 13.63a, the collection of blue points will be tested to see if they
are all on the red circle of radius, R, whose centre lies at the origin. To do so, the green circles
of the same radius R are drawn around each blue point, as shown in Figure 13.63b. Each green
circle represents all the possible centres for circles of radius R that contain the respective blue
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blue: signals 
red : backgrounds

COMET Phase-I :: CDC :: Track Finder

Hit selection using  
Gradient Boosted 

Decision Trees (GBDT) 
and Hough Transform 

95% background rejection for 99% hit efficiency
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COMET Phase-I ::FPGA-based Trigger System with Online Track Recognision

before GBDT 

after GBDT • Y. Nakazawa, PhD thesis, Osaka University 2020

• Y. Nakazawa et al. IEEE NS, 2021  

Hit selection using Gradient Boosting Decision Trees (GBDT) 


Classify hits using their local neighbours, charge and layer 
information


Lookup table stored in a FPGA on the trigger board COTTRI.


Trigger rate is reduced from 91 kHz to 13 kHz for 96% efficiency 
and 3.2μs latency 

COTRI Trigger Board
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COMET Phase I Timeline

• Facility - expected to be completed in 2023:
• COMET Proton beam for the COMET : in 2022

• Commissioning of proton and muon beams ( COMET Phase α) : by end 2022

• Pion capture system : in 2023


• Detectors - expected for 2023:
• CyDet will be moved to J-PARC in 2022

• StrCAL :  by summer 2023

• CTH  : by end 2022

• CRV : 2023.

• Start of the  COMET Phase-I engineering run foreseen for end 2023 followed immediately by physics data taking.


• COMET Phase-II expected to  follow shortly COMET Phase-I.
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Conclusion

• COMET at J-PARC  will  search for neutrinoless muon to electron conversion with an expected 

S.E.S of 2.6 × 10−17 (4 orders of magnitude below the current limit) after 1 year of data taking 

using a 56 kW,  8 GeV proton beam. 

• The experiment will proceed in two phases, with Phase-I (currently  in preparation) expected to 

reach a S.E.S of  3 × 10−15  within 150 days  of data taking  using a less intense 8 GeV proton 

beam (3.2 kW).

• COMET Phase-I preparation (proton beam, experimental area and detectors construction) 

proceeds rapidly and  on schedule despite the pandemics .

• COMET physics data expected in 2024.


