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Charged Lepton Flavour Violation
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➢ Flavour violation in quark and neutrino sectors but not observed in charged leptons:


➢SM physics = unobservable branching ratio for CLFV processes


➢Observation of CLFV (such as  ) = clear signal for new physics!


➢Dipole + contact operators in effective field theories


➢Probe new physics well beyond collider energy scales ( )


➢Many specific BSM models (SUSY, leptoquark, Z’)
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Muon to Electron Conversion 

Spectra: A. Czarnecki, X.G. i Tormo, and W.J. Marciano, Phys. Rev. D, 84, 013006 
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Strategies needed for improving  
experimental sensitivity 

• Excellent momentum resolution (< 200 keV/c) 
 Separation of decay in orbit (DIO) from signal


• High statistics


• Background suppression 
 Beam related backgrounds via pulsed muon 

beam, atmospheric muons via veto detector, etc

μ → e

→

→

DIO

Sources: A search for μ-e conversion in muonic gold, The SINDRUM II Collaboration, Eur. Phys. J. C 47 (2) 337-346 (2006) 
Wintz P. et al. SINDRUM II Collaboration, Proceedings of the First International Symposium on Lepton and Baryon Number Violation (1998)  

Honecker W. et al. (SINDRUM II Collaboration), Phys. Rev. Lett., 76 (1996) 200. 

Some Present Upper Limits (SINDRUM II)
Year CR Bound (90% CL) Nucleus
2006 Au
1998 Ti
1996 Pb

7.0 × 10−13

4.6 × 10−11
6.1 × 10−13

The next generation of 
experiments (COMET, Mu2e) 
will push sensitivity to 𝒪(10−17)

Monoenergetic 
high momentum 
electron signal

( )μ− + N → e− + N



The COMET  
Experiment

• COMET (Coherent Muon to 
Electron Transition) 
Experiment is searching for 

 with 
increased sensitivity


• 200+ members over 48 
institutes in 18 countries


• Construction happening 
Hadron Hall at J-PARC in 
Tokai, Japan

μ− + Al → e− + Al
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Source: Google Maps

30 GeV Main Ring

3 GeV Rapid Cycling 
Synchrotron (RCS)

0.4 GeV 
LINAC

 Hadron Experimental 
Facility (HEF)

July 2022

T2K



The COMET Experiment
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Phase-I (2024) Phase-II

SES

Proton Beam
Transport 
Solenoid

Runtime

Detectors

3.1 × 10−15 1.4 × 10−17

8 GeV (3.2 kW) 8 GeV (56 kW)

90  bend∘ C-shape

150 days 260 days
CyDet (physics)

StrECAL (beam + background) StrECAL (physics)

Stopped Muons 1.5 × 1016 1.6 × 1018

Phase-I

Phase-II

Proton Beam
Pion Capture

Solenoid

Detector
Solenoid

90  Muon Transport
Solenoid

∘

Detector
Solenoid

C Shape Muon 
Transport Solenoid

Proton Beam Pion Capture
Solenoid

Electron Spectrometer
Solenoid

Stopping
Targets

StrECAL

CyDet

Phase-  (2023)α

Phase-
Target
Holder

α

Beam loss monitor

Beam pipes

Proton Beam
90  Muon Transport

Solenoid
∘

To Phase-  Detectorsα

Staged Approach

Initial low 
intensity
beam run



Phase-I Overview
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Pion Capture Solenoid

Proton TargetProton Beamline

CyDet Detector + 
Detector solenoid

90  Muon Transport 
Solenoid

∘

COMET Phase-I Layout

Muon Stopping Target
Cylindrical Drift Chamber (CDC)

• 150 days of data collection beginning in 2024


• Single event sensitivity = 


• Important design factors to improve sensitivity:


➢Intense muon beam -  muons 
produced  results in ~  muons 
stopped per second!


➢Pulsed beam structure excludes prompt 
backgrounds  Al stopping target works 
with  bunch intervals


➢Momentum selection in curved solenoid 
with optimised dipole fields

3.1 × 10−15

𝒪(1018)
→ 1.2 × 109

→
𝒪(1 μs)



Phase-I Sensitivity Expectations
Single event sensitivity expected in Phase-I:  




: muons stopped in target 
: fraction of muons transitioning to ground state 
: fraction of stopped muons captured 

: acceptance of  signal 

B(μ− + Al → e− + Al) =
1

Nμ × fcap × fgnd × Aμ−e
= 3.1 × 10−15

Nμ = 1.5 × 1016

𝑓𝑔𝑛𝑑 = 0.9
𝑓𝑐𝑎𝑝 = 0.61
𝐴𝜇−𝑒 = 0.041 𝜇 − 𝑒
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Phase-I  conversion signal acceptance factorsμ − e Phase-I background events



Phase-II Overview
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• To begin following Phase-I with 260 days running time


• Single event sensitivity further improved to 1.4 × 10−17

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-

Further design factors to 
improve sensitivity over 
Phase-I:


➢C-shaped muon 
transport solenoid 
  further 
suppression of beam 
background over 
Phase-I


➢Additional curved 
Electron 
Spectrometer 

 suppression of DIO 
+ beam background


➢StrECAL detector  
 all in vacuum + 

almost full 2n 
coverage

→

→

→



Single event sensitivity expected in Phase-II (recently studied by K.Oishi, PhD Thesis, 2021)
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𝐵(𝜇− + 𝐴𝑙 → 𝑒− + 𝐴𝑙) =
1

(𝐼𝑝/𝑒) × 𝑡𝑟𝑢𝑛 × 𝑅𝜇/𝑝 × ℬ𝑐𝑎𝑝𝑡𝑢𝑟𝑒 × 𝐴𝜇−𝑒
= 1.4 × 10−17

Phase-II Sensitivity Expectations

Phase-II  conversion signal acceptance 

factors

μ − e

Phase-II  conversion sensitivity factorsμ − e



Proton bunch structure 
via empty buckets

• Pulsed beam structure in both phases 

• Beam commissioning recently performed with 
 statistics 


• 7 interbunch counts determined to be background from 
analysis 


•  extinction protons (90% C.L.) meets Phase-I 
requirements - further measurements in Phase-

𝒪(1010)

𝒪(10−10)
α

Proton Beam
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Pulsed beam structure avoids majority 
prompt beam backgrounds

Phase-I: 8 GeV (3.2 kW) Phase-II: 8 GeV (56 kW)
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8 GeV beam commissioning



• Graphite pion production target used in Phase-I, with 5 T capture 
solenoid.  

 Upgraded to tungsten for Phase-II  


• Pions decay within curved transport solenoid delivering intense muon 
beam to stopping targets. 

 Phase-I uses 90  curved solenoid, upgraded to full C-shape for 
Phase-II 

• Muons follow helical trajectory through curved transport solenoid 
Additional dipole field used to compensate for this drift

• Collimators optimised to select for low momentum muons

→

→ ∘

→
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1: Pion yields for graphite and tungsten targets 2: Compensating field and collimators at end of transport solenoid

1

2

Pion Capture and Muon Transport



Stopping
Targets

CDC

CTH     
    

CyDet Detector

• Surrounded by 1 T magnetic solenoid – charged particles follow helical trajectory towards ends


• High radiation levels expected in detector region


•  neutrons, 1 kGy gamma rays1012 𝑛𝑒𝑞 /𝑐𝑚2
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Main physics detector for Phase-I


Two major detector components:


• Cylindrical Drift Chamber 
(CDC) - tracking and 
momentum information


• Cylindrical Trigger Hodoscope 
(CTH) – selective for high 
momentum particles, 
provides timing information

(Cylindrical Detector)

CyDet



Stopping Targets
• 17 aluminium disks (100 mm radius, 200 m thickness) at centre of 

detector region


• Muons from transport solenoid captured by aluminium stopping 
targets


• Al provides good tradeoff between muon capture rate, DIO 
endpoint tail and lifetime (864 ns)


• Production of stopping target holder prototype currently underway

𝜇
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Phase-I stopping target holder 
prototype progress and design

Mock up target holder
Phase-I stopped muon distribution
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CDC
• 20 concentric layers with alternating positive and negative 

stereo angles (4986 sense wires + 14562 field wires)


• Large inner radius suppresses DIO electrons reaching 
sense layers


• Signal electrons contained within CDC for better 
momentum resolution


• Better than 200 keV/c momentum resolution for signal 
electrons


• Completed in 2016, read out and testing since 2019, 
scheduled to be moved on site to J-PARC early August
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CDC cosmic ray testing

Some select 
CDC 


parameters

(Cylindrical Drift Chamber)

Gas
Layers 20 (2 guard layers)

Sense Wires
Field Wires
Inner wall 
(radius)

496 mm

Stereo layers +- 70 mrad (alternate)

25 m, gold-plated tungstenμ
126 m, pure Aluminiumμ

He:iC4H10 (90:10)

CDC front end electronics cooling tests



CTH
• Important for suppressing many backgrounds and providing 

better timing information for signal measurements


• 2 x 64 concentric scintillator counter rings at either end 
of CDC each with MPPC for readout


• Tilted support structure optimised for signal acceptance


• Time resolution requirement better than 1 ns


• 5-10 m optical fibre readout used to remove MPPC from 
highest radiation levels
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High momentum particles penetrate 4 layers

Suppress low momentum 
backgrounds e.g. pair 

production events

Current Counter Design

Saint-Gobain BC-408 Scintillator
Inner: 375 x 80 x 5 mm

Outer: 350 x 90 x 10 mm
80 x 5-10 m plastic 
optical fibre bundle

Hamamatsu 
S14161-3050HS-04

Preamplifier +Timing/Energy 
Readout

Trigger Electronics
(COTTRI)

Outside high radiation level 
detector region

Main Principle: 4-fold coincidence
(Cylindrical Trigger Hodoscope)

e− e−
e+

γ



CTH
• Prototype evaluation ongoing - photon yield, timing 

resolution, preliminary beam tests with 100 MeV electrons


• First prototypes of readout electronics being evaluated


• MPPC cooling and neutron irradiation test performed recently


• Construction in early 2023
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MPPC PCB

MPPC cooling prototype at 
irradiation tests

Prototype Readout Electronics

C
ou

nt
s

Peak Voltage (mV)
Cosmic ray photon yield measurement

>40 p.e. mid counter

Hamamatsu 
S14161-3050HS-04

CTH counter prototype test at Australian 

Synchrotron

Scintillator: Saint-Gobain BC-408

Optical Fibres: Plastic PMMA fibre bundle

To MPPC + Readout Electronics

MPPC Cooler

 supplyN2

Optical Fibre

Beam

Coolant

(Cylindrical Trigger Hodoscope)

Peak Voltage (mV)

C
ou

nt
s



CRV
• Necessary to exclude 

atmospheric muons


• Cosmic Ray Veto (CRV) 
detectors used in Phase-I 
and Phase-II


• Phase-I coverage includes 
CDC and bridge solenoid (at 
end of muon transport 
solenoid)


• Requires 99.99% efficiency 
and less than 5% dead time


• Active and passive shielding


• First module constructed 
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CRV Layout Diagram

(Cosmic Ray Veto)

CRV Left Side Module

Phase-I CRV Geometric Coverage

90  Muon Transport
Solenoid

∘
CyDet region



Trigger/DAQ  
System

18

Preliminary chain test of 
trigger system

Online Event Classification

More details in Yuki Fujii’s talk on Friday (WG4+6)!

RECBE

Function Generator

COTTRI MB

FC7
FCT Set

COTTRI FE

256 ch

Overview of CyDet 
Trigger System for 

Phase-I

• Trigger rate 
suppressed to 13 
kHz with 96% 
efficiency and 3.2  
latency using GBDT 
hit classification


• More machine 
learning based 
systems are currently 
being explored for 
further 
improvements


• MIDAS based DAQ 
system with total 
throughput of 1 GB/s

μs

Online GBDT hit classification



Software

19 Phase-I Reconstructed Momentum Distribution

DIO Signal

• COMET uses offline software 
framework called ICEDUST

• Based on ND280 detector software 

framework from T2K experiment

• Full physics simulation with realistic 

geometry and magnetic field 
implementation


• Calibration, reconstruction and analysis 

• Currently progressing on sixth 
mass production of simulation 
data


• Offline reconstruction and 
tracking work also ongoing Momentum (MeV/c)

C
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s 

pe
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StrECAL Detector

• Straw tube tracker 
(momentum) 
Electromagnetic calorimeter 
(energy, timing + position)


• Main physics detector for 
Phase-II


• Will perform beam + 
background measurement 
in Phase-I – construction to 
be completed end of 2023

StrECAL



21 First Completed Straw Station

StrECAL: Straw Tracker

Beam

Straw 
Planes 

X4 

Gas 
Manifold

Gas 
Manifold

Front-end 
Boards

Front-end 
Boards

Optical 
Fibre-link 

Feedthrough

Optical 
Fibre-link 

Feedthrough

Anode 
Feedthrough

Anode 
Feedthrough

Signal Lines

Signal Lines

Gas 
Outlet

Gas 
Inlet

• 5 straw stations with 4 straw planes (2 in x-plane, 2 in y-plane)


• Phase-I: 20  mylar + 70 nm Al thickness, 9.8  straws 
Phase-II: 12  mylar + 70 nm Al thickness, 5.0  straws


• Ar:Ethane (50:50) gas used 


• Averaged spatial resolution less than  better than 200 keV/c 
resolution


• Currently one Phase-I straw station completed and second in progress 

μm mmϕ
μm mmϕ

150 μm →

 vs Position (Ar:  (50:50), 2000 V) σx C2H6

σ x
(μ

m
)

Position (mm)

a.
u.

Residual (mm)

Averaged spatial resolution

Straw Tracker Overview
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ECAL Components

Phase-I ECAL Support Structure

• Designed for good timing, position and energy 
resolution in 1 T magnetic field


• Uses LYSO crystals and silicon APDs


• 105 MeV electron prototype tests meet requirements: 
 
 



• ECAL Phase-I support structure complete, crystal 
installation and detector construction to begin as well 
as readout electronics production


• Phase-II structure extends LYSO crystal coverage

σE /E = 4 %
σx = 0.6 cm
σt = 0.5 ns

StrECAL: ECAL

ECAL Prototype Detector

ECAL 
Modules

Vacuum 
Gauge

Vacuum 
Pump

LYSO APD

Connectors Phase-II will extend ECAL coverage



Muon Beam Monitor

Range Counter

Transport Solenoid

Particles

Straw Tube Tracker

(Station #1) 

Hodoscope (Backup)

Phase-Alpha
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Configuration Plan for Phase Alpha

Phase-
Target
Holder

α

To Beam 
Loss

Monitor

Beam pipes

Proton Beam

90  Muon Transport
Solenoid

∘

To Phase-  Detectorsα• Low intensity beam run in 2023 taking 
advantage of proton beam facility being 
almost ready 

• Aims of Phase- : 

• Proton beam commissioning and further 
extinction measurements


• Properties of COMET muon beam


• Pion yield/cross section and secondary 
particles measurements


• Validation of simulations


• Transport solenoid selection capabilities


• Beam test for Phase-  detectors was 
performed in July

α

α Beam Test in July 2022 Range Counter Prototype 

at Beam Test



Facility and Magnets
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J-PARC Facility Layout - COMET located at end of C-Line C-Line beamline equipment in Hadron Hall installed

Pion capture solenoid (CS) cold mass and muon transport solenoid (MTS)

• C-Line under construction for COMET – beamline up to Hadron Hall (location of COMET) completed


• Muon Transport Solenoid first cooling and excitation test performed recently


• Preparation for pion capture solenoid assembly ongoing

Almost ready for Phase-α

MTS

CS Cold Mass
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 Source: MJ.Lee an M.Mckenzie, Muon to positron conversion,  arXiv:2110.07093

Muon positron conversion and  diagrams0𝜈𝛽𝛽

 Source: MJ.Lee et al. Search for Muon to Positron Conversion in 
 Conversion Experiments, SnowMass2021-Letter of 

Interest 
𝜇− → 𝑒−

Energy spectrum and 
sensitivity for muon positron 

conversion with different 
targets

Muon to Positron Conversion
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• COMET can also be sensitive to additional physics


• Positron conversion search complementary to  
search


• Could be facilitated by addition of Majorana neutrinos 
or exchange of SUSY particles


• Current work being made on precise measurement of 
radiative muon capture photon spectrum plus 
simulation work on choice of stopping target material

0𝜈𝛽𝛽



Timeline
• All key facility and detectors on schedule 

for Phase-  (2023) and Phase-I (2024)


• Facility beamline to be ready for Phase-  
(2022)


• Phase-I detectors:


• CyDet - CDC moving to J-PARC 
(2022) and CTH construction (2023)


• Phase-I StrECAL (2023)


• CRV (2023)


• Phase-II following on from Phase-I, R&D 
efforts progressing now

α

α
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α

Facility timeline in lead up to Phase-  and Phase-I α



Summary
Thanks for listening!

• The COMET experiment is 
searching for   
with increased sensitivity using a 
staged approach.


• Phase-I will start physics run in 
2024 with sensitivity of 


• Phase-II will begin shortly after 
Phase-I increasing sensitivity to 




• Phase-  low intensity beam run 
will begin at the start of 2023, an 
important milestone in preparing for 
physics data collection!    

μ− + Al → e− + Al

3.1 × 10−15

1.4 × 10−17

α
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Recent Progress Recap 

• COMET proton beamline (C-Line) almost 
completed, on schedule for Phase- 


• Beam tests in preparation for Phase-  
completed 

• Phase-I detectors all on schedule for 2024 

• Sixth mass production from COMET software 
group currently progressing

α

α



Backup Slides



DAQ Outline

Overview of DAQ System for Phase-I


