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COherent Muon to Electron Transition

𝝁− + 𝑨 𝒁,𝑵 → 𝒆− + 𝑨 𝒁,𝑵
 No outgoing neutrino: CLFV

Outline
Physics Motivation

Design of the COMET experiment

Current status of COMET Phase-I

 Summary
by higgstan.com
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COherent Muon to Electron Transition

Physics motivation

Natural next step: CLFV? 

Neutrino oscillation observed!
 Lepton Flavour violated

Non-zero neutrino mass

 CLFV process in the Standard Model
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COherent Muon to Electron Transition

Physics motivation

Natural next step: CLFV? 

 CLFV process in the Standard Model
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COherent Muon to Electron Transition

Physics motivation

No SM contribution
 If CLFV is seen: clear sign of new physics!

BSM models predicted rate ~𝓞(𝟏𝟎−𝟏𝟒)

Year Conv.-Rate limit  (90% CL) Nucleus

2000 𝟕. 𝟎 × 𝟏𝟎−𝟏𝟑 Au

1998 𝟏. 𝟕 × 𝟏𝟎−𝟏𝟐 Ti

1996 𝟒. 𝟔 × 𝟏𝟎−𝟏𝟏 Pb

Next generation experiments (COMET, Mu2e) 
will push sensitivity down to 𝓞(𝟏𝟎−𝟏𝟕)

SINDRUM II Collaboration, Eur. Phys. J. C 47 (2) 337-346 (2006) 
Kaulard J. et al. (SINDRUM II Collaboration), Phys. Lett. B, 422 (1998) 334. 
Honecker W. et al. (SINDRUM II Collaboration), Phys. Rev. Lett., 76 (1996) 200.y
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COMET at J-PARC

Linac
(330 m)

Neutrino 
Facility (T2K)

Material – Life 
Science Facility

3GeV RCS 
(Rapid Cycling Synchrotron)

Tokai

500m

30GeV 

Main Ring
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Overview of the experiment
Designing COMET

Production Target 
+ Pion Capture Solenoid (5 T)

 𝒑 ⟶ 𝝅−

8GeV, 56kW Proton Beam

Muon Stopping Target (2 T)

 𝝁− ⟶ muonic atom  ⟶ 𝒆−

Straw-Tube Tracker
+Electron Calorimeter (1 T)

(StrEcal)

Electron Spectrometer (1 T)
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Designing COMET
Bunched proton beam

Dominant beam-related BG
 Mainly from pion decays

 Use lifetime of muonic atom (~864 ns for Al)

DAQ Window

Protons between 
bunches can 
produce BG

~1.2µs

Extinction = 
# 𝐨𝐟 𝐥𝐞𝐚𝐤𝐞𝐝 𝐩𝐫𝐨𝐭𝐨𝐧𝐬 𝐢𝐧 𝐛𝐞𝐭𝐰𝐞𝐞𝐧 𝐛𝐮𝐧𝐜𝐡𝐞𝐬

# 𝐨𝐟 𝐟𝐢𝐥𝐥𝐞𝐝 𝐩𝐫𝐨𝐭𝐨𝐧𝐬 𝐢𝐧 𝐦𝐚𝐢𝐧 𝐛𝐮𝐧𝐜𝐡𝐞𝐬

Extinction must be at least < 𝟏𝟎−𝟏𝟎 to meet COMET requirements
H. Nishiguchi et al., DOI: 10.18429/JACoW-IPAC2019-FRXXPLS2
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Designing COMET
Pion capture

 8 GeV proton beam
 56kW beam power on a tungsten target (≡ 𝟏𝟎𝟏𝟑 p./s)

 5 T capture magnet
 Focusing and mirroring 

 Expected muon yield

𝟏𝟎𝟏𝟏 muons/sec
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c

c

Designing COMET
Pion/muon transport

Utilize curved C-shape solenoid
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Designing COMET
Pion/muon transport

Utilize curved C-shape solenoid

 𝑫 ∝
𝒑

𝒒𝑩
× 𝒇 𝜽

 Superimpose dipole field 
to ‘pull back’ muon beam
 Tune the beam + select muons

 Beam gradually disperses
 Collimator at end of 180° to 

select low momentum muons

0 - 55 MeV>70 MeV
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Designing COMET
Muon stopping 

Electromagnetic cascade to 1s 
orbital (ground-state)

Muon Nuclear Capture Decay in Orbit (DIO)

Backgrounds (in the SM)

𝝁− + 𝑨 𝒁,𝑵 → 𝒆− + 𝑨 𝒁,𝑵

Signal (beyond the SM)

Muon to electron conversion

Single mono-energetic 
electron: 𝐄𝛍𝐞 = 𝟏𝟎𝟒. 𝟗𝟕 𝐌𝐞𝐕

Start by stopping muon

Forms muonic atom
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Designing COMET
Muon stopping 

Atomic number, Z
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Al Ti Pb

µ-e conversion rate 
for different nuclei in 
selected SUSY models

 Conversion process quickly 
increases with number of nucleons

 Optimise atomic lifetime for beam flash

 Minimise signal energy loss…
…while optimising # stopped muons

17 Al disks, 100mm radius, 200µm thick
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Designing COMET
Electron transport

No 
Dipole

-0.08T 
Dipole

-0.22T 
Dipole

Stopping Target Electron Spectrometer Detector
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Detector section (StrECAL)

Designing COMET

Crystal ECAL
Energy, timing, position

StrawTube tracker planes
Each ‘station’ made of four planes
 Precise x-y measurement

Momentum measurement
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Designing COMET

 Phase-II key values
 Target SES: 𝟏. 𝟒 × 𝟏𝟎−𝟏𝟕

 Proton beam: 8 GeV, 56 kW 

 Production target: tungsten alloy

 Beamline: long C-shape to cope
with high proton beam power

 Runtime: 260 days

 Detector: StrECAL (physics)
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Designing COMET
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After 90 degrees (~5 meter) we already 
have about the same number of muons 
per proton as with the full experiment

(albeit with higher backgrounds!)

Staged approach!

 Phase-II key values
 Target SES: 𝟏. 𝟒 × 𝟏𝟎−𝟏𝟕

 Proton beam: 8 GeV, 56 kW 

 Production target: tungsten alloy

 Beamline: long C-shape to cope
with high proton beam power

 Runtime: 260 days

 Detector: StrECAL (physics)
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Designing COMET
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 Phase-II key values
 Target SES: 𝟏. 𝟒 × 𝟏𝟎−𝟏𝟕

 Proton beam: 8 GeV, 56 kW

 Production target: tungsten alloy 

 Beamline: long C-shape to cope
with high proton beam power

 Runtime: 260 days

 Detector: StrECAL (physics)

 Phase-I key values
 Target SES: 𝟑. 𝟏 × 𝟏𝟎−𝟏𝟓

 Proton beam: 8 GeV, 3.2 kW

≡ 𝟏. 𝟐 × 𝟏𝟎𝟗 muons stopped/sec

 Beamline: 90° bend

 Production target: graphite

 Runtime: 150 days
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COMET: Phase-I

Understand production system

Understand bent solenoid dynamics

Prototype StrECAL detector

Precise beam measurements

µ-e conversion search (at 𝟑. 𝟏 × 𝟏𝟎−𝟏𝟓)

Trigger 
hodoscope

Drift chamber
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Status of COMET Phase-I
StrECAL: Straw tracker

First straw station (240×2 straws!) 

for Phase-I completed last month

Main detector for Phase-II and 
tracker for Phase-I beam measurement
Ultra thin straw-tubes chambers
 Phase-I: ∅ = 9.8mm; T = 20µm mylar + 70 nm Al

 Phase-II: ∅ = 5mm; T = 12µm mylar + 70nm Al (R&D)

 Ar :Ethane = 50 : 50 gas mixture

Stringing gold coated tungsten wires

𝛔𝐱 = 𝟏𝟓𝟎µm

Prototype performance 
< 200keV/c resolution



21SSP2022 Andreas Jansen, COMET

Status of COMET Phase-I
StrECAL: Electromagnetic Calorimeter

 Energy, timing and position meas.
 Provides trigger signal in Phase-II

 ~500 LYSO crystals (~2000 Phase-II)

 Successful ECAL prototype test inside vacuum

 Τ𝛔𝐄 𝐄 = 𝟒%,  𝛔𝐱/𝐲 < 𝟔𝐦𝐦,  𝛔𝐭 = 𝟎. 𝟓𝐧𝐬 @105 MeV 𝐞−

 Performance satisfies COMET requirements!
8x8 LYSO crystals inside 

the vacuum chamber

Vacuum 
pump

 Phase-I support structure completed

 Current work packages

Crystal installation

DAQ electronics

20mm
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Completion of stringing and 
tension measurement for all 
19.548 wires in ~2016

Completion of hull

Status of COMET Phase-I
CDC (Cylindrical Drift Chamber)

Finished construction incl. 
installation of full DAQ in ~2019

 Provides tracking and 
signal mom. information

 ~50cm inner radius
 Only accept electrons >60 MeV/c

 Avoid BG from beam flash

 Better than 200 keV/c resolution
 Suppress high mom. DIO BG
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Data taking for cosmic ray 
test was finished this year
 Still perfect stability after >2 years

 Detector shows excellent spatial 
resolution of ~200µm

Installation of cooling system 
finished in March 2022
 Excellent performance
FPGA temp ~35°C sufficient!

Status of COMET Phase-I
CDC (Cylindrical Drift Chamber)
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Status of COMET Phase-I
CTH (Cylindrical Trigger Hodoscope)

 Provides primary trigger and 
precise 𝐓𝟎 value (within 1 ns precision)

 2×64 concentric scintillator rings

 Tilted support structure to 
optimise signal acceptance

 5~10m optical fibre readout coupled 
to MPPCs (outside high radiation det. region)

Saint-Gobain Scintillator

Plastic PMMA fibre bundle

To MPPC 
+ Readout Electronics

 Prototype evaluation on-going 
 Preliminary beam tests with 100 MeV 

electrons at Australian synchrotron

Photon yield, timing, resolution, … 

 Evaluation of readout electronics
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Status of COMET Phase-I
CTH (Cylindrical Trigger Hodoscope)

 Provides primary trigger and 
precise 𝐓𝟎 value (within 1 ns precision)

 2×64 concentric scintillator rings

 Tilted support structure to 
optimise signal acceptance

 5~10m optical fibre readout coupled 
to MPPCs (outside high radiation det. region)

n-beamMPPC cooler

Coolant

𝐍𝟐 gas supply

Optical fibre

 MPPC cooling and irradiation test
 Successfully carried out this May
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Status of COMET Phase-I
Others − CyDet (Cylindrical Detector) 

 CRV (Cosmic Ray Veto)

 Requires 99% efficiency and <5% dead time

 High radiation tolerance (~𝟏𝟎𝟏𝟏 𝐧/𝒄𝒎𝟐)

 First full-scale module finished

 16 strips on 4 layer;  

 3.5m long;  830mm width;  57mm height;  ~290kg

 Muon stopping target

 Optimisation of #nof disks etc on-going
 Thin and more disks   VS   stability and background

 Prototype (incl. holder) currently underway

 Germanium detector (HPGe)

 Measurement of muonic X-Ray 
for #nof µ-stop normalization

 DAQ under development

 Position and shielding MC study
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Status of COMET
Phase-Alpha

 Low beam-intensity run (260W) to start at end of JFY2022
 Take advantage of proton beam facility being almost ready

 Goals
 First measurement of the proton beam

 Beam commissioning and further extinction measurements

 𝛑 / µ backward-production yield measurements

 Validation of simulation, esp. transport solenoid (field and transfer matrix)
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Status of COMET
Phase-Alpha

 Measurements
 ‘Straw Tube Tracker’: Direction

 + ’Muon Beam Monitor’: Time and Position

 ‘Range Counter’: dE/dx, TOF, decay time → PID!

 Range Counter prototype 
 Recently tested at MLF (@J-PARC)

 Detailed analysis in progress
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 All key facilities and detectors on schedule
Phase-𝛂 (2023)

Phase-I (2024)

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

 Phase-I detectors

CyDet
CDC moving to J-PARC (2022)

CTH construction (2023)

StrECAL (2023)

CRV (2023)

 Phase-II following on
from Phase-I

R&D efforts progressing!

Summary and Timeline

Facility timeline in lead up to Phase-𝛂 and Phase-I
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Backup
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Backup
Phase-I sensitivity and backgrounds

=
𝟏

𝐍𝛍 ∙ 𝐟𝐂𝐚𝐩 ∙ 𝐟𝐆𝐍𝐃 ∙ 𝐀𝛍→𝐞

= 𝟑 × 𝟏𝟎−𝟏𝟓 (as SES)  or

= 𝟕 × 𝟏𝟎−𝟏𝟓 (as 90 % C.L.)

𝐁 𝛍− + 𝐀𝐥 → 𝐞− + 𝐀𝐥

 Parameters
𝐍𝛍 = 𝟏. 𝟓 × 𝟏𝟎𝟏𝟔 − muons stopped in target

(in ~150 days, 𝐍𝐩 = 𝟑. 𝟐 × 𝟏𝟎𝟏𝟗)

 𝐟𝐆𝐍𝐃 = 𝟎. 𝟗 − fraction of muons 
transitioning to ground state

 𝐟𝐂𝐚𝐩 = 𝟎. 𝟔𝟏 − fraction of stopped muons 

which get captured

𝐀𝛍→𝐞 = 𝟎. 𝟎𝟒𝟏 − signal acceptance
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Backup
Phase-II sensitivity and backgrounds

=
𝟏

𝐍𝛍 ∙ 𝐟𝐂𝐚𝐩 ∙ 𝐀𝛍→𝐞

= 𝟏. 𝟒 × 𝟏𝟎−𝟏𝟕 (as SES)

𝐁 𝛍− + 𝐀𝐥 → 𝐞− + 𝐀𝐥

 Parameters
𝐍𝛍 = 𝟑. 𝟑 × 𝟏𝟎𝟏𝟖 − muons stopped in target

(in ~1 year, 𝐍𝐩 = 𝟖. 𝟕𝟓 × 𝟏𝟎𝟐𝟎)

 𝒇𝑪𝒂𝒑 = 𝟎. 𝟔𝟏 − fraction of stopped muons 

which get captured

 𝑨𝛍→𝒆 = 𝟎. 𝟎𝟑𝟒 − signal acceptance

Recently studied by K.Oishi, PhD Thesis, 2021
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Backup
Facility and beamline

C-beamline equipment 
in Hadron Hall installed

J-Parc facility layout

 C-Line under construction for COMET
 Beamline to Hadron Hall (location of COMET) completed

MTS (Muon Transport Solenoid) first cooling 
and excitation test performed recently

 CS (Capture Solenoid) 

construction 
on-going
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Backup
CDC specifications
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Backup
CDC tracking

GBDT classification of hits itself
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Backup
CDC tracking

GBDT classification of hits itself

Circular Hough-Transformation + second GBDT

 98% background rejection

 99% signal retention 
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Backup
Phase-Alpha range counter 

 Setup for the beam test
 Pb blocks − to block beam electrons

 Collimator and BDC (Beam-Defining Counter) − to only allow a few muons at the detector at once

Degrader − to control the momentum range of muons being stopped in absorber

Absorber − to stop muons and let them decay with a short lifetime

 𝑻𝟎 counter − to measure 𝑻𝟎 of muon decay

 𝑻𝟎 und 𝑻𝟎 counter − to measure decay time (with 𝑻𝟎) and veto protons from decay 
(cant penetrate both plates)
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 Located inside 1T magnetic field and <10 Pa vacuum

 Cost-effective/B-field tolerant APDs 
(Hamamatsu S8664-1010 10×10mm2) for read-out

 LYSO: Fast time response + high light yield

Backup
ECAL
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Backup
CRV

 Scintillator slabs embedded with 
WLS fibres; read-out by SiPMs

 SiPMs shielded with 5 walls

 Resistive plate chamber @front

 Better suited to survive high
neutron yield area


