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๏ Lepton Flavor Violation

๏ Muonic atom and muon electron conversion

๏ The COMET Phase-II experiment

๏ Optimisation

๏ Sensitivity

๏ Background

๏ COMET status and R&D 

Overview
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CKM matrx

 PMNS matrx
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 Lepton Flavor Violation



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 2018

What is Lepton Flavor?
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Muon Decay in Flight

‣ Standard model : Conversion of Lepton Flavor
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First guess of Lepton Flavor Violation (LFV)
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Intermediate state: Neutrino oscillation

‣ Unfortunately, the energy and momentum DO NOT converse
‣ We need something to provide energy → An ATOM will help us
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Muon electron conversion in nucleus field
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Conversion of bounded muons via neutrino oscillation

‣ No outgoing neutrinos
‣ Now everything is good! 
‣ Momentum && Energy conversed
‣ Charged Lepton Flavour Violation!



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 2018

Muon electron conversion in nucleus field
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Conversion of bounded muons via neutrino oscillation

BUT…
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μ-e conversion beyond standard model
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History of CLFV experiment

ref: https://arxiv.org/pdf/1307.5787.pdf

First CLFV : Bruno Pontecorvo at 1948

Every decade, 
the sensitivity 
increase by a 
factor 100

Producing muons  
by accelerator

Future experiment 
COMET/Mu2e
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μ-e conversion channels

reference : https://arxiv.org/pdf/1610.07623

๏ MEG 
๏ MEGII

๏ Mu3e

๏ COMET 
๏ DeMee 
๏ Mu2e

Experiments Current/Future Limit

https://arxiv.org/pdf/1610.07623
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 Muonic atom 
and μ-e conversion
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Muonic atom — Processes
Muonic nuclear capture

Bound Muon decay

μ e Conversion     
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Muon decay-in-orbit (DIO)

‣ Main background source
‣ Up to mass of muon, but usually ~ falls to 60 

MeV (Decay-in-flight)
‣ Depending on Z, the shape of DIO changes [0]

[1] W. H. Bertl, et al. (SINDRUM II). “A Search for muon to electron conversion in muonic gold.” Eur. Phys. J., C47:337, 2006. doi:10.1140/epjc/s2006-02582-x. 

[0] https://arxiv.org/pdf/1111.4237.pdf

Free muon 

Bound muon 

‣ Currently, no accurate 

measurement of end point 
‣ SINDRUM 10-14  for Gold 

nucleus [1]. 

https://arxiv.org/pdf/1111.4237.pdf
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Muon nuclear capture
‣ Basically ~50MeV all go to nucleus!
‣ Emitted particles:

‣ Photon, Protons, neutrons, alpha 
‣ Measurement 

‣ Alcap experiment (2013)
‣ Alcap experiment (2015)

[2]: Kuno laboratory, Dr. Wong Ming Liang PhD thesis (unpublished)

AlCap: preliminary 
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Muon electron conversion
‣ Charged lepton flavour violation

‣ Current Limit on Gold (90% C.L) SINDRUM-II

‣ Nucleus unchanged → Coherent Process

‣ How to overcome this limit? 
‣ Increase the intensity!!

‣ Future exp. : Mu2e/COMET
‣ Aluminium
‣ Ee = 104.97 MeV (Mono-

energetic)
‣ Expected Single Event 

Sensitivity = O(10-17) 

PSI: Muon beam intensity ~  107-8



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 201817

 Design of the COMET 
experiment
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Achieving High Sensitivity 

HIGH Muons flux at targets

HIGH signal acceptance

LOW signal-like background

Pion Capture and Muon Capture by Superconducting 
solenoid System

Beam-related background : Pulse Beam with good 
extinction factor 
Curved Solenoid : Selection of electron energy 
(>75MeV/c) 

Low mass High energy resolution detector 
Low detector occupancy 
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The COMET experiment
COMET: COherent Muon to Electron Transition 

E21 J-PARC, Tokai, Japan 
Staged approach w/ Sensitivity: 

- Phase-I : O(10-15) 
- Phase-II : O(10-17)

  Proton beam 
      8GeV
 56kW, 7μA
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The COMET experiment
Staged approach
COMET Phase-II
Sensitivity: 2.6 x 10-17

Staged approach
COMET Phase-I
Sensitivity: 3.1 x 10-15
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COMET Experimental Hall 
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Idea of COMET Phase-II
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COMET Phase-II Geometry
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COMET Phase-II (Cross-Section)
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COMET Phase-II (With buildings)

Pion production system

Muon transport system

Aluminium target

StrECAL detector system

Veto system
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The COMET Beam line 

‣ Main components
‣ Capture Solenoid + production targets
‣ Torus 1&2 Solenoids (180 degrees)
‣ Stopping targets (Al)
‣ Electron spectrometers
‣ Straw tracks and Electromagnetic Calorimeter
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How are the muons generated and stopped?
Cool Tungsten (W) target 
at 5T superconducting 

capture solenoid

Muon transportation solenoid + 

collimators 

56kW 8GeV Proton

105MeV Signal electrons 
+ DIO and so on

Al
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Pion Production at production target

‣ Backward Pions 
‣ Cross-section Tungsten 

is 2 times larger than 

Graphite
‣ Consideration

‣ Stable
‣ Cost

‣ Tungsten is the best 
choice

‣ However, cooling is 
needed
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Muon transport solenoid design



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 2018

Muon transport solenoid design
‣ Consist of 2 Toruses

‣ Bore radius : 175mm
‣ Magnetic field : 2T
• Bending : 180 degree
• Radius Curvature : 3m

‣ Eliminating most high energy muons
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Optimisation of the field map along beam line
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Optimisation of the field map along beam line

T1T2

‣ Optimised results of Muon 
Transported solenoid :
‣ T1: 0.055 T
‣ T2: 0.0275 T
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Muon transport solenoid design
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Muon transport solenoid design
‣ Consist of 2 Toruses

‣ Bore radius : 175mm
‣ Magnetic field : 2T
• Bending : 180 degree
• Radius Curvature : 3m

‣ Eliminating most high energy muons
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Muon transport solenoid design
Torus1 Entry

Torus2 Exit
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Design Beam collimator
‣ Dangerous particle

‣ High momentum pions
‣ High momentum muons

‣ At 180 degree, separation is the best, Collimator should be installed here
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Design of beam collimator
‣ Cut at 120 mm height from the beam height axis

‣ Suppress 
‣ 14%  of >71MeV/c pions
‣ 24%  of >71MeVc/ c muons
‣ 3% of the stopping rate

‣ Using Phase-I design decrease further more Phase-I design
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Schematic of Detector Section in Phase-II
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Optimisation of the field map along beam line

‣ Optimised results for 105MeV electrons:
‣ T1: -0.18 T

Caution: x axis start from 17000 [mm] ~ Stopping target



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 2018

Design of Muon Stopping Target
‣ Consideration

‣ Life time
‣ End-point energy of decay-in-orbit

‣ COMET 
‣ Beam Flash: 200s after POT event → 

NO Atomic number > 26 

Aluminum
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Design of Muon Stopping Target
COMET Phase-I

Item Specification
Material Aluminum

Life time of muon 864 ns
Shape Flat disk
Radius 100 mm

Thickness 200μm
Number of disks 17

Disk spacing 50 mm

‣ Beam Blocker Right after Muon Stopping 
target
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Stopping rate and efficiency

Beam direction

‣ High momentum muons at lower Y
‣ Low momentum muons at higher Y

‣ With 8.81 x 108 POT,
‣ Stopping rate = 1.61e-3

‣ Signal acceptance = 0.22
‣ Timing window cut efficiency

‣ >
‣ Momentum cut efficiency

‣ >104.2MeV/c : 0.7
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Summary of Total acceptance 
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Single event sensitivity
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 Background studies
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Main Background : Muon decay in orbit

Conservative guess (2011)  
from theorists 

- 104.2MeV/c (2% survive)

Best Measurement SINDRUM-II
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Others backgrounds



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 201848

 Further optimisation and 
R&D Detector system
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New design of Muon stopping targets for only COMET Phase-II

Gradually increasing radius of 
muon stopping target
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New design of Muon stopping targets
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Design of Muon stopping targets

‣ Number of muon stopping targets
‣ 30 disks

‣ Stopping rate
‣ muon stopped : 1.75 times better   

(2.8 x 10-3/POT)
‣ Signal acceptance : 1.55 times better 

(48% e- @ det)
‣ This will be pushing the sensitivity 

higher 
‣ This is GOOD but further optimisation 

should be carried out
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R&D of StrECAL  — Straw tracker
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R&D of StrECAL 
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R&D of StrECAL — READOUT
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StrECAL in COMET Phase-I
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Detector in COMET Phase-II

‣ StrECAL
‣ Straw tube trackers (Station)

‣ Momentum measurement
‣ Crystal ECAL

‣ Particle Identification
‣ Low material budget
‣ High momentum resolution

‣ 5% uncertainty at 105 MeV/c
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Summary
‣ Beam power 56kW, 8GeV
‣ Physics Run : 1 year →          

Single event sensitivity 
‣ 2.10-17 , which is 10,000 times 

better than the current limit
‣ 2 x 1018 muons stopped
‣ 0.2 % muons stopped per 

proton on target (POT)
‣ 1021 POT 

‣ Development and construction are  
ongoing well

‣ Detector system will be used in 
Phase-I for prototype testing for 

Phase-II
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 Thank you

Acknowledge
Thanks Dr. B. Krikler for helping



24th Nov, 2016CM21 J-P T.S WongIHEP 2018 T.S Wong Fri, May 4, 201859

 Backup
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R&D of StrECAL — ECAL
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Optimisation of Muon Stopping Target
‣ Consideration

‣ Muon stopping rate
‣ Energy deposition of electron

‣ Parameters
‣ Location
‣ Disk shape
‣ disk spacing

Location of MST

Improvement of Sensitivity is only 2 % for location scanning
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Optimisation of Muon Stopping Target
‣ Consideration

‣ Muon stopping rate
‣ Energy deposition of electron

‣ Parameters
‣ Location
‣ Disk shape
‣ disk spacing

Improvement of Sensitivity is only 2 % for location scanning
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Optimisation of Muon Stopping Target
‣ Consideration

‣ Muon stopping rate
‣ Energy deposition of electron

‣ Parameters
‣ Location
‣ Disk shape
‣ disk spacing

Improvement of Sensitivity is only 2 % for location scanning
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Extinction factor
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Proton beam
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Simulation techniques

‣ Simulating lots of muons directly from production target is hard 

‣ Particles entered Torus will be saved for further simulation

‣ Torus region
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Optimisation of the field map along beam line
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Pion production target system

‣ Production target size :
‣ Different targets produce pions 

with similar momentum 
distribution, but Gold and 

Tungsten seem to give the best 
yields
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Muon nuclear capture
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Bunch structure of the beam

1.1μs Time window

signal signal

Main proton pulse 
Prompt beam 
Muon lifetime 

Event timing 

Bunch Train : 1 bunch ~ 8e6 protons
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Cascade of muons in orbit

‣ Being able to know number of muons captured by the atom
‣ Muonic X-ray
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Production target

‣ Differential Cross section 

of negative pion 
production on a 

tantalum1 target from 10 
GeV proton
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Muon Beam studies — Field map
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Momentum cut

75
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Timing window cut

76
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