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Overview

• Charged Lepton Flavor Violation (CLFV)

• Muon to electron conversion search on COMET&Mu2e

• The experimental apparatus

• Signal and Backgrounds

• Current status

• Summary
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Charged Lepton Flavor Violation

3

cLFV highly suppressed in SM+𝑚𝜈:

S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 
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Any observe is the evidence of New Physics
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N → eN Conversion

• Background signature:

o No accidental background
• Can utilize high luminosity

o Beam background can be 
suppressed by pulsed 

beam

o Physics background can be 

handled with current 

detector technology

9 July 2021
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𝜇 − 𝑒 conversion: neutrinoless
muon nuclear capture

Charged lepton flavor violated
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N → eN Conversion

What to measure

• The ratio of muon to electron conversions to the number of muon 

captures by nuclei

• Signal: Neutrinoless conversion of a muon to electron in the field of a 

nucleus

• Experimental signature

o Mono-energetic of 105MeV electron
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Clean field to search for new physics!
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Muon CLFV search history

• Current best limit  

MEG <4.2x10-13 (90%C.L.)

• Next goal <6x10-17 (90%C.L.)

• Next generation experiments …
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R. H. Bernstein & P. S. Cooper, Phys. Rept. 532 (2013) 27

CLFV Searches History

x10,000 
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Reboot:
a leap with 4 orders 

of magnitude

Pontecorvo in 1947

Cosmic ray muon

Accelerator muon

x100 per 
decade
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The “new idea”: MELC

• Improve the production and capture efficiency
o Thick target with super conducting solenoid as capture magnet

• Clean muon beam
o Long beam line with momentum selection

• Search for signal with the special momentum
o Light detector to provide precise measurement

7

COMET Mu2e
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Overview on COMET
(COherent Muon Electron Transition) 

Located in the Japan Proton Accelerator Research Complex

(J-PARC) in Tokai, Japan. 

COMET Phase-I: Search μ- + Al → e- + Al

第四届高功率粒子束会议 8
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8GeV
3.2kW for Phase-I
56kW for Phase-II
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16+ countries, 39+ University or institute

中国组于2012年参加COMET实验
是中国参与首个子源实验

高能所，南京大学，中山大学

对COMET实验做出了重要贡献
• 电子学研发和生产
• 本底研究
• 实验设计优化
• 重建分析软件
• 新物理的研究
• muon束流监测探测器

COMET Collaboration
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Overview of Mu2e

• Located at Fermi National Laboratory

• One of the U.S. Intensity Frontier top priority projects

• Cost ~$275 M dollars (US accounting)

103

The Muon Campus at Fermilab

David Hitlin       The Tracking & Calorimeter Systems of Mu2e         INSTR17        February 28, 2016      

Mu2e
g-2

8 GeV protons
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Mu2e Collaboration

• > 220 scientists from 38 institutions

• Sun Yat-Sen University joined Mu2e in Feb. 2016
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COMET Phase-I and Phase-II

Goal of Phase- II

• search of -e conversion

single event sensitivity: 2.6×10−17 which is 
10,000  better than the current limit

12

Detectors: Straw Tracker + ECAL 

Goals of Phase- I
1. Background measurements 
direct measurement of potential background 
sources for the full
COMET experiment by using the actual 
COMET beam line

2. Search for -e conversion
a search for -e conversion at the 
intermediate sensitivity which
would be 3.1×10−15 which is 100-times 
better than the present limit (SINDRUM-II)

3. Beam characterization

Detectors:
Cylindrical drift chamber 
Straw Tracker + ECAL 

Production target &
the capture magnet

Muon-transportation solenoid

Stopping target &
detector system
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Overview of COMET Phase-I

13

1. Proton on production targets and produce pions
2. Pions decay to muons and transported to detector sections
3. Muons stopped and decay in the stopping  target

2021/8/18第十三届全国粒子物理学术会议



COMET Proton Beam

• 3kW proton prompt beam: 
o ~ 1019 protons on pion targets (in 150 days running time)

• Bunch structure of proton beam􀁍
o Bunch size ~ 107 POT

o Bunch spill/width ~100ns

o Extinction factor 3x10-11

o Bunch separation time = 1170ns.􀁍 􀁍 􀁍 􀁍 􀁍 􀁍 􀁍
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Time structure of proton beam bunch
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Delayed electrons (DIO)

Time Window
for Signal Search

700 ns time

1.17μs
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Muon Beam

• 90 degree and long muon transport solenoid

• High efficiency and stopping rate for ~ 40 MeV/c muons

• Collimator to block high momentum muons ~ 75 MeV/c

15

Initial momentum of stopped muons and all muons

— All muons
— Stopped muons

The bird view of muon beam intensity

Muon and pion yields per proton at end of the muon beam line and stopped in the stopping target
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COMET Phase-I Cylindrical Detector 

• Cylindrical Drift chamber (CDC)

• Trigger hodoscope: Cherenkov radiator + plastic scintillator

• Al muon-stopping target

16

CDC

muon-stopping target
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• Use straw tracker to measure the momentum
• Really light: put in vacuum, 12 micro 

meter thin straw

• Electromagnetic calorimeter
• Providing trigger, TOF and PID

COMET PhaseII
Stopping target and detector system
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An event display of COMET one bunch

182021/8/18第十三届全国粒子物理学术会议



COMET Sigle Event Sensitivity(S.E.S)
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• Single Event Sensitivity = 3.1 x 10-15 (~150 days)

• At momentum window 103.6MeV/c<pe<106MeV/c, yielding a signal 

acceptance of 0.93

𝑆𝐸𝑆 = 𝐵𝑟 𝜇− + 𝐴𝑙 → 𝑒− + 𝐴𝑙 =
1

𝑁𝜇 ∙ 𝑓𝑐𝑎𝑝 ∙ 𝑓𝑔𝑛𝑑 ∙ 𝐴𝜇−𝑒

𝑓𝑐𝑎𝑝 = 0.61 (Al), fraction of muon capture

𝑓𝑔𝑛𝑑 = 0.9 is the fraction of μ−e conversion to the ground state in the final state 

𝐴𝜇−𝑒 = 0.041 is the signal acceptance

𝑁𝜇 is the number of muons stopping in the muon target



COMET Phase-I background study
• The optimization of COMET Phase I is 

finished. Detailed performance is 

estimated with Monte Carlo studies. 

o Sensitivity:

• Total acceptance of signal is 0.041

• Can reach 3 × 10−15 SES in 150 days.

o Background:
• With 99.99% CRV total expected 

background is 0.032

o Trigger rate:

• Average trigger rate ~10kHz (after 

trigger with drift chamber hits)
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COMET Facility status

21

COMET Experimental Hall
Constructed in 2015

Cryogenic System
Beam separation
Wall completed in 2018 Experiment Room in 2019

• Experimental Hall building completed
• Cryogenic system under construction
• The final part of the proton beamline (C-line) will be ready this year (2021)

• Shield wall & power station completed. 2 more magnets to be located soon.

2 magnets will be moved to Hadron Hall

Installation Yard in 2015B-line complete (2020)
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COMET solenoid and detector status
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ECAL construction startedCDC under cosmic ray test

Pion Capture Solenoid CS

Pion Capture Solenoid TS1

Pion Transport Solenoid



Mu2e Apparatus

Three functional 

solenoids with graded 

fields (4.5T – 1T)

23

8 GeV
Proton Beam

Production 
Solenoid

Production 
Target Transport Solenoid

Tracker
Calorimeter

Detector Solenoid

4.6 T

2.5 T

2.0 T

1.0 T
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μ Stopping target

Proton Absorber

Tracker EM Calorimeter

μ absorber

Mu2e Detector Solenoid

• Stopping target to capture muons

• Graded magnetic field from 2 T to 1 T, captures conversion 

electrons with bigger acceptance

• Tracker and Calorimeter in a uniform field to reconstruct and 

identify electrons.
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Mu2e Tracker

• 5 mm diameter straw drift tubes

• 15 μm Mylar walls, filled with Ar:CO2 (80:20)

• 18 stations, 2 planes/station, 6 panels /plane

• Blind to beam flash and >97% DIO 

• Expect 100 μm hit resolution

• Momentum resolution < 180 keV/c 

(@105MeV/c)
25

Tracker Structure

DIO 
electrons

105 MeV 
Conversio
n electrons

Straw Tube
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Mu2e Calorimeter

• Two disks separated by 70 cm (1/2 λ), ~ 674 CsI crystals/disk

• Provides independent energy (σE/E< 5%), time (σt<0.5ns) and 

position (σpos ~1cm) measurements

• Particle ID, Cosmic Ray rejection, tracking seed

• Independent trigger
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Mu2e Signal

To find a signal electron near 105 MeV/c from a bunch of track candidates

27

Particles with trk hits within +/-40 ns of signal electron

signal e-
DIO e-

straws with hits
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Mu2e Run 1 background expectation

For Run 1 (planned 2025-2026, before PIP-II shutdown)

Most realistic simulation so far for Run 1 (before PIP-II shutdown), 

overall expected background ~0.1 event
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Mu2e Signal and Backgrounds

• Run 1 simulation, Rμe < 5.9 x 10-16 (90% CL)

• For a conversion ratio of 1 x 10-15 , ~5 signal events, 5σ discovery of CLFV

• Further 10X improvements with Run II
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Mu2e Current Status

Proton and stopping 

targets assembled

▪ Simulation of realistic data for 

Mock Data Challenge

▪ New estimates of backgrounds 

from Sensitivity Update 2020 

campaign

Detector

Solenoid

Production

Solenoid
Transport

Solenoid

2 3

4

2

3
4

Solenoid fabrication and testing

1

1
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Mu2e Current status

•

31

Straw tracker fabrication
Integration of detector systems 

and preparation for installation

Tracker plane assembly

Calorimeter VST

Detectors in extracted position

Calorimeter 

Module-0

Cosmic Ray Veto modules

Cosmic Ray Veto VST
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COMET CDC readout board by IHEP

• The production of 128 readout board – RECBE

• Work in the CDC cosmic ray test

32

COMET-CDC readout board readout board in CRT 

Optimization of COMET experiment
o Leading role to the COMET Phase-I and Phase-II optimization

o Main contribution to the beam simulation, Sensitivity and Backgrounds

Collimator  after optimization
Phase alpha beam profilePhase-I beam profile Production target optimization
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COMET Single event sensitivity

• Main contribution to the COMET drift chamber reconstruction

Upper limit of Majoron@COMETDrift chamber X-T calibration

Framework, simulation, data analysis and new physics

Beam resampling with GAN

186keV

Momentum Field map calculation
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• Anti-proton background simulation

• Detector and track visualization

• Muon beamline optimization with anti-

proton absorber design

• Simulation of the Stopping Target 

Monitor

SYSU work in Mu2e
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Contribution from the experience

1. Low pT track reconstruction at BESIII

2. BESIII simulation on TianheII supercomputer

3. Pre-design of EMuS

35

Hough map

Fill histogram
Soft pion efficiency increase 
7.6% in 50~100MeV
Signal number from recoil 
mass fit ↑2.76%

TianheII super computer
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Summary

➢ CLFV has great potentials to probe new physics at 

the Intensity Frontier

➢ COMET&Mu2e will search for CLFV with μN→eN

• Improve the current limit by a factor of 104

• Search for New Physics with mass scale up to 104 TeV

➢ COMET project plan
➢ Phase-I data taking planned at 2024JPY at S.E.S.=3.1x10-15

➢ Phase-II will search mu-e conversion at S.E.S.= 2.6×10−17 

➢ Mu2e project plan 
• Run I data taking planned for 2025-2026, improve SINDRUM II limit 

by x1000, with Rμe < 5.9 x 10-16 (90% CL)

• Additional data taking after LBNF/PIP-II shutdown, ultimately set 

the conversion ratio Rμe < 8 x 10-17 (90% CL)
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backup
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Mu2e Transport Solenoid

• Gradient magnetic field from 2.5 T to 

2.0 T

• S-shaped magnetic channel to 

transmit low-momentum negatively 

charged particles in helical trajectories

• Collimators to remove positively 

charged and high-momentum 
particles
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Mu2e Target and Shield

• Production Target

• Protons + target → π + X; π decay into muons

• High A and high density material Tungsten to maximize muons production

• High melting temp, radiative cooling (~1600ºC), with 8kW beam (700w in 

target)

• Heat Radiation Shield

• To protect superconductor of PS and upstream TS

• To limit heat load and radiation damage

• ~25 tons of Bronze
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Mu2e Beam Time Structure

• 4x107 protons per bunch, bunch spacing 1695 ns

• 700 ns delay before 1 ms live gate

• Extinction factor (Out-Of-Time proton rate) < 10-10. 

40

Prompt background

1695 ns peak-to-peak

4×107 proton 
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Extinction Monitor

• Extinction definition: protons between pulses / protons 

in pulse

• Extinction requirements < 10 -10

• Extinction measurement is important to success41



New Physics in μ→e

Flavor physics of leptons and dipole moments, arXiv:0801.1826
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Mu2e and LHC

• Scan of “LHC accessible” parameter space
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