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μ-e Conversion Search
Three experiments are going to start to search for the μ-e conversion process: 
COMET@J-PARC, Mu2e@FNAL, and DeeMe@J-PARC-MLF. 
These are stopped muon experiments. When a μ- in stopped in a material, ...
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What is Muon to Electron Conversion?

1s state in a muonic atom

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

Neutrino-less muon 
nuclear capture

µ− + (A, Z)→ e− + (A,Z )
nucleus

Event Signature : 
a single mono-energetic 
electron of 100 MeV
Backgrounds:
(1) physics backgrounds 

ex. muon decay in orbit (DIO)
(2) beam-related backgrounds 

ex. radiative pion capture, 
muon decay in flight,

(3) cosmic rays, false tracking
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Fates of the μ- within the SM

Beyond the SM
μ-e 

conversion
Forbidden by the SM, because
the lepton flavor is changed to μ-flavor to e-flavor. 

a single mono-energetic electron of 105MeV (for Al)
Event signature :

in the SM + ν masses
μ-e conversion can be occur via ν-mixing, but 
expected rate is well below the experimentally 
accessible range. Rate ~O(10-54)

Discovery of the μ-e conversion is 
a clear evidence of new physics 
beyond the SM.

in the SM + new physics
A wide variety of proposed extensions to the 
SM predict observable μ-e conversion rate.
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Current Upper Limits and Coming Precisions  
Current limits (90% CL)

BR(μ-Au→e-Au) < 7x10-13 (SINDRUM-II@PSI)
BR(μ-Ti→e-Ti) < 4.3x10-12 (SINDRUM-II@PSI)
BR(μ-Ti→e-Ti) < 4.6x10-12 (TRIUMF)

Precision of coming measurements (90% CL)
BR(μ-C→e-C) < 2.3x10-13 (DeeMe@J-PARC-MLF) 
• 2016~

BR(μ-Al→e-Al) < 7x10-15 (COMET Phase-I@J-PARC-HardonH)
• 2017~

BR(μ-Al→e-Al) < 6x10-17 (COMET Phase-I@J-PARC-HadronH)
• 2020~

BR(μ-Al→e-Al) < 6x10-17 (Mu2e@FNAL)
• 2020~
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How to search the μ-e conversion
Inject proton beam to a pion production 
target to generate a huge amount of 
muons.

Stop the muons in a stopping target.
Al target for COMET and Mu2e
Muonic atoms are produced
μ lifetime in Al ~ 864ns
• 40% μ : decay in the 1S orbit (DIO)
• 60% μ : captured to the nulear

Look for the signal electron with E=105MeV.
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protons

low energy 
μ-

π production
target

μ  stopping
target

detector

signal e-
E=105MeV

Background suppression is the key point!



　MuSIC Akira SATO　 　μ-e conversion searches 

Background Estimate for COMET Phase-I 

with CyDet

Table 29: A list of potential backgrounds for search for the µ−N → e−N conversion at the COMET experiment.

Intrinsic physics backgrounds
1 Muon decay in orbit (DIO) Bound muons decay in a muonic atom
2 Radiative muon capture (external) µ− +A → νµ +A′ + γ,

followed by γ → e− + e+

3 Radiative muon capture (internal) µ− +A → νµ + e+ + e− +A′,
4 Neutron emission µ− +A → νµ +A′ + n,

after muon capture and neutrons produce e−

5 Charged particle emission µ− +A → νµ +A′ + p (or d or α),
after muon capture followed by charged particles produce e−

Beam related prompt/delayed backgrounds
6 Radiative pion capture (external) π− +A → γ +A′, γ → e− + e+

7 Radiative pion capture (internal) π− +A → e+ + e− +A′

8 Beam electrons e− scattering off a muon stopping target
9 Muon decay in flight µ− decays in flight to produce e−

10 Pion decay in flight π− decays in flight to produce e−

11 Neutron induced backgrounds neutrons hit material to produce e−

12 p induced backgrounds p hits material to produce e−

Other backgrounds
14 Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16 False tracking

Table 30: Summary of the estimated background events for a single-event sensitivity of 3.1 × 10−15 with a
proton extinction factor of 3× 10−11.

Type Background Estimated events
Physics Muon decay in orbit 0.01
Physics Radiative muon capture 5.6× 10−4

Physics Neutron emission after muon capture < 0.001
Physics Charged particle emission after muon capture < 0.001
Prompt Beam Beam electrons (prompt) 8.3× 10−4

Prompt Beam Muon decay in flight (prompt) ≤ 2, 0× 10−4

Prompt Beam Pion decay in flight (prompt) ≤ 2.3× 10−3

Prompt Beam Other beam particles (prompt) ≤ 2.8× 10−6

Prompt Beam Radiative pion capture(prompt) 2.3× 10−4

Delayed Beam Beam electrons (delayed) ∼ 0
Delayed Beam Muon decay in flight (delayed) ∼ 0
Delayed Beam Pion decay in flight (delayed) ∼ 0
Delayed Beam Radiative pion capture (delayed) ∼ 0
Delayed Beam Anti-proton induced backgrounds 0.007
Others Electrons from cosmic ray muons < 0.0001
Total 0.019

144
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Backgrounds of μ-e conversion search

5

Intrinsic
physics

Beam 
related
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Table 29: A list of potential backgrounds for search for the µ−N → e−N conversion at the COMET experiment.

Intrinsic physics backgrounds
1 Muon decay in orbit (DIO) Bound muons decay in a muonic atom
2 Radiative muon capture (external) µ− +A → νµ +A′ + γ,

followed by γ → e− + e+

3 Radiative muon capture (internal) µ− +A → νµ + e+ + e− +A′,
4 Neutron emission µ− +A → νµ +A′ + n,

after muon capture and neutrons produce e−

5 Charged particle emission µ− +A → νµ +A′ + p (or d or α),
after muon capture followed by charged particles produce e−

Beam related prompt/delayed backgrounds
6 Radiative pion capture (external) π− +A → γ +A′, γ → e− + e+

7 Radiative pion capture (internal) π− +A → e+ + e− +A′

8 Beam electrons e− scattering off a muon stopping target
9 Muon decay in flight µ− decays in flight to produce e−

10 Pion decay in flight π− decays in flight to produce e−

11 Neutron induced backgrounds neutrons hit material to produce e−

12 p induced backgrounds p hits material to produce e−

Other backgrounds
14 Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16 False tracking

Table 30: Summary of the estimated background events for a single-event sensitivity of 3.1 × 10−15 with a
proton extinction factor of 3× 10−11.

Type Background Estimated events
Physics Muon decay in orbit 0.01
Physics Radiative muon capture 5.6× 10−4

Physics Neutron emission after muon capture < 0.001
Physics Charged particle emission after muon capture < 0.001
Prompt Beam Beam electrons (prompt) 8.3× 10−4

Prompt Beam Muon decay in flight (prompt) ≤ 2, 0× 10−4

Prompt Beam Pion decay in flight (prompt) ≤ 2.3× 10−3

Prompt Beam Other beam particles (prompt) ≤ 2.8× 10−6

Prompt Beam Radiative pion capture(prompt) 2.3× 10−4

Delayed Beam Beam electrons (delayed) ∼ 0
Delayed Beam Muon decay in flight (delayed) ∼ 0
Delayed Beam Pion decay in flight (delayed) ∼ 0
Delayed Beam Radiative pion capture (delayed) ∼ 0
Delayed Beam Anti-proton induced backgrounds 0.007
Others Electrons from cosmic ray muons < 0.0001
Total 0.019

144



　MuSIC Akira SATO　 　μ-e conversion searches 

Background 1 : Decay in orbit
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What is Muon to Electron Conversion?
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Backgrounds:
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Note, the background flux of e+ and γ from                                       is what 
makes                                 experimentally so difficult compared to    

,  e ee eµ µµ ν ν ν ν γ+ + +→
,   e e e eµ γ+ + + − +→ N e Nµ− −→

Conversion electron 
energy 

J. Miller, ssp2012, June 2012 11 

Czarnecki, Tormo, Marciano 

signal e- 
105MeV
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Background 1 : Decay in orbit

To distinguish the signals from the DIO backgrounds, 
electron energy must be reconstructed with sufficient 
resolution. To achieve SES of 10-16, σe < 300keV.
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Background 2 : Radiative pion capture
When π- stopped in the stopping target might emit e- with Ee<139.6MeV.
We adopt three solutions to suppress this BG.
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Mu2e

Mu2e Timing Structure

•  By utilizing a pulsed proton beam and a delayed signal 
window can suppress prompt backgrounds by ~1012.
–  Must also suppress out-of-pulse protons by > 1010 relative to 

in-pulse protons

http://mu2e.fnal.gov5
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Table 29: A list of potential backgrounds for search for the µ−N → e−N conversion at the COMET experiment.
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Table 30: Summary of the estimated background events for a single-event sensitivity of 3.1 × 10−15 with a
proton extinction factor of 3× 10−11.

Type Background Estimated events
Physics Muon decay in orbit 0.01
Physics Radiative muon capture 5.6× 10−4

Physics Neutron emission after muon capture < 0.001
Physics Charged particle emission after muon capture < 0.001
Prompt Beam Beam electrons (prompt) 8.3× 10−4

Prompt Beam Muon decay in flight (prompt) ≤ 2, 0× 10−4

Prompt Beam Pion decay in flight (prompt) ≤ 2.3× 10−3

Prompt Beam Other beam particles (prompt) ≤ 2.8× 10−6

Prompt Beam Radiative pion capture(prompt) 2.3× 10−4

Delayed Beam Beam electrons (delayed) ∼ 0
Delayed Beam Muon decay in flight (delayed) ∼ 0
Delayed Beam Pion decay in flight (delayed) ∼ 0
Delayed Beam Radiative pion capture (delayed) ∼ 0
Delayed Beam Anti-proton induced backgrounds 0.007
Others Electrons from cosmic ray muons < 0.0001
Total 0.019

144

1. Put a long transfer line before the stopping target 
2. Wait for ~ 700ns to open the signal window.



　MuSIC Akira SATO　 　μ-e conversion searches 

Background 2 : Radiative pion capture
When π- stopped in the stopping target might emit e- with Ee<139.6MeV.
We adopt three solutions to suppress this BG.

10

Mu2e

Mu2e Timing Structure

•  By utilizing a pulsed proton beam and a delayed signal 
window can suppress prompt backgrounds by ~1012.
–  Must also suppress out-of-pulse protons by > 1010 relative to 

in-pulse protons

http://mu2e.fnal.gov5

 Time (ns)
0 200 400 600 800 1000 1200 1400 1600 18000

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

POT pulse
 1M )× arrival/decay time ( -�

 400 )× arrival time ( -µ
 400 )× decay/capture time ( -µ

Signal window 

1695$ns$

- Boston, Fermilab, NIU, Purdue, Rice

Mu2e beam timing

Table 29: A list of potential backgrounds for search for the µ−N → e−N conversion at the COMET experiment.

Intrinsic physics backgrounds
1 Muon decay in orbit (DIO) Bound muons decay in a muonic atom
2 Radiative muon capture (external) µ− +A → νµ +A′ + γ,

followed by γ → e− + e+

3 Radiative muon capture (internal) µ− +A → νµ + e+ + e− +A′,
4 Neutron emission µ− +A → νµ +A′ + n,

after muon capture and neutrons produce e−

5 Charged particle emission µ− +A → νµ +A′ + p (or d or α),
after muon capture followed by charged particles produce e−

Beam related prompt/delayed backgrounds
6 Radiative pion capture (external) π− +A → γ +A′, γ → e− + e+

7 Radiative pion capture (internal) π− +A → e+ + e− +A′

8 Beam electrons e− scattering off a muon stopping target
9 Muon decay in flight µ− decays in flight to produce e−

10 Pion decay in flight π− decays in flight to produce e−

11 Neutron induced backgrounds neutrons hit material to produce e−

12 p induced backgrounds p hits material to produce e−

Other backgrounds
14 Cosmic-ray induced backgrounds
15 Room neutron induced backgrounds
16 False tracking
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leaked
proton

pions by 
leaked proton

Extinction 
level

 # of p out of the pulse width
/# p in pulse width=

NRPC ∝ 
Nπ@stopping target x Ext. level
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Background 2 : Radiative pion capture
When π- stopped in the stopping target might emit e- with Ee<139.6MeV.
We adopt three solutions to suppress this BG.
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144

1. Put a long transfer line before the stopping target 
2. Wait for ~ 700ns to open the signal window.
3. Make pulsed proton beam with extinction level < 10-12~10-11.



　MuSIC Akira SATO　 　μ-e conversion searches 

COMET and Mu2e

Design of the both experiments are based on the MECO@BNL experiment
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COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days
      *90deg. bend solenoid, cylindrical detector
      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years
 *180deg. bend solenoid, bend spectrometer,  
   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years
 *2x90deg. S-shape bend solenoid, 
  straw tracker+calorimeter

Chapter 1: Executive Summary 

Mu2e Conceptual Design Report 

1-3 

• Design and construct a facility to house the Mu2e detector and the associated 
infrastructure (see Figure 1.2). This includes an underground detector enclosure 
and a surface building to house necessary equipment and infrastructure that can be 
accessed while beam is being delivered to the detector. 

 

 
Figure 1.1. The Mu2e Detector.  The cosmic ray veto, surrounding the Detector Solenoid is not 
shown. 

 
Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.   

Mu2e is integrated into Fermilab’s overall science program that includes many 
experiments that use the same machines and facilities, though often in different ways.  
Because of the overlapping needs of several experimental programs, the scope of work 
described above will be accomplished through a variety of mechanisms.  The NOvA and 
g-2 Projects both include upgrades to the Recycler Ring that will be used by Mu2e. In 
addition, there is infrastructure required by both Mu2e and g-2 that will be funded as 
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COMET Staged Approach (2012~)

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  
spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

COMET Solenoids and Detectors
for the CDR
version 090609.001

Proton beam
Pion production target Radiation shield

Muon stopping target Beam blocker

DIO blocker

Beam collimator

Calorimeter Tracker

Late-arriving particle tagger

Capture solenoid

Muon beam transport solenoid

Detector solenoid

Muon target solenoid

Curved sepctrometer solenoid

Matching solenoid

Comparison : COMET vs. Mu2e
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maget
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sion processes.

A section to collect muons from 
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Stopping 
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Production 
Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II
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Key Points of COMET Phase-II (S.E.S 10-17)
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Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

Intense Pulsed Proton Beam
 8GeV-56kW (2x107 sec)
 width~100ns, separation>1μs
 Extinction level < 10-11

Pion Capture Solenoid
 5T superconducting

Long Transport Solenoid
 L >10m
 Curved 180deg Solenoid

Thin Stopping Target
 Al 200μm x 17

Electron Spectrometer 
 Curved Solenoid

Low-mass Tracker 
 Straw chamber 
 in Vacuum

eliminate 
energetic μ  (>75 MeV/c)
and pions

reduce beam related BG

1011 μ-/sec

reduce detector hit rate

improve
e- energy resolution

improve
e- energy resolution

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years
 *180deg. bend solenoid, bend spectrometer,  
   transverse tracker+calorimeter

2020-
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Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Intense Pulsed Proton Beam
 8GeV-3.2kW (110 days)
 width~100ns, separation>1μs
 Extinction level < 10-13

Pion Capture Solenoid
 5T superconducting

Long Transport Solenoid
 L >10m
 Curved 90deg Solenoid

Thin Stopping Target
 Al 200μm x 17

Electron Spectrometer 
 Curved Solenoid

Low-mass Tracker 
 Cylindrical drift chamber

eliminate 
energetic μ  (>75 MeV/c)
and pions

reduce beam related BG

1011 μ-/sec

improve
e- energy resolution

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days
      *90deg. bend solenoid, cylindrical detector
      *Background study for the phase2

110 days
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Goal of COMET Phase-I
Background Study for COMET Phase-II

direct measurement of potential background sources for the full 
COMET experiment by using the actual COMET beamline 
constructed at Phase-I

Search for μ-e conversion
a search for μ−−e− conversion at intermediate sensitivity which 
would be more than 100 times better than the SINDRUM-II limit
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COMET Phase-I Muon Beam

• Muons
• muons/proton almost same

• Pions
• shorter beamline
• Phase-I   6.9x10-5/proton
• Phase-II  3.5x10-7/proton

• Neutrons
• x103 neutrons (only 90 degree bend)

S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

Cylindrical Detector
• Collimator of 200 mm diam. at 
the end of 90 degree bend

• determine a beam size

• eliminate high-p particles

• Beam particles not stopped on 
the target will escape from the 
detector

• Optimization of detector 
configuration

• pt threshold > 70MeV/c

• trigger counter (5mm thick) 
as a proton absorber

1.5m

0.805m
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Background Studies

• measure almost all background 
sources
• muons, pions, electrons, 

neutrons, antiprotons, photons
• same detector technology used in 

COMET Phase-II
• SC spectrometer solenoid
• straw tube transverse tracker
• crystal calorimeter

• particle ID with dE/dX and E/P

schematic layout

aim to know the known BG &
aim to know the unknown BG

Detector for μ-e search Detector for BG study
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Background Study
Measure almost all 
background schematic layout
Sources

muons, pions, electrons, 
neutrons, antiprotons, 
photons

Same detector technology 
used in COMET Phase-II

SC spectrometer solenoid
straw tube transverse 
tracker
crystal calorimeter 

Particle ID with dE/dX and E/
P 
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Background Studies

• measure almost all background 
sources
• muons, pions, electrons, 

neutrons, antiprotons, photons
• same detector technology used in 

COMET Phase-II
• SC spectrometer solenoid
• straw tube transverse tracker
• crystal calorimeter

• particle ID with dE/dX and E/P

schematic layout

aim to know the known BG &
aim to know the unknown BG

end of the 
90 deg solenoid
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Layout of COMET Phase-I
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COMET Phase-I Muon Beam Line6. Muon Beam

Figure 26: Overview of the COMET Phase-I Muon Beam line.

The COMET Phase-I muon beam line consists of a section for pion production and capture, a muon
transport section and a muon collimation section;. These three elements are descibed in the following
sections. At the ‘downstream’ end of the muon beam line is the detector solenoid. The schematic
layout of the COMET Phase-I muon beam line is shown in Fig. 26.

6.1 Pion Production

The COMET experiment uses negatively-charged low-energy muons, which can be easily stopped in
a suitable thin target. The low-energy muons are mostly produced by in-flight decay of low energy
pions. Therefore, the production of low energy pions is of major interest. Conversely, we wish to
eliminate high-energy pions, which could potentially cause background events.

6.1.1 Comparison of different hadron production codes

In order to study the pion and muon production yields, different hadron production simulations were
compared. The comparison of the backward yields of π− and µ− three metres away from the proton
target for different hadron production codes is given in Table 3. It is found that there are a factor of 2.5
difference between different hadron production programs. Among them, the QGSP BERT and FTFP BERT

hadron production models have the lowest yield. Therefore, to make a conservative estimation, the
QGSP BERT hadron production model is used to estimate and optimize the muon beam.

Figure 27 shows the momentum distributions for various particles produced by 8 GeV proton bom-
bardment at the location of the end of the pion capture solenoid sections.

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product

24

pion production  
system

muon transport system

detector system

COMET muon beam-line： 

6x109 muon/sec with 3kW beam 
produced. The world highest 

intensity.

COMET Phase-I detector： 

About 1016 muons are stopped in 
the  target. Electron from µ-e 
conversion will be measured
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COMET Phase-I : Detector (CyDet)
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CyDet (Cylindrical Detector):

Layout

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

muon
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COMET Phase-I : S.E.S. 
Single event sensitivity

Nμ is a number of stopping muons in the muon stopping target. It is 
1.23x1016 muons.

• 8GeV, 3 kW proton beam power, with 110 days running.  
fcap is a fraction of muon capture, which is 0.6 for aluminum.
Ae is the detector acceptance, which is 0.043.
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• Single event sensitivity

• Nμ is a number of stopping muons in the muon stopping target. It 
is 8.7x1015 muons. 

• 5.8x109 stopped µ/s with 3 kW proton beam power, with 1.5x106 
sec running.

• fcap is a fraction of muon capture, which is 0.6 for aluminum.
• Ae is the detector acceptance, which is 0.06.

Signal Event Sensitivity (SES) 
for COMET Phase-I

B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.1
6

15

7 15
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Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon for
the case of trigger counters of 5 mm thickness.

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.06

A number of muons stopped at the muon stopping target is estimated to be 0.0023 per
proton from the COMET G4 simulation program, as mentioned in Chapter 4. From these,
a total number of muon stopped of N stop

µ = 5.8× 1015 (= 0.0023× 2.5× 1018) is obtained.
It corresponds to 5.8× 109 muons stopped/s.

By using these numbers thus obtained, from Eq.(8.1), the single event sensitivity is
given by

B(µ− +Al → e− +Al) = 3.1× 10−15. (8.2)

The 90 % confidence upper limit with zero background events is given by

B(µ− +Al → e− +Al) < 7.2× 10−15. (8.3)

8.2.2 Signal Acceptance for COMET Phase-I Transverse Tracker
Detector

The transverse tracker detector may have less geometrical coverage since the detector can
detect only events coming into the downstream hemisphere. Detailed simulation studies
to estimate geometrical acceptance will be made soon, together with tracking efficiencies.

The transverse tracker detector has a 32% coverage. This is less than the former about
twice because of the use of only downstream hemisphere seen from the muon-stopping
target. Trigger and analysis efficiencies have not been estimated in a reliable manner with
these setup, thus we suppose conservatively 10% in total in either case. The single event
sensitivity can be calculated from these assumption;

• 1/(2× 1015 × 0.71× 0.1) = 0.7× 10−14

for the cylindrical shape detector option, and

• 1/(2× 1015 × 0.32× 0.1) = 1.6× 10−14

for the transverse tracker detector option.

These correspond to 90% C.L. upper limits of 1.6× 10−14 and 3.7× 10−14 respectively in
case of no candidate observation. As we will describe later, background can be suppressed

• Single event sensitivity

• Nμ is a number of stopping muons in the muon stopping target. It 
is 8.7x1015 muons. 
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Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon for
the case of trigger counters of 5 mm thickness.

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.06

A number of muons stopped at the muon stopping target is estimated to be 0.0023 per
proton from the COMET G4 simulation program, as mentioned in Chapter 4. From these,
a total number of muon stopped of N stop

µ = 5.8× 1015 (= 0.0023× 2.5× 1018) is obtained.
It corresponds to 5.8× 109 muons stopped/s.

By using these numbers thus obtained, from Eq.(8.1), the single event sensitivity is
given by

B(µ− +Al → e− +Al) = 3.1× 10−15. (8.2)

The 90 % confidence upper limit with zero background events is given by

B(µ− +Al → e− +Al) < 7.2× 10−15. (8.3)

8.2.2 Signal Acceptance for COMET Phase-I Transverse Tracker
Detector

The transverse tracker detector may have less geometrical coverage since the detector can
detect only events coming into the downstream hemisphere. Detailed simulation studies
to estimate geometrical acceptance will be made soon, together with tracking efficiencies.

The transverse tracker detector has a 32% coverage. This is less than the former about
twice because of the use of only downstream hemisphere seen from the muon-stopping
target. Trigger and analysis efficiencies have not been estimated in a reliable manner with
these setup, thus we suppose conservatively 10% in total in either case. The single event
sensitivity can be calculated from these assumption;

• 1/(2× 1015 × 0.71× 0.1) = 0.7× 10−14

for the cylindrical shape detector option, and

• 1/(2× 1015 × 0.32× 0.1) = 1.6× 10−14

for the transverse tracker detector option.

These correspond to 90% C.L. upper limits of 1.6× 10−14 and 3.7× 10−14 respectively in
case of no candidate observation. As we will describe later, background can be suppressed

Signal Sensitivity for COMET Phase-I

with CyDet

Energy

Signal Acceptance

• fcap = 0.6

• Ae = 0.043 

• Nμ = 1.23x1016 muons

Signal Sensitivity B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

Muon intensity about 0.00052 muons stopped/proton

With 0.4 µA, a running time of about 110 days is needed.

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.1 -15

-15

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (32)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (33)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

Figure 164: Efficiency of the time window cut for aluminium as a function of the end time of the time window.
The width of the proton pulses of 100 ns is included.

16.1.5 Net Acceptance of signals

It is assumed that the efficiencies of trigger, DAQ, and reconstruction are about 0.8 for each. From
these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 28.

Table 28: Breakdown of the µ−N → e−N conversion signal acceptance.

Event selection Value Comments
Geometrical acceptance 0.37
Track quality cuts 0.66
Momentum selection 0.93 103.6 MeV/c < Pe <106.0 MeV/c
Timing window 0.3 700 ns < t < 1100 ns
Trigger efficiency 0.8
DAQ efficiency 0.8
Track reconstruction efficiency 0.8
Total 0.043
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the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

The muons stopped in the muon-stopping target have the lifetime of a muonic atom. The lifetime
of muons in aluminium is about 864 nanoseconds. The µ−N → e−N conversion electrons can be
measured between the proton pulses to avoid beam-related background events. However, some beam-
related backgrounds would come late after the prompt timing, such as pions in a muon beam. There-
fore, the time window for search is chosen to start at some time after the prompt timing. As discussed
in Section 16.2, the starting time of time window of measurement of 700 nanoseconds is assumed,
although it would be optimized in the future offline analysis.

The acceptance due to the time window cut, εtime, can be given by,

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

where Nall and Ntime are the number of muons stopped in the target and the number of muons which
can decay in the window, respectively, Tsep is the time separation between the proton pulses, t1 and t2
are the start time and the close time of the measurement time window, respectively, and n indicates
the window for the nth pulse. The time distribution of the muon decay timing N(t) is obtained by
Monte Carlo simulations. In our case, t1 and t2 are 700 nsec and 1100 nsec, respectively and Tsep is
1.17 µsec, and εtime of 0.3 is obtained.

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.

98
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COMET Phase-I : Backgrounds
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CHAPTER 8. SIGNAL SENSITIVITY AND BACKGROUNDS 107

Table 8.4: Summary of estimated background events for a single-event sensitivity of
3.1 × 10−15 with a proton extinction factor of 3 × 10−11. The numbers with ∗ is directly
proportional to the proton extinction factor.

Background estimated events

Muon decay in orbit 0.01
Radiative muon capture < 0.001
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Radiative pion capture 0.0096∗

Beam electrons
Muon decay in flight < 0.00048∗

Pion decay in flight
Neutron induced background ∼ 0∗

Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Electrons from cosmic ray muons < 0.0002
Total 0.03

8.5 Summary of background estimations

Table 8.4 shows a summary of the estimated backgrounds. The total estimated background
is about 0.03 events for a single event sensitivity of 3.1 × 10−15 with a proton extinction
factor of 3 × 10−11. If the proton extinction factor is improved, the expected background
events are further reduced.

Background Estimation for 
COMET Phase-I

DIO

signal

Expected BG events are about 0.03 at S.E.S. of 3x10-15.
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Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.062

the vertical scale is normalized so that the integrated area of the signal event curve is one
event, assuming a branching ratio of B(µN → eN) = 3 × 10−15. A detailed description
of the estimation of contamination from DIO electrons is presented in Section 8.4.1.1. In
this study, the momentum cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron
momentum, is determined in such a way that a contamination from DIO electrons of 0.01
events is expected for a single event sensitivity of µ−−e− conversion of 3× 10−15.

Figure 8.2: Distributions of reconstructed µ−−e− conversion signals and reconstructed
DIO events The vertical scale is normalized so that the integrated area of the signal is
equal to one event with its branching ratio of B(µN → eN) = 3× 10−15. The momentum
cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron momentum, is applied.

The efficiencies of the timing selection and the trigger and DAQ are assumed to be the
same as those in the COMET CDR [78]. From these, the net acceptance for the µ−−e−

conversion signal, Aµ-e = 0.062, is obtained. The breakdown of the acceptance is shown in
Table 8.1.

with proton extinction factor of 3x10-11
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COMET : Status
COMET building completed!
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COMET Building Completed !

Muon Transport Solenoid at J-PARC

Status of J-PARC Run Operation

Tokai&Campus�
SX&

FX&

• J-PARC operation for users 
restarted in November 2014, after 
the J-PARC Hadron Hall accident in 
May, 2013.


• Renovation  of the J-PARC Hadron 
Hall completed in January, 2015, 
and ready for slow extraction.


• Fire accident in MLF, J-PARC in 
January 2015.


• J-PARC operation resumed in the 
end of February, 2015.


• Slow extraction (SX) started in April 
9th, 2015.


• The J-PARC MR expects both SX 
and FX after 2 year shutdown.

Transport solenoid was installed.
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COMET : Status | CDC
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CDC Construction

Assemble of End Plates and CFRP Outer Wall
5OMET

・Making tapped holes on the exact circle on support ring with  
   the correction ring (to keep the outer wall round) 
・Assemble the end plate and support ring by bolting (96 for each) 
   and adhesion with epoxy bond (same one for CFRP) 
・Measurement of the level of the endplates before and after 
   assemble, and the accuracy is within the designed value (<~0.2mm)

on 20th Mar. @Toho Company

CDC Assemble
4OMET

CFRP outer wall + support ring one of the endplates

discussion how to assemble

・Assemble is done in factory of 東邦工業 
   which produced our end plates 
・

Current CDC 
9OMET

We are looking forward to  
           start wire stringing !

CDC Assemble
4OMET

CFRP outer wall + support ring one of the endplates

discussion how to assemble

・Assemble is done in factory of 東邦工業 
   which produced our end plates 
・

CyDet Endplate

CyDet Outer wall
CyDet assembly CyDet on wire  

stringing assembly
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COMET : Status | Electron calorimeter
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ECal Prototype Beam Test

Kou Oishi / Kyushu UniversityCOMET CM13 @ IHEP, Beijing, China / 7th May, 2014

Overview of The Beam Test

GSO and LYSO crystal test at 
Research Center for Electron Photon 
Science, Took University in March, 
2014

Kou Oishi / Kyushu UniversityCOMET CM13 @ IHEP, Beijing, China / 7th May, 2014

Evaluation of Spectra with Gaussian Fitting
• To evaluate resolution systematically.

• Fit gaussian to higher energy tail to get σ and Emean.
• Via some automatic iterations, (No manual fitting)
• The final fit range [Emean - 1.2σ, Emean + 6σ].
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GSO LYSO

105 MeV/c runs

σ/Emean = 5.7% σ/Emean = 4.6%

LYSO was chosen as ECal crystal.
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COMET : Status | Straw Tracker
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StrEcal:

Straw Chamber Assembly Prototype

tension study 
and developed 
feedthrough

Straw Assembly 
Prototype with 
20 micron straws

sleeve that connects to the straw and gas feedthrough, and is threaded against the metal sleeve such
that rotating the bushing whilst fixing the sleeve puts tension on the straw without it being twisted.
This new feedthrough system provides not only the electric contact but also the straw tensioning
scheme. Figure 70(Left) shows the pretensioning test-bench using the developed feedthrough system,

Figure 70: New feedthrough development: (Left) Set up and tensioning study, (Right) Close-up of developed
feedthrough

and also shows its close-up view in (Right). As described above, the feedthrough system is designed
to be threaded against the metal sleeve such that rotating the bushing whilst the sleeve remains fixed
puts tension on the straw without it being twisted. The amount of straw stretching is measured as a
function of the applied tension so that we do not have to apply pretensioning using a weight, but the
straws are simply stretched by rotating the bushing part of the feedthrough to pull the straw tube
by 1mm, which is equivalent to pretension of 1.2 kgf. This pretensioning test-bench is also used the
elongation measurement as shown in Figure 57 in Section 9.1.7

Figure 71: Assembly prototype (1-to-1 size prototype): (Left) Partially completed without vacuum wall, (Right)
Completed view with close-up view of vacuum window

NA62 straw tubes are implemented into the assembly prototype using the developed feedthrough
system so that no-weight is needed for the straw assembly, this feedthrough implementation is inves-
tigated precisely to provide the feedback for the final assembly, as shown in Figure 71(Left). The
size of gas manifold is designed to be as small as possible, while being large enough that it can hold
the signal-decoupling circuits, HV-distributing line, and ROESTI boards. The entirety of the exte-
rior of the assembly prototype is covered with a vacuum wall so that the assembly prototype can
be evacuated via vacuum ports and become a vacuum chamber as a stand-alone detector, allowing
straw behaviour studies in vacuum to be performed, as shown in Figure 71(Right). This photo was
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R&D at JINR for 
12 micron straws
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Mu2e : Overview

Location : Muon campus in FNAL
Expected sensitivity : 6x10-17@ 90% CL
Commissioning begins in 2020

- Mu2e makes use of existing infrastructure at Fermilab
- uses 8kW of protons from the Booster (8 GeV)
• Re-bunched in the Recycler
• Slow-spill from Delivery Ring

• aka Accumulator/Debuncher for Tevatron anti-protons
• Revolution period 1695 ns 

- Mu2e can (and will) run simultaneously with NOvA
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µ e"
4.6T%

2.5T%
2.0T%

1.0T%

Transport"Solenoid"
(TS)"

Detector"Solenoid"(DS)"

%A%System%of%superconduc9ng%solenoids%and%an%intense%muon%beam%
Produc5on"Solenoid"(PS)"

~25%meters%
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Mu2e : Sensitivity
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Mu2e

Mu2e Sensitivity

•  Total signal   
acceptance x efficiency: 
(8.5 +/- 1.0) %

http://mu2e.fnal.gov14

•  Total background yield: 
(0.36 +/- 0.10) events

•  Total background yield: 
(0.36 +/- 0.10) events

•  Single-event-sensitivity: 
(2.9 +/- 0.3) x 10-17

•  Expected Limited:        
6 x 10-17 @ 90% CL

Category$ Background$process$ Es.mated$yield$
(events)$

Total$background:$ 0.36$+/U$0.10$

• $Es.mated$background$yields$for$3.6$x$1020$POT$

• $Es.mated$signal$sensi.vity$for$3.6$x$1020$POT$
Parameter$ Value$
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Mu2e : Status
Technical Design Report completed (Oct. 2014)

arXiv:1501.05241, 888 pages, 621 figures
Awarded CD-3a (June 2014)

Authorized purchase of superconductor in production 
lengths

Awarded CD-2/3b (March 2015)
Project baseline at $273.7M
Authorized building start, Transport solenoid coil fabrication

Working towards DOE CD-3c approval.
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TS#Coil#Module#prototype#at#Fermilab#

• !panel!prototype!(96!straws)!for!!!!!!!
vacuum!tests!

• !cosmic!veto!prototype!for!
test!beam!data!taking!

Mu2e

Mu2e Simulations 

•  Utilize a detailed, hit-level GEANT4 simulation, realistic occupancy overlays, full 
reconstruction, pattern recognition, and track fitting. Full systematic error analysis.

http://mu2e.fnal.gov13

Straw$Tracker$ Crystal$Calorimeter$Stopping$Target$

Simulated$microbunch$(670$–$1695$ns)$including$signal$electron$plus$full$occupancy$overlay$

Pahern$recogni.on$algorithm$iden.fies$.ming$peaks$to$narrow$hit$window$to$100$ns$

signal$eU$

DIO$eU$

knockUout$protons$

- LBNL, Fermilab, Irvine, Boston, Virginia, NIU, Caltech, Frascati,
Pisa, Novosibirsk, Louisville, CUNY, Muons Inc., Yale 

Straw	  chamber	  prototype	  for	  
vacuum	  test

Utilize a detailed, hit-level GEANT4 simulation
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Mu2e : Muon Campus Civil Construction 

Common Muon Campus for Muon (g-2) and Mu2e experiments – 
- common beam line, cryogenics, utilities 
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Mu2e

Muon Campus Civil Construction

•  Common Muon Campus for Muon (g-2) and Mu2e experiments – 
common beam line, cryogenics, utilities

http://mu2e.fnal.gov12

Wilson$Hall$ Fermilab$Muon$Campus$

Mu2e$Hall$

gU2$Hall$
Delivery$
Ring$

Completed$gU2$experimental$hall$

Beam$line$construc.on$–$April$2015$

Mu2e$ground$breaking$April$2015$
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Mu2e : Collaboration
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Mu2e

Mu2e Collaboration

http://mu2e.fnal.gov2

~170 Collaborators, 34 Institutions
Argonne$Na.onal$Laboratory,$Boston$University,$Brookhaven$Na.onal$Laboratory,$University$of$California$Berkeley,$

University$of$California$Irvine,$California$Ins.tute$of$Technology,$City$University$of$New$York,$Joint$Ins.tute$of$Nuclear$

Research$Dubna,$Duke$University,$Fermi$Na.onal$Accelerator$Laboratory,$Laboratori$Nazionale$di$Frasca.,$$

University$of$Houston,$HelmholtzUZentrum$DresdenURossendorf,$University$of$Illinois,$INFN$Genova,$Lawrence$

Berkeley$Na.onal$Laboratory,$INFN$Lecce,$University$Marconi$Rome,$Kansas$State$University,$$

Lewis$University,$University$of$Louisville,$University$of$Minnesota,$Muons$Inc.,$Northwestern$University,$

Ins.tute$for$Nuclear$Research$Moscow,$Northern$Illinois$University,$INFN$Pisa,$Purdue$University,$

Novosibirsk$State$University/Budker$Ins.tute$of$Nuclear$Physics,$Rice$University,$University$of$South$Alabama,$$

University$of$Virginia,$University$of$Washington,$Yale$University$
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DeeMe : Concept 

Backgrounds suppression
- Beam related prompt (PRC etc)
• Delayed signal detection window
• Proton extinction level : RAP<10-18

- DIO
• High-Performance Magnet Spectrometer
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Single event sensitivity 
- 1×10-13 with Graphite Target
- 2×10-14 with SiC Target (1 year)
- 5×10-15 with SiC Traget (4 years)

π production target is also used as a μ stopping target! 
No muon trans port line!
NRCP etc are suppressed by a great extinction level.
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DeeMe : Layout and Status

KEK-Muon PAC:Stage-2 Approval
Detector construction will be completed in 2015
Upstream of H-Line already exists
Construction of the rest before 2016
Aiming to start data taking by 2016
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TargetTarget

Beam transportation
    simulated by G4Beamline

proton beam

@ J-PARC MLF

DeeMe can run simultaneously with T2K



　MuSIC Akira SATO　 　μ-e conversion searches 

DeeMe : Collaboration
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10 institutes, 30 collaborators
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Summary
μ-e conversion is a good probe for the new physics beyond 
the SM. Exciting new experimental results are coming soon!
Three experiments are currently preparing to start data taking

DeeMe at J-PARC-MLF 
• for S.E.S. 1x10-13 (2016~) 
• then 2x10-14, 5x10-15 

COMET at J-PARC-Hadron hall
• Phase-I for S.E.S. 3x10-15 (2017~)
• Phase-II for S.E.S. 3x10-17 (2020~) 

 Mu2e at FNAL
• for S.E.S. 2.9x10-17 (2020~)

Acknowledgment for slides and informations
Mu2e : Douglas Glenzinski, Marj Corcoran
DeeMe : Masa Aoki 

36


