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μ-e Conversion Search
Two experiments are going to start to search for the μ-e conversion process: 
COMET@J-PARC and Mu2e@FNAL. 
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 100MeV
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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Both experiments have received strong endorsements from Japan and US communities.
COMET : ”is a high priority component for the J-PARC program.” (KEK/J-PARC-PAC March/2012)

The IPNS proposed, as the first priority item in the next 5-year plan, to construct a proton beam line 
and the 1st half of solenoid magnets for COMET Phase-I. The PAC endorsed the laboratory plan.

Mu2e : “should be strongly encouraged in all budget scenarios considered by the panel.” (P5 report)
got the CD-1 approval two days ago!

These experiments are now optimizing their parameter to get the final design.  
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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 
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• 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 

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.

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 

a factor of 10,000 better sensitivity than the current upper limit (SINDRUM II)

Staging approach 



20
10

20
12

20
14

20
16

20
18

20
20

20
22

Akira SATO: S1371, Study of Muon Capture for Muon to Electron Conversion Experiments

Schedule of COMET and Mu2e
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Schedule of COMET and Mu2e
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For both experiments critical design 

decisions need to be finalized in the 

next 12-18 months.
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Design issue from μ capture process
A crucial component in optimizing the designs is the background from the products of the 
nuclear capture process. In particular, protons are a significant source of hits in the tracking 
detectors. Probability of proton emission would be 0.05~0.15 per muon.

Both COMET Phase-I and Mu2e need the rate and energy spectra of proton 
emission as a function of the target thickness

7

μ-

Signal electrons (105MeV/c)
Energy loss in the targets and 

absorber makes worse E resolution 

Protons

Must be stopped in the absorber 
to reduce the detector hit rate

Cylindrical tracker

Absorber
Stopping targets

109~10μ stop/s

* Tracker dead time
* mis-reconstruction

Optimization of the target thickness and the absorber



Akira SATO: S1371, Study of Muon Capture for Muon to Electron Conversion Experiments

Current Exp. Data : Rate 
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no Ti data

D.F Measday, Phys. Rep. 354 (2001) 243–409
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Current Exp. Data : Rate
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282

�

A . WYTTENBACH e r a l .

TABU . l

Reac t i on probab i l i t i es pe r cap t ur ed muon ° )

An as t e r i sk i nd i ca t es a pa r t i a l probab i l i t y whe r e e i t he r t he ground s t a t e or an i some r i c s t a t e was no t
measur ed .

' ) The numbe r o f i r r ad i a t i ons i s g i ven i n br acke t s .
` ) Con t r i bu t i ons f rom r eac t i ons on o t he r Fe i so t opes a r e probab l y sma l l and have been neg l ec t ed .
° ) On l y f or r eac t i on l ead i ng t o 65 s °aMn ; ex i s t ence o f t he 3 a me t as t ab l e s t a t e i s doub t f u l and has been

i gnor ed .
° ) Ca l cu l a t ed w i t h t he assump t i on t ha t [65 CU (h - , p2n ) 62 Co ] / [63 Cu (p , P) 6= CO ] w 5 .
' ) Ca l cu l a t ed w i t h t he assump t i on t ha t [ " Cu (u - , p3n ) 6 ' Co ] / [ 63CU (p . pn )6 ' Co ] x 0 . 7 .

Ca l cu l a t ed w i t h t he assump t i on t ha t [61 Cu (p - , a ) 6 ' Fe ] > [ 63 Cu (u - , 2p ) " Fe ] .
For r eac t i on go i ng t o 4 . 0 h " °Za on l y .

` ) Ca l cu l a t ed w i t h t he assump t i on t ha t [ " Zr (p - , p3n ) 9 =Sr ] / [ " Zr (p , pn ) 9' Sr ] x 0 . 7 .
~) For r eac t i on go i ng t o 2. 4 m ' 1 f t I n on l y , w i t hou t t he r eac t i on go i ng t o 18 m " ' I n , ca l cu l a t ed w i t h t he

assump t i on t ha t [ ' s 3Sb (p - , p3n ) " 9 I n ] / [ ' = ' Sb (u - , pn ) " 9I n ] x 0. 7 .
` ) For r eac t i on go i ng t o 8. 5 a " " I n and 4 . 5 m " " I n on l y . Con t r i bu t i on by 133 Sb (p - , p4n ) l ' s° I n i s

neg l ec t ed .
Ca l cu l a t ed w i t h t he assump t i on t ha t [ ' 23Sb (p- , p5n ) " ' 1n ] < [ " ' Sb (p - , pan ) " 7I n ] . .

° ) For r eac t i on go i ng t o 20 m ' 7 s°Lu on l y .
' ) Us i ng nuc l ea r da t a g i ven i n subsec t . 2 . 5 .
° ) Ca l cu l a t ed w i t h t he assump t i on t ha t [20SPb (p - , pa ) so6 j 4] / [ ao7pb (p- , p ) ' °6H $] w 6 .
P) The l a rge e r ror i s due t o unce r t a i n t y o f decay scheme o f I " - Hg .

Ta rge t

A , Z

Produc t
Reac t i on

Fac t or
. t aw

Pur i t y M

A- 1 , Z - 2
( l 1 -. P)
(10 - ` )

A- 2 , Z - 2
(P - , pn )

(10 - 3 )

A- 3 , Z - 2
(h - , Pm)

(10- 3 )

A- 4 ,
( , « - , pan )

(10 - 7 )

Z - 2 A- 4 , Z - 3
( l + - , a )
( l 0 - 3 )

23
11

Na > . 99 . 5 11 . ±1 . 5 (3)
; 3A l 99 . 99 28 ±4 (2) 7 . 6 ±1 . 1 (2)
i 'sP 99 . 5 38 ±5 (2) 23 ±3 (2) 13 ±2 (2)
4 g I C > 99 . 5 28 ±4 (1)
i âV 99 . 7 29 ±4 (3) 8. 4±1 . 2 (2) 8 . 8±1 . 3 (1) 1 . 5 ±0 . 2 (1)

=3Mn 99 . 9 28 ±4 (5) 12 ±2 (5) 11 ±1 . 5 (5) 1 . 6 ±0 . 2 (5)

2 6Fe > 99 . 5 4 . 6 ±0 . 7 (1) ` )
21CO 99 . 5 19 ±2 (4) ° ) 24 ±3 (4) 11 ±1 . 5 (4)
s9CU > 99 . 5 29 ±6 (2) 1) 14 ±3 (1)
21 -65C > 99 . 5 8 . 9±1 . 6 (2) 14 ±3 (2) ° ) 12 ±3 (1) 1) 0. 7 ±0 , 2 (1)
" ' As 99 . 999 14 ±2 (3) 7. 4±1 . 1 (3) 5 . 1±0 . 7 (3) *0 . 28±0 . 04 (2) ~

> 99 . 5 4 . 5±09 (1) ' ) .
" : I n 99 . 99 5 . 3±0 . 8 (1) 3 . 1±0 . 4 (2) 3 . 1±0 . 4 (1)
' ; ; Sb > 99 . 5 ' 2 . 2±0 . 3 (2) ) "2. 4±0 . 4 (2) ' ) 2 . 8±0 . 4 (2) 7
M51 Sb > 99 . 5 ' 1 . 7±0 . 3 (2) ' )
133,

5
99 . 98 4 . 8±0 . 7 (1) 2 . 5±0 . 4 (1) 1 . 9±0 . 3 (2)

' 6s7Ho 99 . 9 3 . 0±0 . 4 (2) 1 . 5±0 . 2 (4) 1 . 6±0 . 2 (3)
' s , 3Ta > 99 . 5 2 . 6±0 . 4 (2) ro . 4±0 . 1 (2) °)
=s=Pb 99 . 999 1 . 3±0 . 2 (3) ' ) 1 . 0±02 (3) ' ) 19±0 . 8 (3) P)

=é3B i 99999 . 0 . 8±0 . 1 (6)

no data no data no data

no Ti data

D.F Measday, Phys. Rep. 354 (2001) 243–409

A. Wyttenbach, et al, Nucl. Phys. A294 (1978) 278-292Activation experiment



Akira SATO: S1371, Study of Muon Capture for Muon to Electron Conversion Experiments

Current Exp. Data : E distribution
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Phys. Rev. C 20 (1979) 1873-1877

Al
t1.27mm

Energy range is too high 
for our purpose.

Beam quality was not enough to 
stop muons in a thin target.

thick target : 1.27mm

no low energy data

large background rate
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Current Exp. Data : E distribution
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Draft Dec 2008

Concept for Muon Stopping Target Studies at PSI

P. Kammel et al.

1 Introduction

The configuration and dimensions of the muon stopping target and the proton absorbers are essential
for the overall electron resolution of the Mu2e experiment. Here we discuss motivation and first ideas
to directly measure the charged particle emission in muon capture required for these optimizations 1.

Below some literature to this subject is referenced.

Author Reference Comment
Hungerford [2] MECO note 34
Morse [5] MECO note 82
Measday [4] General review
Sobottka et al. [6] Si measurement
Lifshitz and Singer [3] theory
Wyttenbach et al. [7] activation technique

Table 1:

Figure 1:

The results are summarized in a slightly expanded table 4.14 from ref.[4]. Hungerford[2] fits the Si
spectrum[6] in fig. 1 with an empirical function

p(t) = A(1� Tth

t
)↵e�t/T0 ; (1)

1
R. Bernstein is currently studying the individual contributions to the detector resolution.

1

Charged particle spectrum 
from muons stopped in Si.

Phys. Rev. Lett., 20(12):596 (1968)Si (active target)

Good energy range, but Si

Both COMET and Mu2e are using this 
spectrum with a parameterization for 

their design optimization. 
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Current Exp. Data : Summary
There are no data, in the relevant energy range, on the 
products of muon nuclear capture from an Al target (and Ti). 

ratio of p:d:α
the absolute proton rate
energy distribution

Mu2e and COMET are presently using a parameterization of 
muon-capture data taken from the Si target in 1968.
Uncertainties in the proton spectra have significant 
ramifications for the design of COMET Phase-I and Mu2e.

We must measure them. This proposal

12
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Experiment (TRIUMF-S1371)
Goal of the experiment

to measure the rate and energy spectra of the charged particles (p, d, α) emitted 
after muon captured on some targets: 

Al : the default stopping target for COMET and Mu2e
Ti : possible target for future μ-e conv. experiments.
Si (active) : for cross-check against the previous data and systematics studies

A precision of 5% down to an energy of 2.5 MeV is required for both the rate and 
the energy spectra.

13

Essential points
Thin targets and a low energy muon beam with a 
small Δp/p

to achieve a high and well determined rate of 
stopped muons
Due to ΔE of the charged particles in the target, 
we need to correct the energy spectra by a 
response function. To reduce the systematic 
uncertainty from the response function, the ΔE 
in the target must be small enough.

TRIUMF EEC New Research Proposal Detailed Statement of Proposed Research for Experiment #: 1371
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Figure 4: Calculated proton emission spectrum as a function of target thickness (red: 0 µm, green: 50 µm,
blue: 100 µm, black: 1000 µm. The initial spectrum is taken from [9].

the silicon detectors to potentially observe higher energy protons and to veto throughgoing electrons.
Runs with di↵erent configurations of the silicon detectors are envisaged to enable a thorough under-
standing of the impact of the detector resolution on the energy spectra measurement. A comparison
of the signals between the detectors on opposite sides of the target is a powerful means to moni-
tor systematic e↵ects. Di↵erences between the detectors can be used to indicate backgrounds due
to di↵erent stopping materials or muon scattering and to determine the uniformity of the stopping
distribution. The experiment will be shielded with lead and with a geometry to ensure there are no
low Z materials (except the target) exposed to muons. This will maximise the rare proton emission
signal over the background from direct and scattered muons.

The number of muons stopping in the aluminum target will be determined using a germanium
detector and a scintillator telescope. The germanium detector will record the X-rays emitted as the
stopped muons transitions to the 1s state and the telescope will be used independently to detect
electrons from muon DIO.

In common with many TRIUMF experiments, our scintillation and solid state detectors will require
high voltage. These voltages will be supplied in accordance with laboratory safety guidelines. We
have successfully operated the vacuum chamber in our previous testrun at PSI in 2009. The vac-
uum window is 100µm Mylar, built by PSI according to their standard design and specifications of
secondary beamline windows.

The main systematic uncertainties and how we propose to address them are listed below.

• Response Function. Uncertainties can be minimised by using an optimal cloud muon beam and
through the use of the active silicon target where both the initial and final proton energies can
be determined.

• Absolute Rate. The proton detection e�ciency will be determined from a detailed GEANT4 simu-
lation of the silicon detectors. The number of stopped muons will be determined independently
from both the germanium detector and the electron telescope and cross-checked using data
from the active silicon target.

5

0μm
50μm
100μm
1000μm
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Measurement SetupMeasurement Setup

Target
Al

Trigger plastic
counter-1

Trigger plastic
counter-2

Charged particle
detectors
Si (t65µm)

Si (t1500µm)
plastic scinti.

This setup is an improved version of a test experiment 
performed by part of this collaboration at PSI in 2009.

The most of the equipments are already available.
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Figure 6: A Monte-Carlo simulation showing the energies deposited in the first (MSQ) thin silicon detector
(EdepSi1) against the total energy deposited in this and the second (MSX) thicker silicon detector (EdepSi2).
In clockwise order from the top left the plots show the results for all particles (including electrons), just
protons, protons+deuterons and protons+ deuterons+tritons respectively. A detector energy resolution of
140 KeV is assumed.

Target % Stopping Event rate (Hz) Event rate (Hz)
thickness (µm) in target all particles protons

50 2 8.1 1.0
100 16 21.3 1.5
150 38 39.9 2.1
200 53 51.1 2.4

Table 1: Estimated event rates for targets of di↵erent thicknesses. An incoming muon rate of 104 muons/sec,
a proton emission rate of 0.15 per muon capture and an e�ciency of 100% for the silicon detectors are
assumed.
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Δ
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Geant4 simulation: energy resolution of silicone detectors are
140keV(FWHM) for Si(65µm) and 40keV(FWHM) for Si(1500µm).

Akira SATO: S1371, Study of Muon Capture for Muon to Electron Conversion Experiments

Particle Identification by dE/dx

PID is possible using ΔE in the two Si detectors. That will allow some discrimination between protons, 
deuterons, muons and electrons across the energy range 2.5–12 MeV required by COMET and Mu2e.

20

protons

deuterons

tritons
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Event Rates

Event rates were estimated using geant4 simulations. The total 
event rate is below 100 Hz for all considered targets but the rate of 
protons for the thinnest target for is rather low (1 Hz) and as such 
approximately 7 days of data taking will be required to accumulate 
the necessary statistics for a given target.

21
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Figure 6: A Monte-Carlo simulation showing the energies deposited in the first (MSQ) thin silicon detector
(EdepSi1) against the total energy deposited in this and the second (MSX) thicker silicon detector (EdepSi2).
In clockwise order from the top left the plots show the results for all particles (including electrons), just
protons, protons+deuterons and protons+ deuterons+tritons respectively. A detector energy resolution of
140 KeV is assumed.

Target % Stopping Event rate (Hz) Event rate (Hz)
thickness (µm) in target all particles protons

50 2 8.1 1.0
100 16 21.3 1.5
150 38 39.9 2.1
200 53 51.1 2.4

Table 1: Estimated event rates for targets of di↵erent thicknesses. An incoming muon rate of 104 muons/sec,
a proton emission rate of 0.15 per muon capture and an e�ciency of 100% for the silicon detectors are
assumed.
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Systematic Uncertainties
Response Function

Uncertainties can be minimized using an optimal cloud muon beam and 
through the use of the active Si target 

both the initial and final proton energies can be determined. 
Absolute Rate

The proton detection efficiency will be determined from a detailed GEANT4 simulation of the Si 
detectors. 

The number of stopped muons will be determined independently from both 
the Ge detector and 
the electron telescope and 
cross-checked using data from the active silicon target. 

Particle Identification Efficiency
Particles will be identified 

using dE/dx in the Si detectors with the efficiency determined from the GEANT4 simulation. 
A cross check using time of flight with the active Si target will also be investigated. 

Backgrounds
The electron background will be determined using 

positive muons and 
the neutron recoils by using a proton absorber before the silicon detectors. 

A careful GEANT4-based evaluation will be made of the background from muons that stop in the 
chamber walls. 
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Beam Time Requests
A low-momentum separated cloud μ beam of 30-34 MeV/c from a 
surface muon channel. M20 (or M15) has an extra beam quality. 

for a high stopping rate with low backgrounds and smaller 
systematic uncertainties

in late 2012/early 2013 : Main Beam Time (this proposal)
36 shifts (3 weeks) 

2 days : installation
5 days : tuning and optimization of beam and system
14 days : for two targets

including systematic studies with a Si active target
in September 2012 : Test

to gather initial experience at M9B
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