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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

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

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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16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: 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 after 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

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion

100

Other particles induced backgrounds Other particles to produce e- 

BGs from stopped muons at the stopping target

High p resolution for signal e- 
* Thin stopping target
* Low mass electron tracker
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!0 in Eq. (21) is the normalization factor, which can be
expressed in terms of r0 and a. For the muon mass,
aluminum mass and the fine-structure constant we use
the values m" ¼ 105:6584 MeV, mAl ¼ 25133 MeV,
# ¼ 1

137:036 , and remember that we take the electron to
be massless. We numerically solve the radial Dirac equa-
tions for the muon and the electron, with the charge dis-
tribution in Eq. (21), to obtain the wavefunctions. For the
muon energy, we obtain

E" ¼ m" " Eb ¼ 105:194 MeV; (23)

which gives the end-point energy

E"e ¼ E" " E2
"

2mAl
¼ 104:973 MeV: (24)

Electron screening will increase the end-point energy in
Eq. (24) by about þ0:001 MeV and similarly shift the
overall spectrum. That small effect is negligible for our
considerations. Recall that the sum over K in Eq. (18) goes
from 0 to1, we include as many terms inK as necessary in
order to get three-digit precision for each point of the
spectrum. This requires about 30 terms near m"=2 and
fewer terms in the low- and the high-energy parts of the
spectrum.

We present the result of the numerical evaluation of the
high-energy region of the electron spectrum in Fig. 1. The
squares in the figure are the spectrum with recoil effects,
from Eq. (18). For comparison, we also show the result
obtained by neglecting recoil effects, from Eq. (10), as the
triangles. The right plot in the figure is a zoom for
Ee > 100 MeV, the solid and dashed lines on this
plot correspond to the Taylor expansions in Eqs. (19) and
(20), respectively. Terms up to K ¼ 4 were included in
Fig. 1. Figure 2 presents a detail of the electron spectrum
very close to the high-energy end-point in linear scale. We
can appreciate in that figure how the spectra with (solid
line) and without (dashed line) recoil effects tend to zero at
the corresponding endpoints (the end-point without recoil
is at Ee ¼ E"). To make our results easier to use, we
mention that the polynomial

PðEeÞ & a5$
5 þ a6$

6 þ a7$
7 þ a8$

8; (25)

with

a5 ¼ 8:6434' 10"17; a6 ¼ 1:16874' 10"17;

a7 ¼"1:87828' 10"19; a8 ¼ 9:16327' 10"20;
(26)

the energies expressed in MeV, and

$ ¼ E" " Ee "
E2
e

2mAl
; (27)

fits very well the result for the electron spectrum in alumi-
num normalized to the free decay rate (squares in Fig. 1)
for all Ee > 85 MeV (i.e., the difference between Eq.(25)
and the squares in Fig.1 is not larger than the uncertainties
discussed in the next section ). Note that, in order to obtain
a better fit for the whole Ee > 85MeV region, the value of
a5, in Eq. (25), was not constrained to be that of the leading
coefficient of the Taylor expansion in Table I.
For completeness, we also show the spectrum for the full

range of electron energies in Fig. 3 as the circles, from
Eq. (10). Terms up to K ¼ 31 were included in this plot.
The total decay rate for muon decay-in-orbit in aluminum
is obtained by integrating the spectrum in Fig. 3. The result
we obtain is
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FIG. 2 (color online). Detail of the electron spectrum for
aluminum very close to the high-energy end-point with (neglect-
ing) nuclear-recoil, represented as the solid (dashed) line.
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FIG. 3. Electron spectrum for aluminum. Left plot: linear scale; right plot: logarithmic scale.
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Muon decay in orbit: Spectrum of high-energy electrons
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Experimental searches for lepton-flavor-violating coherent muon-to-electron conversion in the field of a

nucleus, have been proposed to reach the unprecedented sensitivity of 10!16–10!18 per stopped muon. At

that level, they probe new interactions at effective-mass scales well beyond 1000 TeV. However, they must

contend with background from ordinary bound muon decay. To better understa560nd the background-

spectrum shape and rate, we have carried out a detailed analysis of Coulombic-bound-state muon decay,

including nuclear recoil. Implications for future experiments are briefly discussed.

DOI: 10.1103/PhysRevD.84.013006 PACS numbers: 13.35.Bv, 36.10.Ee

I. INTRODUCTION AND MOTIVATION

From the observation of neutrino oscillations, we now
know that lepton flavors (electron, muon and tau number)
are not conserved. However, the mixing and small neutrino
mass differences seen in oscillations have negligible effect
on charged-lepton-flavor-violating (CLFV) reactions such
as ! ! e" or # ! !" (now predicted to occur with un-
observable tiny branching ratios of about 10!54). So, if
charged-lepton flavor violation were to be experimentally
detected, it would have to come from ‘‘new physics’’ such
as supersymmetry, heavy neutrino mixing, leptoquark in-
teractions, or some other extension of the standard model.
In that way, charged-lepton number violating reactions
provide a discovery window to interactions, beyond stan-
dard model expectations, reaching effective-mass scales
above Oð1000 TeVÞ [1,2].

Because muons can be copiously produced at accelera-
tors and are relatively long lived (2:2 !s), they have been
at the forefront of searches for CLFV [1,2]. One reaction
that can be probed with particularly high sensitivity is the
muon-electron conversion in a muonic atom,

!! þ ðA; ZÞ ! e! þ ðA; ZÞ; (1)

where ðA; ZÞ represents a nucleus of atomic number Z and
mass number A. Various experiments have been performed
over the years to search for this process [3]. The most
recent, and stringent, results come from the SINDRUM II
Collaboration [4], which reports an upper limit of
7% 10!13 for the branching ratio of the conversion process
relative to muon capture in gold, and a similar unpublished
bound for titanium. Several new efforts are being planned.
In the nearest future, the DeeMe Collaboration [5] has
proposed to reach 10!14 sensitivity. Larger scale searches,
Mu2e at Fermilab [6] and COMET at J-PARC [7], aim for
sensitivities below 10!16. In the long run, intensity up-
grades at Fermilab and the proposal PRISM/PRIME at
J-PARC may allow them to reach the 10!18 sensitivity, a

limit only accessible with muon-electron conversion in
nuclei. For comparison, the current best upper bound on
the branching ratio of the decay! ! e", set by the MEGA
experiment, is 1:2% 10!11 (90% confidence level) [8]. For
some mechanisms of CLFV, the conversion process is less
sensitive than ! ! e" by a factor on the order of a few
hundred [9]. But even in those cases, a 10!14 conversion
search is more sensitive than this best current bound, and
may be competitive with the new search for! ! e" by the
MEG experiment [10]. In addition, the conversion process
is also sensitive to CLFV chiral conserving amplitudes that
do not contribute to ! ! e".
The success of the conversion searches depends criti-

cally on control of the background events. The signal for
the!! e conversion process in Eq. (1) is a monoenergetic
electron with energy E!e, given by

E!e ¼ m! ! Eb ! Erec; (2)

where m! is the muon mass, Eb ’ Z2$2m!=2 is the bind-
ing energy of the muonic atom, and Erec ’ m2

!=ð2mNÞ is
the nuclear-recoil energy, with $ the fine-structure con-
stant, and mN the nucleus mass. The main physics back-
ground for this signal comes from the so-called muon
decay-in-orbit (DIO), a process in which the muon decays
in the normal way, i.e.!! ! e! !%e%!, while in the orbit of
the atom. Whereas in a free-muon decay, in order to
conserve energy and three-momentum, the maximum elec-
tron energy is m!=2, for decay-in-orbit the presence of an
additional particle (the nucleus), which can absorb three-
momentum, causes the maximum electron energy to be
E!e. Therefore, the high-energy tail of the electron spec-
trum in muon decay-in-orbit constitutes a background for
conversion searches. A detailed study of that background is
the main focus of this work.
Several theoretical studies of the muon decay-in-orbit

have been performed, starting with Ref. [11] about 60 years
ago. Reference [12] presented expressions which allow for
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Esignal-e = 105MeV/c

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.
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Figure 81: Summary of ageing studies for other experiments.
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Figure 82: Spectrum fraction of the decay-in-orbit (DIO) electrons with trigger counter hits.

Figure 83: 3D CyDet Event display for beam pulse, where tracks are drawn in solid lines and the hits projected
to the endplates are shown in dots.

side are 195 keV/c and 365 keV/c respectively. Given this momentum resolution, the background
contributions, in particular from muon decay in orbit (DIO), will be discussed in Section 16.2

70

COMET Phase-I : CDC He gas based
σp<200keV

Normal muon decay in a bound state of a muonic atom 
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16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: 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 after 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

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion

100

Other particles induced backgrounds Other particles to produce e- 

BGs from stopped muons at the stopping target

High p resolution for signal e- 
* Thin stopping target
* Low mass electron tracker

Pulsed muon beam with good quality
* Pulsed proton beam
* Long curved solenoid muon transport
* antiproton absorber
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Proton extinction level of 10-11 has been studied. 
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time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion

100

Phill’s talk on Thursday

Leaked proton 
Delayed particle
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16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: 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 after 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

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion

100

Other particles induced backgrounds Other particles to produce e- 

BGs from stopped muons at the stopping target

High p resolution for signal e- 
* Thin stopping target
* Low mass electron tracker

Pulsed muon beam with good quality
* Pulsed proton beam
* Long curved solenoid muon transport
* antiproton absorber

* Cosmic-ray veto
* Neutron shielding
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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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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 < 109

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
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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 (90 days)
 width~100ns, separation>1μs
 Extinction level < 109

Pion Capture Solenoid
 5T superconducting

Long Transport Solenoid
 L ~5m
 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

1.7x109 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, 90 days
      *90deg. bend solenoid, cylindrical detector
･Beam & Background study for the phase-II

Proton beam intensity
in limited by the CDC 
hit rate. 

Beam quality is worse 
than Phase-II.
Makes higher BG rates.

The sensitivity is limited 
by the BG rates.
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16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: 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 after 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

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion

100

0.01

5.6 x 10-4

< 0.001

< 0.001

4.24 x 10-4

7.1 x 10-4

≦ 1.7 x 10-4

≦ 2.0 x 10-3

≦ 2.4 x 10-6

0.007

< 0.0001
< 4 x 10-10

-

0.019

Other particles induced backgrounds Other particles to produce e- 

Total 

# of events for S.E.S. of 3.1 x 10-15

with proton extinction factor  3 x 10-11

from COMET Phase-I TDR 15 Jan 2014
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156 CHAPTER 11. SENSITIVITY AND BACKGROUNDS

where N stop
µ is the number of muons stopping in the muon target, fcap is the fraction of muon

capture and Aµ-e is the detector acceptance. The fraction of muon capture for Aluminum
is fcap = 0.61.

Table 11.3 shows a summary of the signal sensitivity. The single event sensitivity of
2.6 × 10−17 can be achieved for 2 × 107 sec running.

Table 11.3: Summary of the expected sensitivity for 2.0 × 107 sec running.

Total number of protons: Np 8.5 ×1020

Proton kinetic energy 8 [GeV]
Harmonics of MR 8
Bunch time spacing 657 [nsec]
Number of RF bunches filled with protons per spill 4
Time between adjacent filled bunches 1314 [nsec]
Number of protons in each RF bunch 1.6×1013

Cycle time of MR (=spill period) 1.47 [sec]
Flat top for the slow extraction 0.7 [sec]
Number slow-extracted pulse in a spill 5.3×105 [pulses/spill]
Number of Protons in each slow-extracted pulse 1.2×108

Average beam current 7.0 [µA]
Average beam power 56 [kW]
Average proton intensity 4.4×1013 [protons/sec]
Total running time 2.0×107 [sec]
Running time per year 1.0×107 [sec/year]

Number of stopped muons per proton: Nstop
µ/p 0.0023 [muons/proton]

Rate of muons per proton transported to the target 0.0035 [muons/proton]
Muon stopped acceptance 0.66

Number of stopped muons: Nstop
µ/year 1.0×1018 [muons/year]

Total number of stopped muons: Nstop
µ 2.0 ×1018

Fraction of captured muon: fcap 0.61

Net acceptance: Aµ-e 0.031
Geometrical acceptance, fitting and selection criteria 0.09

Solid angle with mirroring acceptance (0.73)
Muon beam stop acceptance (0.57)
Curved solenoid acceptance (0.47)
Track reconstruction efficiency (0.88)
Track quality cut efficiency (0.89)
Transverse momentum cut efficiency (0.83)
E/p cut efficiency (0.99)
Helix pitch cut efficiency (0.99)
Momentum selection efficiency (0.72)

Timing window selection efficiency 0.39
Trigger acceptance and DAQ live efficiency 0.90

Single event sensitivity = (Np · Nstop
µ/p · fcap · Aµ-e)−1 2.6 ×10−17

90% confidence level upper limit 6.0 ×10−17

Events per 1×10−16 BR 3.8

Single event sensitivity 
= 
=  2.6 x 10-17

→ 90% C.L. upper limit
    = 6.0 x 10-17

→ Events per 1 x 10-16 BR
    = 3.8
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where N stop
µ is the number of muons stopping in the muon target, fcap is the fraction of muon

capture and Aµ-e is the detector acceptance. The fraction of muon capture for Aluminum
is fcap = 0.61.

Table 11.3 shows a summary of the signal sensitivity. The single event sensitivity of
2.6 × 10−17 can be achieved for 2 × 107 sec running.

Table 11.3: Summary of the expected sensitivity for 2.0 × 107 sec running.

Total number of protons: Np 8.5 ×1020

Proton kinetic energy 8 [GeV]
Harmonics of MR 8
Bunch time spacing 657 [nsec]
Number of RF bunches filled with protons per spill 4
Time between adjacent filled bunches 1314 [nsec]
Number of protons in each RF bunch 1.6×1013

Cycle time of MR (=spill period) 1.47 [sec]
Flat top for the slow extraction 0.7 [sec]
Number slow-extracted pulse in a spill 5.3×105 [pulses/spill]
Number of Protons in each slow-extracted pulse 1.2×108

Average beam current 7.0 [µA]
Average beam power 56 [kW]
Average proton intensity 4.4×1013 [protons/sec]
Total running time 2.0×107 [sec]
Running time per year 1.0×107 [sec/year]

Number of stopped muons per proton: Nstop
µ/p 0.0023 [muons/proton]

Rate of muons per proton transported to the target 0.0035 [muons/proton]
Muon stopped acceptance 0.66

Number of stopped muons: Nstop
µ/year 1.0×1018 [muons/year]

Total number of stopped muons: Nstop
µ 2.0 ×1018

Fraction of captured muon: fcap 0.61

Net acceptance: Aµ-e 0.031
Geometrical acceptance, fitting and selection criteria 0.09

Solid angle with mirroring acceptance (0.73)
Muon beam stop acceptance (0.57)
Curved solenoid acceptance (0.47)
Track reconstruction efficiency (0.88)
Track quality cut efficiency (0.89)
Transverse momentum cut efficiency (0.83)
E/p cut efficiency (0.99)
Helix pitch cut efficiency (0.99)
Momentum selection efficiency (0.72)

Timing window selection efficiency 0.39
Trigger acceptance and DAQ live efficiency 0.90

Single event sensitivity = (Np · Nstop
µ/p · fcap · Aµ-e)−1 2.6 ×10−17

90% confidence level upper limit 6.0 ×10−17

Events per 1×10−16 BR 3.8

from COMET CDR 
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16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: 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 after 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

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion
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Other particles induced backgrounds Other particles to produce e- 

Total 

with proton extinction factor

0.01

5.6 x 10-4

< 0.001

< 0.001

4.24 x 10-4

7.1 x 10-4

≦ 1.7 x 10-4

≦ 2.0 x 10-3

≦ 2.4 x 10-6

0.007

< 0.0001
< 4 x 10-10

-
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Phase-I

3 x 10-11

S.E.S. =  3.1x10-15

1 x 10-9

0.15

< 0.001

< 0.001

< 0.001

0.052

< 0.1
< 0.0002
< 0.0001

-
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0.004
0.024
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0.34

Phase-II
2.6x10-17

3 x 10-11
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from COMET Phase-I TDR 15 Jan 2014 and COMET CDR 
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16.2 Background Estimation with the CyDet

Potential background sources for the search for the µ−N → e−N conversion are grouped into four
categories. They are intrinsic physics backgrounds, beam-related prompt backgrounds, beam-related
delayed backgrounds, and other backgrounds including cosmic ray induced backgrounds and false
tracking, respectively.

Table 25: 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 after 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

The list of background sources are summarized in Table 25. The intrinsic physics backgrounds come
from muons stopped in the muon stopping target. Most of them should be rejected only by the detector
resolution, such as excellent momentum resolution in the CDC. The beam-related prompt back-
grounds are background events originating from protons between beam pulses. The beam-related de-
layed backgrounds are backgrounds originating from the main proton beam pulse and coming at a later
time within the measurement time window. The beam-related prompt backgrounds are suppressed by
the proton extinction factor, whereas the beam-related delayed backgrounds are suppressed by a
total length of the muon beam line and a delayed time window of the measurement.

One should note that the intrinsic physics backgrounds of 4 and 5 in Table 25 will not produce
100 MeV/c electrons but accidental tracks and hits in the CDC may produce fake high-momentum
electron.

16.2.1 Difference of background sources between COMET Phase-I and Phase-II

The major difference between COMET Phase-I and Phase-II is a total length of the muon beam line.
Because of a shorter length of a muon beam line, the pion survival rate will be larger in the COMET
Phase-I than that in the COMET Phase-II, where the pion survival rate is determined by a pion

100

Other particles induced backgrounds Other particles to produce e- 

Total 

with proton extinction factor

0.01

5.6 x 10-4

< 0.001
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from COMET Phase-I TDR 15 Jan 2014 and COMET CDR 

DIO spectrum will be measured in Phase-I.

Particles emitted from μ capture in Al will 
be measured in AlCap.

Beam from the solenoid will be measured 
in Phase-I.
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Beam at the end of 90deg solenoid will be measured in COMET Phase-I.
yield and energy for pion, muon, antiproton ...

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.

Antiprotons

• Measurement of low energy anti-protons

• annihilation of antiprotons producing many pions.

• anti-proton stopper followed by straw chambers, or

• ECAL

3

Overview
✤ COMET Phase-I has two detector apparatus; “StrECAL” and “CyDet”
✤ StrECAL = “Straw Tracker” + “Electromagnetic CALorimeter”

Hajime NISHIGUCHI (KEK)                                                   Straw Tracker                                     IPNS Review for COMET 21-22/Jan./2014

【Original COMET Detector Apparatus】 【Phase-I StrECAL Concept】

Beam 
meas. 
system
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Summary
Characteristic of the muon beam is very important 
for μ-e conversion experiments.
BGs were estimated for COMET Phase-I and re-
estimation towards a new TDR is in progress.
Better understanding of the beam and backgroung 
source is crucial for the sensitivity of ~10-17 at the 
Phase-II.
One of the important task for the COMET Phase-I is 
beam measurements. We will re-optimize the 
beamline of the Phase-II (another 90deg of the bend 
solenoid and collimators ...) 
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