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COMET J-PARC E21
• Search for LFV process, 

μ-e conversion with a 
sensitivity of 10-16

• J-PARC high- intensity 
proton beam

• 8GeV, 7μA

• Innovative apparatus 

• Pion collection

• Muon Transport

• Electron Spectrometer
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What is mu-e Conversion ?
1s state in a muonic atom Neutrino-less muon

nuclear capture 
(=μ-e conversion)

µ −
à e −ν ν 

nucleus

µ − + (A, Z) à νµ + (A,Z − 1) B(µ−N e−N) = Γ(µ−N e−N)
Γ(µ−N νN ' )

µ− + (A,Z) e− + (A,Z)

nuclear muon capture

 Muon Decay In Orbit     

à
à

à

à
µ−

lepton flavours 
changes by one unit

• Eμe ~ mμ-Bμ

– Bμ: binding energy of the 1s muonic atom



Lepton-Flavor Violation in 
Charged Lepton Sector

Neutrino Mixing
(confirmed)

Charged Lepton Mixing 
(not observed yet)

νe νµ ντ

τµe
? ?

Sensitive to new Physics beyond 
the Standard Model

Very Small (10-54)

νµ νe
µ e

W

mixing
∝(mν/mW)4

µ e~
µ e

B

mixing
large top-Yukawa coupling

~

~
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μ+ → e+e+e-  versus  μ+ → e+γμ+ → e+e+e-  versus  μ+ → e+γ

L=
mμ

Λ2 (1+κ)
H
dipole + κ

Λ2 (1+κ)
J ν
eμ
J

ν , ee

κ=0 κ=∞

Effective cLFV Lagrangian:

Phase I

Phase II
• SUSY-GUT, SUSY-seesaw (Gauge Mediated process)

• BR = 10-14 = BR(μ→eγ) × O(α)

• τ→lγ

• SUSY-seesaw (Higgs Mediated process)

• BR = 10-12~10-15

• τ→lη

• Doubly Charged Higgs Boson (LRS etc.)

• Logarithmic enhancement in a loop diagram for μ-N → e-N, 
not for μ→e γ

• M. Raidal and A. Santamaria, PLB 421 (1998) 250

• and many others

Theoretical Models

Andre de Gouvea, W. Molzon, Project-X WS 
(2008)
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FIG. 2: Sensitivity of a µ → e-conversion in 48Ti experiment that can probe a normalized capture rate of 10−16 and 10−18,
and of a µ → eγ search that is sensitive to a branching ratio of 10−13 and 10−14, to the new physics scale Λ as a function of κ,
as defined in Eq. (5). The dimensionless parameter κ interpolates between a flavor-violating magnetic moment-type operator
(κ " 1) and a flavor-violating four-fermion operator (κ # 1). Also depicted is the currently excluded region of this parameter
space.

by Eq. (5), a measurement of µ → eγ and µ → e-conversion allows one to determine both Λ and κ independently,
while a single measurement can only determine a combination of the two new physics parameters. In general, it is
well known that a comparison of B(µ → e − conv) and B(µ → eγ) helps distinguish among models or even measure
the value of new physics parameters. A concrete example is depicted in Fig. 3, where the ratio of branching ratios
C ≡ B(µ → eγ)/B(µ → e− conv) is plotted as a function of tanβ in the case of the MSSM with MSUGRA boundary
conditions for the soft SUSY breaking parameters. One can see that a precise measurement of C can determine the
sign of the MSSM µ-parameter, especially if tan β is not too large.

The effective Lagrangian that describes µ → e-conversion and µ → eγ contains, in general, several dimension-six
operators not included in Eq. (5), including those with different muon and electron chiralities and scalar–scalar four-
fermion operators. Information regarding all the different parameters that describe CLFV can be obtained from the
CLFV probes themselves. In the advent of a positive signal for µ → e-conversion, details of the effective Lagrangian
can be obtained by comparing the rate for µ → e-conversion in different nuclei, since different nuclei are sensitive to
new physics in distinct ways, as depicted in Fig. 4. This flexibility is not shared by µ → eγ (where one can only hope
to measure, in principle, the final state photon or electron polarizations). In the case of a positive signal in µ → eee,
some detailed information regarding the underlying physics can also be obtained by analyzing in detail the kinematics
of the three final state leptons.

2. CLFV and new physics at the TeV scale

By the end of 2008, we expect the LHC experiments to start accumulating data that will reveal the mechanism of
electroweak symmetry breaking and explore the physics of the TeV scale. Several theoretically motivated scenarios
predict the existence of new degrees of freedom with masses at or below 1 TeV and, if this is the case, one expects
some of these new states to be discovered at the LHC.
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Principle of Measurement
SINDRUM II

• Process : μ- +(A,Z) →e- +(A,Z)
• A single mono-energetic 
electron
• Eμe(Al) ~ mμ-Bμ :105 MeV
• Delayed：~1μS

• No accidental backgrounds
• Physics backgrounds
• Muon Decay in Orbit (DIO)
• Ee > 102.5 MeV (BR:10-14)
• Ee > 103.5 MeV (BR:10-16)

BR[μ- + Au →e- + Au] < 7 × 10-13

1-2μs

Rext= number of proton between pulses
number of proton in a pulse

6 Physik-Institut der Universität Zürich
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Figure 3.2: Distribution of the phase of the track
time w.r.t. cyclotron r.f. signal v.s. longitudinal
momentum. The bulk of the events have a flat
phase distribution as expected for muon decay in
orbit which has a decay time of≈ 70 ns. The red
contour indicates events induced by radiative π−

capture in the moderator (see also Fig.3.1 and
the discussion in the text).
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Figure 3.3: The measured energy distribution is
compared with simulated distributions for muon
decay in orbit and µe conversion. No events are
found above 100 MeV.
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Figure 3.4: L(Nµe) and
∫ Nmax

µe

0 L(Nµe)dNµe.

Indicated are some events from radiative π−

capture in the moderator followed by asymmet-
ric γ → e+e− conversion and large-angle e−

scattering in the gold target, a process that keeps
memory of the 50 MHz time structure of the
proton beam. The observed rate for this back-
ground process is in rough agreement with the
predictions from the GEANT simulation. Fig-
ure 3.3 shows e− energy distribution after re-
moval of the events in the indicated region. The
steep drop below 74 MeV reflects the require-
ment that the electron moves at least 46 cm
from the spectrometer axis.
The measured spectrum is in reasonable agree-
ment with the prediction for decay in orbit. One
event is observed around 96.4 MeV which is
marginally compatible with the energy distribu-
tion expected for µe conversion. We performed
a likelihood analysis of the energy distribution
including a flat background from cosmic rays
and radiative pion capture in addition to the dis-
tributions shown in Fig. 3.3
Figure 3.4 shows the resulting likelihood
function L(Nµe) for the expectation value
of the number of µe conversion events.
The 90% C.L. upper limit deduced from∫ 2.45
0 L(Nµe)/

∫ ∞
0 L(Nµe) =90% is

Nmax
µe (90% C.L.) = 2.45. Combined

with the single event sensitivity quoted above
this leads to:

Bgold
µe < 8 × 10−13 90% C.L.

This final SINDRUM II result lowers the best
previous limit on µe conversion on a heavy
target[4] by two orders of magnitude.

[1] Y. Kuno and Y. Okada, Rev. Mod. Phys. 73
(2001) 151.
J. Ellis, PSI Summer School, Zuoz, 2002,
hep-ph/0211168.

[2] SINDRUM II Collab., Annual Report
2000-2001, Physik-Institut, Zurich Univer-
sity, p.8.

[3] SINDRUM II Collab., Annual Report
2001-2002, Physik-Institut, Zurich Univer-
sity, p.7.

[4] SINDRUM II Collab., W. Honecker et al.,
Phys.Rev.Lett.76 (1996) 200.
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The SINDRUM II Experiment at PSI

SINDRUM-II used a continuous muon 
beam from the PSI cyclotron. To eliminate 
beam related background from a beam, a 
beam veto counter was placed. 

Published Results



The MELC and MECO Proposals
• MELC (Russia)  and then 

MECO (the US)

• To eliminate beam related 
background, beam pulsing 
was adopted (with delayed 
measurement)

• To increase a number of 
muons available, pion capture 
with a high solenoidal field 
was adopted

• For momentum selection, 
curved solenoid was adopted

à mu2e @ Fermilab

Cancelled in 2005

Vladimir Lobashev 1934-2011
CERN Courier Vol 51, No 8



Lessons
• Use pulse beam instead of DC beam 

• Blind to prompt background using timing 
information

• Reduce pion background arriving in a   
delayed timing

• Good beam extinction factor

• Sensitive only high-momentum electrons 
emitted in a delayed timing



Beam Extinction Factor
• COMET Background

• π-+(A,Z)→(A,Z-1)*

• (A,Z-1)* →γ+(A,Z-1)

• γ→e+e-

• Prompt timing

• Other sources

• μ- decay-in-flight, e- scattering, neutron streaming

1.3	  or	  1.7µs

0.7	  second	  beam	  spill

1.5	  second	  accelerator	  cycle

100ns

Extraction Acceleration

Nbg	  =	  NP	  x	  Rext	  x	  Yπ/P	  x	  Aπ x	  Pγ	  x	  A
NP	  :	  total	  #	  of	  protons	  (~1021)
Rext	  :	  Ex>nc>on	  Ra>o	  (10-‐9)
Yπ/P	  :	  π	  yield	  per	  proton	  (0.015)
Aπ	  :	  π	  acceptance	  (1.5	  x	  10-‐6)
Pγ	  :	  Probability	  of	  γ	  from	  π	  (3.5x10-‐5)
A	  :	  detector	  acceptance	  (0.18)

BR=10-‐16,	  Nbg	  ~	  0.1	  à	  

Ex>nc>on	  factor	  <	  10-‐9

1-2μs



COMET Final Configuration
• Pion Collection

• Collect low momentum 
(backward) pions

• Muon Transport

• Momentum selection using a 
curved solenoid

• Large acceptance

• Charge separation using a 
beam blocker

• Electron Spectrometer

• Momentum selection

• Detector in vacuum to suppress 
multiple scattering effect

Proton Beam

Pion production 
targetMuon stopping 

target

Electron 
Spectrometer

Pion collection
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COMET Beam Line
• Proposal of high-p  and COMET 

beam line construction

• share the upstream

• branch from A-line; beam 
stealer for high-p, bending 
magnet for COMET

• COMET branch from high-p 
line

• no simultaneous usage of 
two beam lines

• Switching dipole magnet 
is enough

• COMET needs 8 GeV, 7μA 
(56kW) beam

Beam line plan at southern area 

with COMET 
beam line

K. Tanaka Jan/12 PAC Meeting

Newly Fabricated Crystals
• Self-support bent 

crystal is NOT 
obvious.

• We have tried 
“plastic bending” of 
10mm length and 5 
degree bending.

• To be tested by the 
proton beam at J- 
PARC!

September 23, 2011 21



COMET Phase I



EoI
An Expression of Interest for

Phase-I of the COMET Experiment at J-PARC

We hereby express our interest to stage the construction of the COherent Muon to Elec-
tron Transition (COMET) experiment that will search for neutrinoless µ−−e− conversions
with a single-event sensitivity of 3×10−17. This sensitivity is a factor of 10,000 better than
achieved by the SINDRUM-2 experiment which has set the world’s best limit for µ−−e−

conversions. The COMET experiment was given stage-1 approval by the J-PARC Program
Advisory Committee in 2009 and is now J-PARC E21.

The proposed J-PARC mid-term plan includes the construction of the COMET beam-
line. This will provide the proton beamline for COMET and part of the muon beamline in
the south area of the J-PARC Hadron Experimental Hall. We consider a staged approach
for COMET as described below. To realise this staged approach we would like to construct
the muon beamline up to the end of the first 90◦ bend in the muon beamline so that a
muon beam can be extracted to the experimental area. We call this “COMET Phase-I”. In
COMET Phase-I, we will

1. make a direct measurement of the proton beam extinction and other potential back-
ground sources for the full COMET experiment, using the actual COMET beamline;
and

2. carry out a search for µ−−e− conversion with a sensitivity better than achieved by
SINDRUM-2.

The direct measurement of potential background sources will be vital for the COMET
experiment. The current background estimates are made by extrapolating existing mea-
surements over four orders of magnitude and uncertainties are therefore difficult to quantify
and are potentially large. However, once the partial muon beamline is completed, realistic
background estimations can be made by direct measurements. Based on these, the final
design of the COMET beamline and detectors will be optimised and uncertainties on the
background estimations minimised. This will significantly enhance the ultimate sensitivity
of the COMET experiment.

The search for µ−−e− conversion with a sensitivity beyond that achieved to date can be
made. The pion contamination in the muon beam at COMET Phase-I will be high due to
the shorter muon beamline. However, since the muon intensity will be the highest in the
world by several orders of magnitude, as for the full COMET experiment, we will be able to
probe beyond the current limit and set the world’s best limit should no signal be observed.
The addition of the full muon beamline in Phase-II will give the ultimate sensitivity for
the COMET experiment. The proposed staged approach will produce valuable scientific
outcomes at each phase and the physics impact of our CLFV search in COMET Phase-I
will be significant.

In summary, we have identified a strong physics case to stage the COMET experiment
that is aligned with the proposed J-PARCmid-term plan for the construction of the COMET
beamline. We will submit a Letter of Intent to stage the COMET experiment, which will
describe the details, to the J-PARC PAC meeting in March 2012.

1



EoI
• Beam study for COMET
• Extinction measurement at the actual 
COMET setup

• Beam particles and momentum distribution 
at the end of the 1st 90 degree bend

• μ-e conversion search at intermediate 
sensitivity: B(μ-+Al→e-+Al)<7.2x10-15 at 90% 
C.L.



COMET Phase-I LoI

• Beam background 
Study

•μ-e conversion 
search

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

5.3. MUON TRANSPORT 75

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

Figure 5.14: Present design of the solenoid channel used in the tracking studies.

5.3.2.2 Dipole fields for drift compensation

To keep the center of the helical trajectories of the muons with reference momentum p0 in
the bending plane, a compensating vertical dipole field should be applied. The magnitude
of the compensating dipole field is given by

Bcomp =
1

qR

p0

2

(
cos θ0 +

1
cos θ0

)
, (5.6)



Beam Background 
Study Plan



Purpose of the study
• Verify pion collection using a solenoid magnet surrounding a 
production target at 8GeV

• Direct measurement of residual dose at the COMET beam line 
with lower beam power ( < 1kW)

• Identify particles contained in the beam and measure their phase 
space to better understand possible background in COMET

• No available data of particle production backward at 8 GeV

• Antiproton and neutron yield

• Current COMET BG is estimated by extrapolating existing data 
by 4 orders of magnitude!

• Cosmic-ray associated and room background in the hall as well



Setup
CoCOMET (or COMETino or COMETChen)

• Measure almost all particles

• Same detector technology used 
in COMET

• SC spectrometer solenoid

• Straw tube transverse 
tracker

• Crystal calorimeter

• Particle ID with dE/dX and E/p

• anti-p with event shape

• γ direction

Signal'readout'&�
Voltage'supply'
feedthru'port�

Vacuum'port�

Sensor'feedthru�

Cryo8cooler�

An:proton'
stopper�

Muon%Transport%Solenoid�

Spectrometer%Solenoid�

Crystal'
Calorimeter'
Array�

Strawtube'
Tracker�

Detector'
Vacuum'
Vessel�



• Beam dispersion

• Collimator to reject 
high-p particles

• Positive/negative 
particles contained in 
the beam with wide 
momentum range

Particles and Yield
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Figure 4.3: Momentum distributions of µ− for the case of correction dipole of 0.018 Tesla.
Left figure is before the collimator, and right figure is after the collimator. Shaded region
shows the muons stopped in a muon-stopping target.

4.4.4 Numbers of beam particles

The numbers of different beam particles after the beam collimator are estimated for dif-
ferent magnitude of correction dipole magnetic fields. They are summarized in Table 4.1.

Table 4.1: Number of different beam particles per proton at the end of the first 90◦ bend.

Correction dipole field 0T 0.009 T 0.0135 T 0.0180T

π− 1.1× 10−3 1.4× 10−3 1.5× 10−3 1.7× 10−3

µ− 0.005 0.005 0.005 0.005
π+ 7.2× 10−4 5.0× 10−4 4.2× 10−4 4.2× 10−4

µ+ 0.002 0.002 0.002 0.002
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4.4.1 Dispersion dstribution

After the end of first 90◦ solenoid bend, the beam becomes dispersive. This momen-
tum dispersion is very important and useful for eliminating high energy muons above 75
MeV/c, which would otherwise contribute to background events by their decay in flight.
At the same time, it is useful to eliminate positive charged beam particles. Figure 4.2
shows histograms of vertical position (y) vs. momentum (namely, dispersion) before the
beam collimator for different correction dipole fields. It is noted that there are two num-
bers of magnetic fields, of which the first and second numbers are the correction dipole
field of the first 90◦ bend and the second 90◦ bend respectively. For COMET Phase-I,
only the first number is relevant. After some comparison, a correction dipole field of 0.018
Tesla seems better.
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Figure 4.2: Dispersion of negative muons (momentum vs. vertical (y) position) at the
end of the first 90◦ bend.

4.4.2 Momentum distribution

Figure 4.3 shows the distributions of muon momenta before and after the beam collimator
at the end of the first 90◦ bend. The region shaded in read is the muons stopped in a
muon-stopping target.

4.4.3 Time distribution

Figure 4.4 shows the time distributions of different charged particles in the muon beam,
such as µ−s, π−s, and e−s at the first 90◦ bend, just before the beam collimator, and after
the beam collimator. The width is determined by different helical pitches of the muon
trajectories. The time distribution of electrons is very sharp earlier in the pulse though
with a small tail throughout the rest of the time.
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Muons and pions are transported to the muon stopping target through the muon
beam line, which consists of curved and straight superconducting solenoid magnets. The
requirements for the muon beam line section are:

• the muon beam line should be long enough for low-energy pions to decay to muons,

• the muon beam line should have high transport efficiency for muons with a momen-
tum of 40 MeV/c,

• the muon beam line should select low momentum negative muons and eliminate
high momentum (pµ > 75 MeV/c) muon to avoid backgrounds from muon decays
in flight.

At COMET Phase-I, we intend to construct the muon beam line at least up to the
end of the first 90◦ bending section so that the muon beam can be extended beyond the
concrete radiation shielding. It would be desirable to extend the muon beam line further
if additional funds are available.

4.2.1 Beam optics of curved solenoids

Charge and momentum selection of beam particles can be performed using curved
(toroidal) solenoids, which introduce dispersion into the beam. It is known that in a
curved solenoid, the center of the helical trajectory of a charged particle drifts in a di-
rection that is perpendicular to plane containing the curved solenoid. The magnitude of
drift (D[m]) is given by

D =
1

qB

( s

R

) p2L + 1
2p

2
T

pL
, (4.1)

=
1

qB

( s

R

) p

2

(
cos θ +

1

cos θ

)
, (4.2)

where q is the electric charge of the particle (including its sign), B [T] is the magnetic
field at the axis, and s [m] and R [m] are the path length and the radius of curvature
of the curved solenoid, respectively. Here, s/R(= θbend) is the bending angle θbend and
D is proportional to θbend, and pL and pT [GeV/c] are the longitudinal and transverse
momenta, respectively. The pitch angle of the helical trajectory is represented by θ.
Charged particles with opposite signs drift in opposite directions. This can be used for
charge and momentum selection if a suitable collimator is placed after the curved solenoid.

An additional vertical dipole field can be applied in order to maintain along the
solenoidal axis the centers of the helical trajectories of the muons that have a specific
momentum p0. The magnitude of this compensating dipole field is given by

Bcomp =
1

qR

p0
2

(
cos θ0 +

1

cos θ0

)
, (4.3)

where the trajectories of negatively charged particles with momentum p0 and pitch angle
θ0 are corrected to be on-axis.
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Figure 4.2: Dispersion of negative muons (momentum vs. vertical (Y ) position) at the
end of the first 90◦ bend.
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Figure 4.3: Momentum distributions of µ− for the case of correction dipole field of 0.018
T. The left and right figures are for the distributions before and after the collimator,
respectively. The shaded region shows the muons stopped in a muon-stopping target.

4.5 Beam at the Muon Stopping Target

Since the magnetic field at the detector (of 1 Tesla) is smaller than that at the muon
beamline, the beam would spread when it enters the detector. The beam collimator is
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Beam Requirement
• Continuous (not pulsed) SX beam

• 0.00001kW - 0.1kW beam power for approximately 3 
cycles (approx. 3 months)

• precise estimation in future

• 8GeV beam extraction is necessary for beam study

• conditioning can be done at 30GeV as long as the beam 
power is small enough not to produce significant 
residual dose around the target

• Requesting to the accelerator group for 8GeV beam 
extraction study before 2016



J-PARC Proton Acceleration for COMET

• RCS: h=2 with one empty bucket
• MR:h=9 with 6(5) empty buckets
• Bunched slow extraction

– Slow extraction with RF cavity ON

Realization of an empty bucket in 
RCS by using the chopper in Linac

•Simple solution

•No need of hardware 
modification

•Heavier heat load in the scraper

•Possible leakage of chopped 
beam in empty buckets



















µ











MR Injection for COMET
• Preliminary measurement shows 10-7 
extinction factor

• Most probably caused by chopper 
inefficiency

• Particles must remain in empty buckets at 
beam injection to MR

• Once accelerated, difficult to remove

• Remove remaining particles in empty buckets 
at beam injection to MR

別案: 適当な命名「miss-kick」
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Fig. 1: 「miss-kick」の概要。

• RCS からは、「前 1バンチ」で
入射する

• 入射キッカーは、2バンチがま
ともに入射できるタイミングよ
り 598 ns 前でファイヤする
– RCS LLRF から送られるト
リガーにかけるディレイを
前にしてやればよい

• MR LLRF SYC モジュールの
ディレイ列の設定は、通常の 8

バンチの時と同じでよい
• K1–K3 で、3バンチ入射可能
• K1 で入射失敗で絶滅している
はずの空きバケツは、K2 の入
射の時にもう一度けとばされま
す (1,3,5,7 に入れるつもり
の時)
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①　Double injection kicking ②　Early injection kicking



Impulse	  Current	  WF

1 2 3 4 5 6 7 85 6 7 8

(T=120msec)

Rise	  >me：350nsec	  (0-‐99%)

　à Need	  to	  reduce	  floa>ng	  capacitance

フラットトップ	  	  à 1.2µsecで安定

1 2 3 4 5 6 7

	  	  	  	  	  	  	  R=9.7Ω	  (運転開始時)

	  	  	  	  	  	  	  R=9.4Ω	  (最適化後)

①Power	  Supply/Cable

②Impedance	  mismatch	  at	  high	  frequency	  region

③Register	  mismatch

Sugimoto	  J-‐PARC	  Acc



μ-e conversion search
in COMET Phase-I



COMET Phase-I Goal
• As an intermediate goal of the COMET 
experiment

• gain experience to reach the final goal
• 7x10-15 sensitivity (90% C.L. upper limit)
• better than the current limit by SINDRUM-II 
(7x10-13) and compatible to MEG sensitivity

• Involve more collaborators



Proposed Setup

• Cylindrical detector

• Transverse tracker 
detector Signal'readout'&�

Voltage'supply'
feedthru'port�

Vacuum'port�

Sensor'feedthru�

Cryo8cooler�

An:proton'
stopper�

Spectrometer)Solenoid�

Crystal'
Calorimeter'
Array�

Strawtube'
Tracker�

Detector'
Vacuum'
Vessel�

Muon)Transport)Solenoid�

collimator�



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



Beam Simulation
• MARS(production) & g4beamline (simulation) 

•  Tosca (B field)
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Figure 4.6: Profile of negative muons before and after the beam collimator.
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Figure 4.7: Profile of negative pions before and after the beam collimator.

the muon stopped is about 0.5. The numbers of particles coming to the muon stopping
target (after the beam collimator) are summarized in Table 4.1.
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Figure 4.7: Profile of negative pions before and after the beam collimator.

the muon stopped is about 0.5. The numbers of particles coming to the muon stopping
target (after the beam collimator) are summarized in Table 4.1.
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Figure 4.7: Profile of negative pions before and after the beam collimator.

the muon stopped is about 0.5. The numbers of particles coming to the muon stopping
target (after the beam collimator) are summarized in Table 4.1.
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Figure 4.7: Profile of negative pions before and after the beam collimator.

the muon stopped is about 0.5. The numbers of particles coming to the muon stopping
target (after the beam collimator) are summarized in Table 4.1.
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Figure 4.8: Momentum distribution of muons coming to the muon stopping target. The
spectrum in red is a fraction of muons stopped in the muon stopping target.

Table 4.1: Numbers of different beam particles per proton at the muon stopping target.

µ− π−

all stopped Pµ > 75 MeV/c all
0.0066 0.0023 5.7× 10−4 6.9× 10−5

μ- on the target
stopped

 stop μ
high-p μ

π
0 0.6 1.2 1.8 2.4 3

# of particles / proton (x10-3)

0.23% stop μ/
proton



Expected Performance
• Detector hit rate

• Proton emission after muon 
capture

• peak at 70MeV/c and 
extends to > 200MeV/c

• 15% of muon capture (for 
Si, no data for Al)

• Trigger counter as a proton 
absorber

• DIO e-

• e+e- from high-E γ conversion

• Momentum resolution
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Figure 5.3: Energy spectrum of protons emitted from nuclear muon capture on Si.

done with three different thickness of trigger counters, namely 0 mm, 5 mm, and 7.5 mm.
It is also noted that some large fraction of protons stop in the muon-stopping target made
of aluminum. Figure 5.4 shows a proton momentum spectrum generated (larger than 50
MeV/c) in the simulation study, and regions in red show protons reaching the first layer.
The results are shown in Table 5.3, where the proton emission rate of 0.15 per muon
capture is assumed.

Table 5.3: Total numbers of hits in the first layer by protons emitted from muon capture
for different trigger counter thickness. 100 k proton events were generated.

trigger counter thickness 0 mm 5 mm 7.5 mm

number of 1 hit events 2467 87 28
number of 2 hit events 73 8 1
number of 3 hit events 9 0 0

number of 4 hit events 1 0 0

sum of hits 2644 103 30
hits per proton emission 2.6 % 0.1 % 0.03 %
hits per muon capture∗ 3.9× 10−3 1.5× 10−4 4.5× 10−5

∗ 15 % protons per muon capture is assumed.

If we assume the number of muons stopped in the muon-stopping target is 5.8×109/s,
the number of muon capture on aluminum is about 3.5× 109/s since the fraction of muon
capture in aluminum is fcap = 0.61. Therefore the total number of hits in all the cells
in the first layer is estimated to be 5.3 × 105/s (= (1.5 × 10−4) × (3.5 × 109)) for the
case of a trigger counter of 5 mm thickness. The total number of cells in the first layer

μ-+N→N’+p+νμ

Kinetic Energy 

CHAPTER 5. DETECTOR 43

(a) MeV/c
0 50 100 150 200 250 300

1

10

210

310

All Events (Entries 100000)

Hitting Innermost Layer (Entries 2550)

Proton Emission after Muon Capture

(b) MeV/c
0 50 100 150 200 250 300

1

10

210

310

All Events (Entries 100000)

Hitting Innermost Layer (Entries 95)

Proton Emission after Muon Capture

(c) MeV/c
0 50 100 150 200 250 300

1

10

210

310

All Events (Entries 100000)

Hitting Innermost Layer (Entries 29)

Proton Emission after Muon Capture

Figure 5.4: Proton momentum spectra generated in simulation studies. The region in
red shows the protons reaching the drift chamber after penetrating through the trigger
counter: (a) no trigger counter, (b) a 5-mm thick absorber, (c) a 7.5-mm thick absorber.

of the drift chamber will be about 345. Therefore, the hit rate per drift chamber wire
will be about 1.5 kHz. This rate is well below the limit of stable operation region of a
gas detector. And since the rate of proton emission follows a muon lifetime in a muonic
atom, this single rate becomes lower in the time window of the measurement. And this
can work as a trigger counter as well.

5.4.5 Requirement of momentum resolutions

Momentum resolution of the drift chamber is critical to discriminate the µ−−e− conversion
signals from electrons from DIO. The end point of the DIO spectrum approaches the
energy of the µ−−e− conversion signal, although it falls off quickly, being proportional
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Figure 5.8: Reconstructed momentum distribution for 105 MeV/c electrons (a) no ab-
sorber, (b) 5 mm trigger counter, and (c) 7.5 mm trigger counter.

5.5 Transverse Tracker Detector for µ−−e− Conver-
sion Search

This option re-utilizes the setup for background measurement shown in Figure 5.1. A
cylindrical muon-stopping target composed of 11 aluminum disks with 5 cm spacing is
located near the exit of the muon transport solenoid. Muons that are not stopped in the
target and high momentum electrons emitted from muon decay in flight are prevented
from entering the detector by a beam blocker located behind the target. Two wedges to
stop the high momentum protons emitted after muon capture are located between the
target and detector. Those are fixed on the inner surface of the spectrometer magnet. The
tracker is composed of 5 layers of straw tube trackers followed by a crystal calorimeter to
measure the electron energy. The calorimeter is expected also to provide a timing signal
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Figure 5.8: Reconstructed momentum distribution for 105 MeV/c electrons (a) no ab-
sorber, (b) 5 mm trigger counter, and (c) 7.5 mm trigger counter.

5.5 Transverse Tracker Detector for µ−−e− Conver-
sion Search

This option re-utilizes the setup for background measurement shown in Figure 5.1. A
cylindrical muon-stopping target composed of 11 aluminum disks with 5 cm spacing is
located near the exit of the muon transport solenoid. Muons that are not stopped in the
target and high momentum electrons emitted from muon decay in flight are prevented
from entering the detector by a beam blocker located behind the target. Two wedges to
stop the high momentum protons emitted after muon capture are located between the
target and detector. Those are fixed on the inner surface of the spectrometer magnet. The
tracker is composed of 5 layers of straw tube trackers followed by a crystal calorimeter to
measure the electron energy. The calorimeter is expected also to provide a timing signal

Signal Electron 105MeV/c
no absorber 5mm absorber
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Figure 5.6: Event displays of the cylindrical detector. A view from 45 degree (top) and
a side view (bottom). A typical track is shown. The green section shows layers of drift
chambers. The brown section shows superconducting magnet coil. The blue line shows a
reconstructed track of a 105 MeV/c electron.

Entries  53461
Mean   0.00355
RMS     0.676

MeV/c
-5 -4 -3 -2 -1 0 1 2 3 4 50

500

1000

1500

2000

2500

3000

3500
Entries  53461
Mean   0.00355
RMS     0.676

Residual of Fitted Momentum

Figure 5.7: Intrinsic momentum resolution of the drift chamber.

low-energy tail and broaden the core peak width owing to energy straggling. Figure 5.8
shows the reconstructed momentum resolutions for (a) no trigger counter, (b) with a 5
mm thick trigger counter, and (c) with a 7.5 mm thick trigger counter. The distribution of
reconstructed momentum is important to discriminate the µ−−e− conversion events from
the electrons from DIO. The capability of discrimination will be discussed in Chapter 6.
However, the obtained distribution indicates a search sensitivity of less than 10−14.

2 MeV/c 2.4 MeV/c

530kHz in the 1st layer of 
DC (530k/345=1.5kHz/ch)
for 5.8x109 muon stops
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Sensitivity and BG
• 8GeV, 3.2kW proton beam 

• 2.5x1012 proton/sec

• 12 days (106 sec) running time

• Single event sensitivity

• B(μ-+Al→e-+Al) = 3.1x10-15

• Upper limit at 90% C.L.

• B(μ-+Al→e-+Al) < 7.2x10-15
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Figure 6.2: Distributions of reconstructed µ−−e− conversion signals and reconstructed
DIO events for the case of trigger counter of 5 mm thickness. 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 101.9 MeV/c is used in this
report.

Table 6.1: Momentum cut values and their efficiencies for different thickness of trigger
counters. The net efficiency below is the product of the geometrical acceptance and the
efficiency of the momentum cut.

trigger geometrical momentum momentum net
counter & tracking threshold cut efficiency

no 41 % Pe > 103.5 MeV/c 70 % 29 %
5 mm 40 % Pe >101.9 MeV/c 66 % 26 %
7.5 mm 38 % Pe > 100.4 MeV/c 55 % 21 %

6.2.2 Signal sensitivity for cylindrical detector

The single event sensitivity is given by

B(µ− +Al → e− +Al) =
1

N stop
µ · fcap · Aµ-e

, (6.1)

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

muon capture and Aµ-e = 0.09 is the signal acceptance. The fraction of muon capture for
aluminum is fcap = 0.61.

By assuming a proton beam of 8 GeV with 0.4 µA, a total beam power is about

CHAPTER 6. SIGNAL SENSITIVITY AND BACKGROUNDS 55

Table 6.4: Summary of estimated background events for a single-event sensitivity of
3× 10−15 with a proton extinction factor of 10−9

Background estimated events
Muon decay in orbit 0.05
Radiative muon capture < 0.001
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Radiative pion capture 0.024
Beam electrons < 01
Muon decay in flight 0.0004
Pion decay in flight < 0.0001
Neutron induced background 0.024
Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Cosmic ray muons 0.0001
Electrons from cosmic ray muons 0.0001
Total 0.11

COMET of 2 × 107 sec. Therefore, the estimated background events are about a factor
of 20 less than that of the full COMET experiment.

6.3.5 Summary of background estimations

Table 6.4 shows a summary of the estimated backgrounds. The total estimated back-
ground is about 0.11 events for a single event sensitivity of 3.1 × 10−15 with a proton
extinction factor of 10−9. If the proton extinction factor is increased, the expected back-
ground events are further reduced.

supposing  beam extinction factor of 10-9 

Selection Value Comments
Geometrical Acc 0.53 tracking eff. included
momentum 0.50 pe>101.9MeV/c
Timing 0.39 same as COMET

Trigger and DAQ 0.9 same as COMET
Total 0.09
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Transverse Tracking 
Detector

• Reuse the detector for beam study

• Beam collimator

• Beam blocker

• High-p wedges

• proton degrader

• Signal electron momentum spread 200MeV/
c (FWHM)

• Geometrical acceptance smaller than the cylindrical 
detector: 22.5% and more beam related background

• lower sensitivity

• 80 kHz/ch detector hit rate in the 1st layer expected 
for 5x109 muon stops/sec

• Momentum resolution expected as good as COMET 
(1% in sigma)

• Sensitivity and BG calculation in progress
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Detector R&D
• Muon profile monitor

• Straw tube tracker

• Electron calorimeter

Straws are handled and  
transported under pressure 

Straws are handled and  
transported under pressure 

Straws are handled and  
transported under pressure 

Calorimeter electronics group Calorimeter simulation group



Facilities
• Building construction 

in 2013-2015

• High-p beam line 
installation in 2015 
followed by COMET 
beam line installation 
in 2016

• Detector installation 
can be started when 
the building 
construction 
completes
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Cost Estimate
• Based on

• KEK facility department cost estimate

• Toshiba design

• Budget request 20 Oku JPY includes building, 
beam line, magnet (up to 1st 90o bend)

• Expect support from J-PARC project budget

• Detector construction by the experiment 
group by external funding

CHAPTER 8. COST AND SCHEDULE 63

Table 8.1: Cost estimate for COMET Phase-I in Oku (= 108) Japanese yen. Additional
funding is required to upgrade to the final COMET Phase-II configuration.

Budget KEK External Optional Future Comments
request internal funding funding

Building 8.0
Beam 1.0 0.5
dump
SC 8.0 to first 90o bend
magnet 20.0 remaining beam line

W shield 2.0 for higher power
Power 2.0 if purchased
supply 0.5 installation

2.5 for upgrade
refrig- 2.0 if constructed
erator 0.5 installation

Beam magnet 0.5 installation
line 5.0 for higher power

piping 0.3 0.3
cabling 0.6 0.6
vacuum 0.6 0.6

Radiation NP-hall 1.5 for 3 kW operation
shielding 6.5 for high power
Safety 0.5
π target 0.8 experimental group
Detector magnet 0.5 0.5 for Phase-I

µ target 0.1 experimental group
µ monitor 1.5 experimental group
tracker 1.1 experimental group
ECAL 1.6 experimental group
CR veto 5.7 experimental group
DAQ 0.5 experimental group

Total 20.0 4.5 11.8 4.0 36.0 72.3+4.0

1 Oku JPY = 1 M €

Budget request 20 Oku

J-PARC project budget 4.5 Oku
experiment group 11.8 Oku

Building 9.5 Oku

Magnet 9 Oku

Beam Line 6.3 Oku

Detector 11.5 Oku



COMET Phase-I
Proto-collaboration

• 107 collaborators
• 25 institutes
• 11 countries
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Summary
• COMET Staging Plan

• Phase-I

• Experimental area and beam line construction up to the end of the 
1st 90 degree bend

• Beam background study with an actual setup

• better understanding of background

• μ-e conversion search with an intermediate sensitivity

• step to the final goal 10-16

• Sensitivity of 7x10-15 (90% C.L. upper limit) foreseen

• Start running 2016 (if funding starts in 2013)

• Phase-II

• Beam line upgrade/Spectrometer upgrade/50kW accelerator power
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High-p Suppression

• A center of helical trajectory of 
charged particles in a curved 
solenoidal field is drifted by 

– This effect can be used for charge and 
momentum selection.

• This drift can be compensated by 
an auxiliary field parallel to the 
drift direction

δp/δx	  =	  1	  MeV/c/cm



Extinction Measurement Result
• Normal beam injection to MR

• Integration over 20 minutes

• Extinction level at (5.4±0.6)×10-7


