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The μ-e Conversion

• A charged lepton flavour violation (CLFV) 
• Strongly suppressed in the SM, <10-50 
⇔NP predict the larger conversion rate up to 

10-14 “clear sign of new physics” 
• Simple kinematics; Eμe=Mµ-EB-Erecoil~105MeV 
• Current limit; 7×10-13 by SINDRUM-II (2006) 
• COMET aims ×100(10,000) better sensitivity 

in Phase-I (Phase-II)
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Requirements
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• Statistics 
• >1017 of stopping muons ☞ Powerful beam @J-

PARC 
• Background reduction 

• Decay In Orbit (DIO) ☞ Momentum resolution 
better than 200keV/c in σ 

• Beam related BG ☞ High purity pulsed beam 
• Cosmic-ray BG ☞ Veto detector 

• High rate environment 
• Fast response and signal discrimination
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FIG. 3. Electron spectrum for aluminum. Left plot: linear scale; right plot: logarithmic scale.

discussed in the next Section). Note that, in order to obtain a better fit for the whole Ee > 85 MeV 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 = 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

1

Γ0

ˆ Eµe

0

dΓ

dEe
dEe = 0.9934, (28)

in agreement with Ref. [14]. Nuclear-recoil effects are negligible in the total rate. Also note, the integrated ordinary
muon decay rate is hardly affected by the presence of the Coulomb potential, in accord with the general results in
[20, 21].
Since the Mu2e Collaboration also considers titanium (Ti, Z = 22) as a viable target [6], we give the polynomial,

P (Ti)(Ee), that fits the result for the electron spectrum in titanium (normalized to the free decay rate) for energies
Ee > 85MeV,

P (Ti)(Ee) ≡ a(Ti)
5 δ5(Ti) + a(Ti)

6 δ6(Ti) + a(Ti)
7 δ7(Ti) + a(Ti)

8 δ8(Ti), (29)

with

a(Ti)
5 = 4.44278× 10−16, a(Ti)

6 = 9.06648× 10−17, a(Ti)
7 = −4.26245× 10−18, a(Ti)

8 = 8.193× 10−19, (30)

the energies expressed in MeV,

δ(Ti) = Eµ − Ee −
E2

e

2mTi

, (31)

and for titanium Eµ = 104.394MeV.

IV. DISCUSSION

As expected, the results in Figure 1 show that nuclear-recoil effects are only important close to the high-energy
endpoint of the spectrum. The corrections to the approximation of the recoil energy that we have used in Eq. (15)
are of order Ee(Eµ − Ee)/(2mN ) (while Ref. [15] seems to wrongly estimate this correction as being smaller ∼
(Eµ − Ee)

2 /(2mN)). For electron energies around 85MeV, Eq. (15) is still a good approximation to the recoil energy
while the effect of recoil in the spectrum is very small. When the corrections to the approximation in Eq. (15) become
order one, the recoil effects on the spectrum are negligible. Therefore we conclude that, as anticipated in Sec. II A,
inclusion of recoil effects beyond the approximation considered here is unnecessary.
As already noted in Ref. [15], the Schrödinger wave function for the muon is not a good approximation near the

endpoint. In that region, one needs to produce an electron with Ee ∼ |p⃗e| ∼ mµ. This implies that, either the
muon has |p⃗µ| ∼ mµ (i.e., it is at the tail of the wavefunction) or (if the muon has the typical atomic non-relativistic
momentum, of order the inverse Bohr radius) the electron must interact with the nucleus to get |p⃗e| ∼ mµ. Those
two contributions are of the same order in α, which means that we cannot treat the muon within a non-relativistic

Muon Decay In Orbit Spectrum (A. Czarnecki et.al.)
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Choice of Detectors
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The COMET Experiment
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Muon Stopping Target

Proton Beam

• C-shape transport solenoid to suppress 
beam BG 

• Curved Electron spectrometer to suppress 
DIO+beam BG 

• Straw+ECAL (StrECAL) Detectors all in 
Vacuum (almost full 2π coverage)

Detector Solenoid ~1T

Electron Spectrometer ~1T

Production Target + Pion Capture Solenoid ~5T

Muon Transport Solenoid ~3T

π- → μ-

e-

8GeV, 54kW Proton Beam
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COMET Phase-I
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8GeV, 3.2kW Proton Beam • Quick realisation to achieve ×100 better sensitivity 
than the current upper limit 

• First 90° of transport solenoid 
• Using a set of Cylindrical Detectors (CyDet), to 

avoid the direct muon beam 
• Direct beam profile measurement using StrECAL 

prototype



Detectors
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CyDet
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μ-

e-

17 Stopping target disks, 0.2mT Al

Cylindrical Drift Chamber (CDC)

Cylindrical Trigger Hodoscope (CTH)

1.6m
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CDC (1/2)

• Main tracking detector for the Phase-I physics 
measurement 

• He:iC4H10=90:10 based on the MC&prototype studies 
• All stereo wires to measure the 3D momentum 
• 18 layers (+2 guard layers), ~5k sensitive wires 

• Sense: Au plated W, 25µmφ, Field: Al 126µmφ 
• A 0.5mmT CFRP inner wall to reduce the proton BG
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Actual CDC constructed and being 
tested @KEK Fuji building
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CDC (2/2)

• Detector has been constructed and being 
tested using cosmic-rays @KEK Tsukuba 

• Detector shows excellent stability after 
the construction >2-y ago 

• Spatial resolution of 165µm has been 
confirmed 

• Almost ready to transport to J-PARC
�10

Performance tests
‣ CDC performance tests using cosmic rays are being carried out 

with step-by-step upgrade of readout & surrounding systems as 
well as analysis scheme. 

‣ We have obtained spacial resolution of 170 µm & efficiency of 95% 
so far. 

‣ The performance tests will be continued in this year to precisely 
investigate whole region of the CDC. 

!9

7.1.7 Results from Cosmic-ray Tests

A performance evaluation test using cosmic rays started in summer 2016 after the completion
of the CDC. Stable operation of the CDC is achieved with He:i-C4H10 (90:10) gas mixture and
with applied high voltage up to 1850 V. Figure 7.46 shows typical event displays where a clear
cosmic-ray track can be drawn. From the deviation of drift distance from the distance of closest
approach between a hit wire and a reconstructed track, a residual distribution is obtained in
Figure 7.47(a). A position resolution is derived to be 170 µm including a tracking uncertainty.
Hit e�ciency is defined as a fraction of hit events which have the residual within ±3‡ to total
reconstructed tracks. The hit e�ciency increases with the applied high voltage as shown in
Figure 7.47(b), and comes up to 95% at 1850 V.
The cosmic-ray test is ongoing as of the end of 2017 with step-by-step upgrade. The preliminary
results obtained so far demonstrate a good performance as expected. Detailed analysis results
will be reported in a separate paper.
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Figure 7.46: (a) Typical event display of CDC cosmic-ray test. (b) Zoom view of the event display.
Hit wires are marked with red circles whose radii correspond to the drift lengths.
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ਤ 4.19: ෼෍ͷΨ΢εϑΟοςΟϯάࠩ࢒
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2 + �track

2 (4.10)

ʹै͏ɻຊ࣭తҐஔ෼ղೳ �spatialͷ 2৐ͱඈ੻ߏ࠶੒ͷࠩޡ �track ͷ 2৐ͷ࿨ͷฏํ͕ࠜɺࠩ࢒
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Figure 7.47: (a) Residual distribution for the layer-10 at 1825 V. The distribution is fitted with a
Gaussian. (b) Hit e�ciency for applied high voltages.
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An example of cosmic-ray event

Total Accumulated Charge [mC/cm]
0 10 20 30 40 50

G
ai

n 
D

eg
ra

da
tio

n

0.8

0.85

0.9

0.95

1

1.05

Sense Wire Ageing Test with He:iso-butane (90:10)

Gain A / Gain B

Fitted Line

Sense Wire Ageing Test with He:iso-butane (90:10)

Fig. 35: The first result of ageing test with He:i-C4H10 (90:10). The black points indicate the gain drop as ratio of the

measured gain against the gain not-aged area (Side B). The red line shows the fitted result with the data. The best fit value

of the gradient is −0.00132, corresponding to the gain drop of 0.13%/mC/cm.

tracking uncertainty. Hit efficiency, defined as the fraction of hits which have a residual within ±3σ

of the reconstructed tracks, increases with the applied high voltage as shown in Fig. 37 (b), and comes

up to 95% at 1850 V.
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Fig. 36: (a) Typical event display in cosmic-ray tests. (b) Residual distribution for the layer-10 at 1825 V. The distribution is

fitted with a Gaussian.
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σx ~165µm
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CTH

• Determine the primary trigger and precise T0 value 
within the 1ns precision 

• 64 or 48 plastic scintillators/acrylic Čerenkov radiators 
cylindrically aligned both upstream/downstream 

• A Čerenkov layer reject all low-β particles (<0.65) 
• Use the magnetic field tolerable fine-mesh PMTs 
• 4-fold coincidence strongly suppresses the accidental 

pileups 
• Final detector design is almost fixed

�11

signal e-

BG proton

BG γ

CTH Prototype

Fig. 41: Detection time difference between the Cherenkov detector and the scintillator.

CTH trigger rates. A CyDet trigger is made by a four-fold coincidence of two adjacent CTH pairs

of a scintillation and a Cherenkov counter. An example event is shown in Fig. 39. The trigger rate was

estimated with a trigger coincidence window set at 10 ns and the time window of measurement either

from 500 ns to 1170 ns or 700 ns to 1170 ns, as described in Section 10.1. The major background

sources for fake trigger signals come from photon conversion in or near the CTH, with most photons

coming from bremsstrahlung from Michel electrons produced in muon decay at rest in the stopping

target. To reduce the fake trigger signals additional lead (Pb) shielding, about 16 mm thick, is required

beneath the CTH. With this shielding, trigger rates of 26 kHz and 19 kHz are estimated for the time

window of measurement from 500 ns and 700 ns respectively. These rates are the sum of the separate

upstream and downstream CTH rates. As these trigger rates result in a rather high data rate, an online

trigger selection using the CDC hit information will be implemented; this is discussed further in

Section 8.1.

CTH hit rates. The effects of this beam flash in the CTH have been examined experimentally. It

was found that the gain of the CTH scintillator counter and of the CTH Cherenkov counter begin to

degrade if the beam flash is greater than 25 MIPs for the scintillator and 120 MIPs for the Cherenkov

respectively. The test results are summarised in Fig. 42. From the simulations, the average beam

flashes are less than these limits and it is concluded that the effect of beam flash will not cause any

loss. 45

45 FiXme: How about protons/ions entering the scintillator? Wouldn’t they produce 25x MIP light? - answer
: the 16 mm lead shielding and its supporting structure blocks the highly ionizing particles entering from the
central region (i.e. beam flash).

48/115

σt ~ 0.8ns

Scintillator: ELJEN EJ-230 
Čerenkov radiator: Acrylic plastic 
PMT: Hamamatsu H8403-70
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StrECAL

�12

A series of straw tube trackers (StrawTrk)

~1m

Electron Calorimeter (ECAL)

e-
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StrawTrk (1/3)

�13

signal lines

HV lines

front-end boards

gas inlet

gas outlet

gas manifold

A station of straw tracker

All Straw tubes manufactured 
for Phase-I

Full-scale StrawTrk Prototype

• Main tracker for Phase-I beam measurement & 
Phase-II physics run 

• Ultra thin straw-tube chambers operational in Vacuum 
• 20µmT/10mmφ for Phase-I 
• 12µmT/5mmφ for Phase-II 
• Ar:C2H5=50:50 
• Each “station” consists of 240(~500) straws ×2, 

5(>6) stations for Phase-I (Phase-II) 
• Large prototype was constructed to evaluate the 

detector performance and to finalise the design
Vacuum test for the 
full-scale prototype
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StrawTrk (2/3)

• Vacuum tightness has been proven down to 0.1Pa 
• Spatial resolution better than 150µm has been confirmed 

with the StrawTrk Phase-I full-scale prototype 
• Detector design has been fixed based on these studies 

• Construction of Phase-I StrawTrk will start soon
�14
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Fig. 59: Residual distribution for Ar:C2H6(50:50) gas mixture at HV = 1900 V.
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Fig. 60: Incident position dependence of the obtained spatial resolution, gas mixture = Ar:C2H6(50:50), HV = 2000 V. (Left)

Data, (Right) Garfield++ simulation

good position information. The ECAL will consist of crystal modules which have a 2×2 cm2 cross-

section and whose length is 12 cm corresponding to 10.5 radiation length. The ECAL covers the

cross-section of the 50-cm radius detector region and 1,920 crystals are needed.

69 FiXme: need references of data in this table (Characteristics of inorganic scintillator crystals) - References
are added.
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Fig. 60: Incident position dependence of the obtained spatial resolution, gas mixture = Ar:C2H6(50:50), HV = 2000 V. (Left)

Data, (Right) Garfield++ simulation

good position information. The ECAL will consist of crystal modules which have a 2×2 cm2 cross-

section and whose length is 12 cm corresponding to 10.5 radiation length. The ECAL covers the

cross-section of the 50-cm radius detector region and 1,920 crystals are needed.

69 FiXme: need references of data in this table (Characteristics of inorganic scintillator crystals) - References
are added.
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StrawTrk (3/3)

• Phase-II straw tube is under development in parallel 
• Succeeded to manufacture 12µm thick/ 5mmφ straw tubes 
• Achieve the vacuum tightness against 4 bar pressure 
• Further studies are ongoing

�15

12 µm 5 mm straw tubes R&D

12 mµ thickness straw tubes
6-10 mm Diameter
length 1200 mm 12 mµ and 4.8 mm diameter 

straw tubes

3 bar absolute presurization

Prepared samples for testing

12µm/4.8mmφ straw tubes
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ECAL (1/2)
• Measure the energy and timing of particles 
• Provide the trigger signal 
• Located inside the 1T magnetic field &<10Pa vacuum 
• 500-1,000(~2,000) LYSO crystals for Phase-I(Phase-II) 

• Fast time response + high light yield 
• Cost-effective/B-field tolerant APDs (Hamamatsu 

S8664-1010 10×10mm2) to read-out the scintillation light

�16

20mm

20mm

120mm

LYSO Crystal

GSO(Ce) LYSO PWO CsI(pure)
Density (g/cm3) 6.71 7.40 8.3 4.51
Rad. length (cm) 1.38 1.14 0.89 1.89

Moliere radius (cm) 2.23 2.07 2.00 3.57
Decay constant (ns) 600s,56f 40 30s,10f 35s,6f

Wave length (nm) 430 420 425s,420f 420s,310f

LY (NaI(Tl)=100) 3s,30f 83 0.08s,0.29f 3.6s,1.1f
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ECAL (2/2)

• Succeed to operate the ECAL prototype inside the vacuum 
• In the beam test using mono-energetic electron beam, the prototype showed an 

excellent performance that satisfies our requirements 
• σE/E 4%, σx/y <6mm, σt 0.5ns @105MeV e- 
• Scalable to the actual detector ☞ final design for Phase-I has been almost fixed
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A Study of the Performance of the Tracker 
and Calorimeter for the COMET Experiment

���

5タイプのシンボルロゴ

�タイプのシンボルロゴは、それぞれ十分検討したうえでシンボルとロゴを組み合せて

あります。原則として、これ以外のやり方で、シンボルとロゴタイプを組み合わせるこ

とはできません。

シンボルと和文ロゴタイプ、
および英文ロゴタイプを天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと和文ロゴタイプを
左右方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
天地方向に組み合わせたタイプ

シンボルと英文ロゴタイプを
左右方向に組み合わせたタイプ

天地方向の組み合せ 左右方向の組み合せ

和
文
＋
英
文

和
文

英
文

なし

基本要素

Kou Oishi, Kyushu University, Japan, on behalf of the COMET collaboration
CLFV2019 : The 3rd International Conference on Charged Lepton Flavor Violation @ Fukuoka, Japan. 17th-19th June 2019

COMET Experiment

1. Crystal-segmented calorimeter
✦ ~2000 crystals (~1m diameter)

2. LYSO inorganic crystal scintillator
✦ High density (7.1 g/cm3), high light yield (70% NaI), and 

fast decay constant (40 nsec)

3. 10×10 mm2 APD photo sensor
4. Temperature monitor
5. LED calibration source

Performance of ECAL

   April, 2016

COMET&Phase,I

Technical&Design&Report&&
!
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Straw Tube Tracker
Measures momentum w/ σP < 200 keV/c.

ECAL
 (Electron Calorimeter)

Measures energy and time-of-flight.
Triggers readout.

High intensity proton beam @ J-PARC
Phase-I (2022)

Sensitivity of ~ 10−15

Beam measurement programme to 
 investigate profiles of time,  
 momentum, and particle kinds.

Phase-II (202x)
Sensitivity of ~ 10−18

Very low branching ratio in the SM.

In physics beyond the SM,

 A clear signal of new physics
 Decay In Orbit is the most severe BG.
  → Good momentum resolution required

μ-e Conversion
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the DIO electrons is presented in Section 17.2. In this study, the momentum cut of 103.6 MeV/c <
Pe < 106.0 MeV/c, where Pe is the momentum of electron, is determined as shown in Fig. 107 [61].
According to this study, the contamination from DIO electrons of 0.01 events is expected for a single
event sensitivity of the µ−N → e−N conversion of 3.1× 10−15.
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Figure 106: Left: Distributions of the reconstructed µ−N → e−N conversion signals and reconstructed DIO
events. The vertical scale is normalized so that the integrated area of the signal is equal to one event with its
branching ratio of B(µN → eN) = 3.1× 10−15. Right: The integrated fractions of the µ−N → e−N conversion
signals and DIO events as a function of the low side of the integration range and the high side of the integration
range is 106 MeV/c. The momentum window for signals is selected to be fro 103.6 MeV/c to 106 MeV/c so
that the DIO contamination would be 0.01 events.

16.1.4 Time window for signals

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

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

εtime =
Ntime

Nall
, (9)

Ntime =
n∑

i=1

∫ t2+Tsep(i−1)

t1+Tsep(i−1)
N(t)dt, (10)

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

16.1.5 Net Acceptance of signals

it is assumed that the efficiencies of trigger, DAQ, and reconstruction efficacy are about 0.8 for each.
From these, the net acceptance for the µ−N → e−N conversion signal, Aµ-e = 0.043 is obtained. The
breakdown of the acceptance is shown in Table 24.
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B(µ�Al⇥ e�Al) � O(10�15)

B(µ�Al� e�Al) < O(10�54)
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ਤ 4.2: Saint-Gobainࣾ੡ LYSO݁থɻ ਤ 4.3: APD S8664-1010ɻ

LYSO ݁থɺ൓ࣹࡐɺAPDɺLEDɺAPD ൘ɺεϖʔαʔج 1 ͔ͭͣͭΒͳΔɻ·ͨɺॎԣ

2 × 2ͷηάϝϯτݕग़ثͷ૊Λݕग़ثϞδϡʔϧͱݺশ͢Δɻ͜Ε͸ɺηάϝϯτݕग़ث 4

ͭɺԹ౓ܭ 1ͭɺηάϝϯτݕग़ثΛ·ͱΊΔ൓ࣹ͔ࡐΒͳΔɻޙ࠷ʹɺॎԣ 4× 4ͷݕग़ث

Ϟδϡʔϧͷ૊ΛεʔύʔϞδϡʔϧͱݺশ͢Δɻ

ΔͨΊɺਅۭνΣϯόʔ಺ʹઃ͢ڀݚΛ࡞ΕΔਅۭதͰͷಈ͞ٻཁ͍͓ͯʹػ͸ɺ࣮ػ࡞ࢼ

ஔ͢Δɻ͜ͷਅۭνΣϯόʔ಺෦ʹεʔύʔϞδϡʔϧΛઃஔ͢ΔɻϙϦςτϥϑϧΦϩΤν

Ϩϯ (PTFE: Polytetrafluoroethylene)੡ͷ࣏۩ʹΑΓɺεʔύʔϞδϡʔϧΛࠨӈͱ্ํ͔

Βԡ͚͑ͭͯ͞ݻఆ͢Δɻ֤ݕग़ثͷ৴߸͸ϑΟʔυεϧʔج൘Λ௨ͯ͠ɺਅۭνΣϯόʔ

֎ͷલஈ૿෯ثʹೖྗ͢Δɻલஈ૿෯͔ثΒग़ྗ͞ΕΔ৴߸͸ɺ೾هܗ࿥૷ஔΛ༻͍ͯه࿥

͢Δɻ

ҎԼͰ͸֤ύʔπʹ͍ͭͯड़΂Δɻ

LYSO݁থ

ECALʹ༻͍Δ LYSO݁থͱͯ͠ɺSaint-Gobainࣾͱ OXIDEࣾͷ੡඼͕ީิͱͳ͍ͬͯ

Δɻਤ 4.2ʹ Saint-Gobainࣾ੡ͷ LYSO݁থͷࣸਅΛࣔ͢ɻ྆ LYSO݁থͷαΠζ͸ɺ࣮

ͱಉ͡ػ 20 × 20 × 120 mm3 Ͱ͋ΔɻຊڀݚͰ͸྆݁থͷੑೳࠩʹ͍ͭͯධՁͨ͠ɻ͜Ε͸

ୈ 4.2ষʹ͓͍ͯड़΂Δɻ

ثग़ݕޫ

ͱͯ͠ɺ඿দϗτχΫεࣾ੡ثग़ݕޫ APD S8664-1010 [40]Λ࠾༻ͨ͠ɻ͜Ε͸डޫ໘ͷ

αΠζ͕ 10 × 10 mm2 Ͱ͋ΓɺLYSO ݁থͷγϯνϨʔγϣϯޫͷ೾௕ 420 nm ʹରͯ͠

70%Ҏ্ͷޮࢠྔ͍ߴ཰Λ࣋ͭɻ࢖༻ͨ͠ APDͷࣸਅΛਤ 4.3ʹࣔ͢ɻAPDͱ LYSO݁থ

͸ɺ1 mmްͷ Eljen Technologyࣾ੡γϦίϯΫοΩʔ EJ-560 [41]Ͱޫֶతʹ઀ଓ͢Δɻ

APD͸ɺԹ౓ܭͱ LEDͱಉҰͷج൘ (APDج൘)্ʹઃஔ͢ΔɻAPDͷ৴߸͸ɺπΠε

τέʔϒϧʹΑͬͯಡΈग़͢ɻECAL جड़ͷதؒޙͰ͸ɺ͜ͷέʔϒϧΛܭઃظͷॳػ࡞ࢼ

LYSO crystal

ECAL Prototype

Performance @ 105 MeV
Energy Resolution 3.9%
Position Resolution 7.7 mm

Time Resolution 0.53 nsec
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   Different responses of ECAL to e/μ/π were measured @ PSI, 
Switzerland in 2015.
   PID efficiency > 90% is achievable by combining with time-
of-flight (TOF) variable, which is measured by the tracker + ECAL.

ECAL response to e/μ/π PID efficiency evaluated w/ energy(data) + TOF(MC)

Bunched Proton Beam

ECAL Prototype 
& Vacuum Chamber

2×2 Crystals module
wrapped by Al mylar bag
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★ The tracker & ECAL prototypes were tested 
together. (Tohoku Univ. 2017 March)

★ All the detector and electronics worked 
properly.

★ Achieved a vacuum pressure < 1 Pa.
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The position resolution of the straw tube was 
evaluated and achieved the requirement of < 200 μm. 
The gas mixture of Ar:C2H6 showed a better 
performance.
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Figure 11.33: Full-scale prototype; (Left) Partially completed without vacuum wall, (Right) Whole
view of the completed full-scale prototype

2016, with the various momentum electron beam. The setup for the beam test is schemati-
cally shown in Figure 11.34 (Left), and its photo is also shown in Figure 11.34 (Right). Here

Figure 11.34: Test-beam setup; (Left) Schematic view of the setup, (Right) Photo of set up viewing
from the upstream.

“BDC” means the “beam-difining counter” which consists of bidirectional 1-mm-thick scinti-
fibre counters, and “FC” means the “finger counter” which consists of finger-size 1-mm-thick
thin plastic schintillator counters. Trigger signal is made by the coincidence between two FCs
and “TC” (Timing Counter) which consists of high light yield plastic scintillator with the fast
fine-mesh PMT to provide the precise timing measurement. The electron beam momenta is
varied between 50-300 MeV/c.
Figure 11.35 shows the measured detection e�ciency for the gas mixture of Ar/C2H6(50/50) as
a function of applied HV. Straw single e�ciency is measured by counting the number of proper
hits in layer-2 and counting the number of tracks in layer-2 which is reconstructed by the hits
in layer-1 and layer-3. As shown in Figure 11.35 (Left), high enough HV, higher than 1800
V, guarantees the full e�ciency. However, due to the small but finite gap between each straw
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Y. Fujii @ CLFV2016

StrawTracker

• Straw Tube Tracker consists of ~2500 straw tubes
• Main tracker for Phase-I beam measurement / Phase-II 

physics measurement
• Operation in vacuum
• 20/12um thick, 9.8/5mmΦ straw tube for Phase-I/Phase-II
• Gas mixture candidates: Ar:C2H6=50:50, Ar:CO2=70:30
• Complete the mass production of Phase-I straw tube

22

1st straw plane (x1)

2nd straw plane (x2)

3rd straw plane (y1)

4th straw plane (y2)

gas manifold

gas manifold
front-end boards

front-end boards

optical fibre-link
feedthrough

optical fibre-link
feedthrough

anode 
feedthrough

anode 
feedthrough

gas outlet

gas inlet

signal lines

signal lines

Beam

390
1950

15
60

signal lines

HV lines

front-end boards

gas inlet

gas outlet

gas manifold

Phase-I straw tubes Full-scale straw tracker prototype

StrECAL Combined Test

Straw Tracker Prototype
1. Full-scale Phase-I straw tube chamber w/ 20 μm thickness

✦ In Phase-II, more thinner tubes (12 μm) will be used.

2. 16 straw tubes (3 layers) / axis
3. Operated in a vacuum chamber.
4. Two candidate gas mixtures

✦ Ar:C2H6 (50:50) and Ar:CO2 (70:30)

Performance of Straw Tracker
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References • H.Nishiguchi, et al., Development of an extremely thin-wall straw tracker operational in vacuum The COMET straw tracker system, Nucl. Instrum. Methods A, 845 (2017), pp. 269-272
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ECAL modules

Vacuum gauge

Vacuum Pump

ECAL 8x8 Prototype w/ 
test vacuum chamber



Y. Fujii, J-PARC Symposium ʼ19 @Tsukuba

Other Detectors

�18

Fig. 71: One of the baseline designs for the coupling mechanism of SiPM to WLS fibre.

carefully designed receptacles at the ends of the strips (See Fig. 71) couple the SiPM to the WLS

fibre.

From the beginning, two strip designs have been considered: the current one described above and

a wider strip which is read out by several parallel WLS fibres. The narrow strip design with a single

fibre was chosen since it has the following advantages:

◦ Light from a MIP is not shared between different SiPMs resulting in a very high efficiency even

with a high signal threshold.

◦ The efficiency of each strip can be measured using coincident signals recorded in other strips.

◦ In case of problems with one channel only a small part of the detector is affected.

◦ A time resolution of about 1 ns can be achieved.

Fig. 72: CRV strip layout.

SCRV modules and layers. Fifteen strips form an SCV module of dimension 0.7 × 60 ×
300(360) cm3. The relatively low weight of the SCV module of about 10 kg give it good handling

properties. Strips are accurately placed on a 0.6 mm thick aluminium sheet, which is covered with

segmentation by the width of the scintillator strip sufficient? - answer : the statement in this part is a bit wrong,
and updated.

73/115

Plastic Scintillator+WLS fibre ×4 layers, SiPM readout

Cosmic-ray Veto (CRV) 
- Inefficiency less than 0.4% 
- Radiation tolerance @1011 n/cm2

Germanium Detetor (GeDet) 
- Measure the muonic X-ray to determine 

the precise normalisation factor 
- A prototype detector has been developed

Extinction Monitor 
- Diamond detector has shown 

excellent performance to distinguish 
the single leakage proton in-between 
high-intense proton bunches 

- GaN detector also being considered 
alternatively

Muon beam monitor 
- Can provide the timing and beam profile 

at the end of the curved solenoid 
- Still under the discussions/R&D

【１　研究目的、研究方法など（つづき） 】
基盤研究（Ｂ）（一般） ３

ンバー (CDC)を主とする主測定器で測定する。µ-e転換事象では、ミュー粒子の質量がそのまま電
子のエネルギーとなるため、100 MeV強の高いエネルギーを持つ電子を CDCで検出できれば新物
理の証拠となる。BG測定器はストローチューブ軌跡検出器 (StrT)と電磁カロリメータ (ECal)の組
み合わせである。静止標的を取り除き、ビームを直接検出することで、ビーム中に含まれるミュー
粒子以外の、背景事象の要因となる粒子を測定する。この時、ビーム粒子を 1個 1個検出するため
に、ビーム強度を物理測定時の 1000分の 1程度に落として測定を行う。本研究の目的は、現状の
COMET実験装置に新しくミュー粒子ビームモニタを追加することで、目標とする測定感度の実現
を確実なものとし、新物理の探索を行うことである。

1.2.2 ビームモニタ検出器

図 3: ミュー粒子ビームモニタ検出器

図 3にミュー粒子ビームモニタの概要を示す。
センサー部分には太さ 1mm程度のシンチレー
ションファイバーを使用し、縦横に敷き詰めて、
ビーム粒子を検出する。シンチレーションファイ
バーはクリアファイバーに接続し、光信号を転
送する。その後、光信号をMPPC (Multi-Pixel

Photon Counter、浜松ホトニクス)で電気信号
に変換する。ファイバーで光信号を転送するこ
とで、MPPC及び読出し回路を放射線量が十分に低い場所に設置することができる。最終的に信号
を波形デジタイザで記録する。物理測定時には高強度のバンチ状ビームにより、瞬間的に 100個程
度のビーム粒子が 1本のファイバーに入射することになる。信号の波高からそれぞれのファイバー
位置におけるビームの強度を測定し、ビームの形状を抽出する。背景事象測定時には、ビーム強度
を落としてビーム粒子を 1個単位で検出し、その粒子がヒットした位置と時間を測定する。
センサー部分は最も放射線量が高い場所にあるため、必要な性能を満たすものを選定しなければ

ならない。以下に候補を記す。

プラスチック　　
ファイバー

発光量は多いが、放射線耐性は低く、1kグレイ程度で劣化が始まる。た
だし、減衰長の劣化は顕著であるものの、発光量の劣化は小さい。セン
サー部の定期的な交換を前提とした運用での実用化を検討する。

石英ガラス　　　
ファイバー

放射線耐性は高い。発光量はプラスチックシンチレータの 1/5程度であ
る。クリアファイバー部分ではガラスファイバーを利用する。

無機シンチレータ 放射線耐性が高く、発光量も非常に大きい。ロッド状に成形して使用す
る。表面にアルミニウムなどを蒸着して反射材とし、減衰長を改善する。

センサー部分の選定にあたっては、それぞれの候補の発光量、放射線による発光量・減衰長の劣
化などの測定をする。発光量、減衰長の測定には UV光、放射線源を使用し、中性子照射施設を利
用して放射線による影響を調査する。また、超電導電磁石の内部に設置されるため、低温環境 (最低
で 80K)における素材の評価を行う。
検出器は図 3のようにビームダクトに取り付けて固定する。クリアファイバー部分は円筒形のダク

トにファイバーを巻きつかせることによって無理に曲げることなく設置する。このダクト部分はビー
ムモニタのサポートであるとともに上流部分と下流部分とを分ける真空窓の役割も果たす。MPPC

からの信号の処理には、COMET実験において汎用的に開発された電子回路 (ROESTIボード)を
ベースとして使用する。ROESTIボードは信号増幅回路、波形デジタイザ、イーサネット転送など
の機能が搭載されており、COMET実験全体のデータ収集システムへの接続も容易である。ただし
MPPCでの接続に対応するように電源部分の追加、信号増幅部分の調整が必要である。

Scintillating fibre
Glass fibre

Beam pipe
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List of Related Talks
• M. Moritsu, 26-Sep, PN-FM, “The COMET experiment: search for muon-to-electron 

conversion” 

• H. Yoshida, Poster PN-01, “Study of gas-gain saturation and cross-talk effect by low-
energy protons with a test chamber for the COMET-CDC” 

• K. Ueno, Poster PN-02, “Status on the StrECal system for COMET Phase-I” 

• Y. Nakatsugawa, Poster PN-03, “Development of a Cylindrical Drift Chamber for the 
COMET Phase-I Experiment” 

• Y. Fukao, Poster PN-04, “Irradiation Test of Scintillating and Clear Optical Fibers” 

• Y. Igarashi, Poster PN-05, “A cost-effective network configuration of data taking for 
COMET phase-I” 

• R. Murayama, Poster PN-13, “Radiation tolerance of LYSO crystal for the COMET 
experiment” 

• J. SATO, 25-Sep, PN review, “Theoretical overview of Lepton Flavor Violation” 

• E. PASSEMAR, 26-Sep, PN-FM, “Theory of Charged Lepton Flavour Violation”
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Summary
• COMET aims to search for the µ-e conversion with unprecedented sensitivity 

of 10-15/10-17 to inspect the plausible NP scenarios 
• The performance of each detector is essential to achieve our aiming sensitivity 

• A construction of helium based CDC has been completed and good spacial 
resolution of 165µm was confirmed 

• The CTH prototype shows enough timing resolution, the design has been 
almost fixed 

• The development of the 20µmT vacuum tight straw-tube has been 
completed with an excellent spatial resolution of 150µm, blue light to start 
the assembly for Phase-I 

• Further thin 12µmT straw tubes are also being developed for Phase-II 
• The ECAL prototype based on LYSO crystals shows an excellent 

performance, the final design for Phase-I is almost done 
• R&Ds and constructions are ongoing for other supportive detectors as well 

• More details can be found in our Technical Design Report; arXiv:1812.09018

�20
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CDC Prototype tests
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Fig. 32: Setups of the beam test of the second and third prototypes at ELPH/Tohoku University (left); and the beam test of

the forth prototype at LEPS/SPring-8 (right).
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Fig. 33: Hit efficiency of the second and third prototypes for gas mixtures of He:i-C4H10 (90:10) (left), He:C2H6 (50:50)

(middle), and He:CH4(73:27) (right). The second and third prototypes have sense wire diameters of 25 and 30 µm,

respectively.

the standard deviation of residual distributions by fitting tracks excluding one layer. Therefore, the

resolution here includes a tracking uncertainty. 36

The conclusion from the prototype studies is that the He:i-C4H10 (90:10)gas mixture satisfies the

requirements for efficiency and spatial resolution. These results, together with the Garfield predictions

are now used in the current Geant4 simulations.

5.2.4. Ageing tests. A preliminary ageing test was performed in July 2014 at Osaka University. A

test chamber was produced with Au-W sense wires of φ25 µm and Al field wires of φ80 µm and a

He:i-C4H10 (90:10) gas mixture. A central sense wire is the wire to be tested for the ageing effect.

There are two holes on each of the sides to irradiate X-rays with a 55Fe source. One, “Side A”, is used

to give charges with two 90Sr sources, and the other, “Side B”, is used for reference as a not-aged

sample wire.

To accelerate the ageing (charge accumulation), the applied HV value of the test wire was set to

2600 V when the wire is exposed to 90Sr sources, and a HV of 1500 V applied to the other 6 wires.

36 FiXme: How was the spatial resolution determined? Is it by fitting tracks excluding one layer and computing
residuals? Was the residual fit to a gaussian, double-gaussian, or other functional forms? - description added
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Fig. 32: Setups of the beam test of the second and third prototypes at ELPH/Tohoku University (left); and the beam test of

the forth prototype at LEPS/SPring-8 (right).
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Fig. 33: Hit efficiency of the second and third prototypes for gas mixtures of He:i-C4H10 (90:10) (left), He:C2H6 (50:50)

(middle), and He:CH4(73:27) (right). The second and third prototypes have sense wire diameters of 25 and 30 µm,

respectively.

the standard deviation of residual distributions by fitting tracks excluding one layer. Therefore, the

resolution here includes a tracking uncertainty. 36

The conclusion from the prototype studies is that the He:i-C4H10 (90:10)gas mixture satisfies the

requirements for efficiency and spatial resolution. These results, together with the Garfield predictions

are now used in the current Geant4 simulations.

5.2.4. Ageing tests. A preliminary ageing test was performed in July 2014 at Osaka University. A

test chamber was produced with Au-W sense wires of φ25 µm and Al field wires of φ80 µm and a

He:i-C4H10 (90:10) gas mixture. A central sense wire is the wire to be tested for the ageing effect.

There are two holes on each of the sides to irradiate X-rays with a 55Fe source. One, “Side A”, is used

to give charges with two 90Sr sources, and the other, “Side B”, is used for reference as a not-aged

sample wire.

To accelerate the ageing (charge accumulation), the applied HV value of the test wire was set to

2600 V when the wire is exposed to 90Sr sources, and a HV of 1500 V applied to the other 6 wires.

36 FiXme: How was the spatial resolution determined? Is it by fitting tracks excluding one layer and computing
residuals? Was the residual fit to a gaussian, double-gaussian, or other functional forms? - description added

42/115



Y. Fujii, J-PARC Symposium ʼ19 @Tsukuba

StrECAL PID for Phase-I
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K-α X-ray from µAl

• Measured by AlCap
�24

Figure 8: To reduce the nearby pollution of the AlK↵ by natural 214Pb, only germanium signals
within 300 ns of an entering muon were examined. When the background peak persisted, we
realised it was a prompt � from muon capture on lead going via an intermediate excited 207Tl⇤

state. This was confirmed by the time structure of photons in that peak, which matches the
muonic lead lifetime.

One is the � from the reaction 27
13Al + µ� ! ⌫µ + n + � +26

12 Mg, with an intensity of about
50% per stopped muon and an energy of 1809 keV [6]. What is appealing about this peak is
that there are few nearby peaks to worry about, and the signal-to-noise ratio is favourable,
see the data in Figure 9. The ratio of the number of observed counts in the 1809 keV gamma
ray line relative to the 2p ! 1s muonic X-ray line is in good agreement with the value in the
literature.

A second gamma line at 844 keV results from the beta decay of the relatively long-lived (9.5
minutes) 27Mg isotope produced in the reaction 27

13Al+µ� ! ⌫µ+27
12Mg. Though counting this

peak agreed within error with that expected from published branching ratios, the uncertainty
is large due to poor statistics. By improving the statistics under this peak in the proposed run
we will determine a more precise branching ratio, making it useful as a potential normalisation
to the number of muon stops in Mu2e and COMET. The current data for this peak, as well
as nearby peaks, is illustrated in figure 10.

3.4 Charged Particle Analysis

The measurement of charged particles makes use of 4 silicon detectors, two thick and two thin.
One thick and one thin detector are placed back to back as shown in Fig. 11 so that charged
particles pass first through the thin silicon and stop in the thick (provided their kinetic energy
is not too high, around 18MeV). The energy deposited in the thin silicon can be decribed as

Ethin =
dE

dx
�x (1)

By comparing this to the total energy deposited by the particle, Etotal = Ethin + Ethick,

we can build up a typical
dE

dx
curve which allows us to perform particle identification (PID)

based on the two energy measurements.

13

X-ray energy peak from 2p-1s 
transitions in muonic Al From lead block


