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μ-e Conversion
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photonic dominant four-fermion dominant

• Charged Lepton Flavor Violation (CLFV) process
• SM+ν-oscillation: Negligible BR ~O(10-54)
• BSM e.g. SUSY-GUT: Sizable BR ~O(10-15)

• Discovery → Clear Evidence of NP
• LHC and other CLFV searches(e.g. μ→eγ) 

are complimentary
• Current upper limit: 7×10-13 in Au (SINDRUM-II)
• Simple signal kinematics → No accidental overlap
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Requirements
• High Statistics: Total stopped muons >1018

• Low physics BG (Decay In Orbit: DIO)
• Excellent Momentum Resolution: <200 keV/c
• Spectrometer with low mass materials

• Low Beam BG (~100MeV/c electrons)
• Long pion to muon transportation line: O(10m)
• Pulsed beam: 1-2μs interval, ~100ns pulse width (e.g. τμe ~0.88μs in Al) 
• Good extinction factor( ≡ (#of residuals)/(#of protons in a pulse) ): <10-10
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COMET Experiment
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Muon Stopping Target

8GeV Proton Beam

• Aiming O(10-17) sensitivity
• 10,000 times better than the current limit
• Achievable owing to the most powerful 

pulsed proton beam@J-PARC
• C-shaped μ- transport solenoid

• Suppress beam BG
• Additional C-shaped e- spectrometer

• Suppress DIO+beam BG

Detector Solenoid

Electron Spectrometer

Pion Capture Solenoid

Muon Transport Solenoid

More details will be reported by Phill tomorrow
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J-PARC
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MR Synchrotron

*design value

*

Neutrino Flavor
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COMET@J-PARC
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MR Synchrotron

*design value

*

Neutrino Flavor

Charged Lepton Flavor!



Proton Beam for COMET
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Linac

• Linac accelerates protons up to 400MeV to inject them into RCS
• Send protons only to one bucket out of two in RCS 25Hz cycling

• Realized by using RF chopper and scraper placed after RFQ → Improved in 2014
10

Y.Liu @ ICFA mini-workshop 2015
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RCS & MR Operation

• Dedicated operation mode (Bunched Slow Extraction: BSX) will be adopted for COMET
• →Fast Extraction(FX) for ν/MLF, Slow Extraction(SX) for hadron

• A 1.2(1.7)μs of the bunch interval can be realized by filling 3(4) buckets out of 9
• Extinction is too large ~O(10-7) if we use only RF chopper in Linac

• New method called “Single Bunch Kicking” to highly suppress the extinction factor
• Shift the timing of injection kicker → Already tested, details will be shown later
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Hadron Hall
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Proton beam from MR

“B-line” for high-p/COMET BL 
Under construction

“A-line” already existing

Lambertson + 
2 septum magnets

COMET BL 
Under construction

high-p BL

Normal Bending 
Magnet



Extinction 
Measurements
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Available Measurements

14
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Available Measurements
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• Installed inside the beam-pipe 
• Measure the timing structure 

of the proton beam directly 
• 4 PMTs with different light 

attenuations using ND filters 
→ Wide dynamic range!

PMTx4

ND fliters

Light guides

Scintillator 
120x120mm2

LED

  

測定セットアップ（旧）

測定時間の見積もり
目標：Extinction=1e-11、10時間測定
　→3M π/秒（15M π/スピル）
　(~53個/バンチになるので要検討）

n

N Extinction = n/N
n、Nはπの数

• COMET beam-line doesn’t exist 
yet 

• → Measurements for secondary 
particles are only available
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Extinction Measurements @MR Abort

1.Extinction Measurement in Dec. 2010
• 30GeV operation with FX
• Measure the raw extinction factor

2.Extinction Measurement in June 2012
• 30GeV operation with FX
• “Single Bunch Kicking” method was newly introduced

3.Extinction Measurement in May 2014
• 8GeV operation with FX
• “Single Bunch Kicking” method was confirmed

16
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Extinction Measurements @MR Abort

1.Extinction Measurement in Dec. 2010
• 30GeV operation with FX
• Measure the raw extinction factor

2.Extinction Measurement in June 2012
• 30GeV operation with FX
• “Single Bunch Kicking” method was newly introduced

3.Extinction Measurement in May 2014
• 8GeV operation with FX
• “Single Bunch Kicking” method was confirmed
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Figure 2: Beam diagnosis by using fast-extracted beam

beam when the measurement was not done. Therefore
the prototype monitor was uninstalled imediately after
the measurements.

New Monitor
Based on the experience in 2009, we have developed a

new monitor in cooperation with the accelerator monitor
group, the vacuum group and the control group at J-PARC
(Fig. 3). Main improvements are:

1. Every elements in the beam monitor system have been
carefully chosen for high vacuum (with no outgas) and
high radiation resistance, except for scintillators and
light guides.

2. We have developed a remote controlling system with
a movable stage and gate valves so that they can be re-
located away from the beam axis, when measurements
are not done.

3. By using 4 staged optical ND Filters, plastic scintil-
lating lights are read by PMTs. It allows us to cover a
wider range of beam intensity.

MR Beam Measurements
Beam leakage from the filled bucket This new beam

monitor system was installed in summer 2010. After a
preliminary test, the main measurement was made in De-
cember, 2010. In this measurement, by changing the PMT
gains together with a monitor of the MR beam intensity,
a good sensitivity to measure a level of 2 × 107 protons
per bunch has been achieved. By comparing intensities be-
tween the residual beam and the reduced intensity beam
(2 × 107 protons) as shown in Fig. 4, we have determined
the intensity of residual beams in the empty RF bucket as
105 protons, which corresponds to the extinction factor of
10−7.

Figure 3: A New beam monitor used for the abort line mea-
surements.

 

 

Figure 4: Residual beam in the empty buckets.

Method of double injection Kick In a normal injec-
tion scheme, two proton bunches are injected into the MR
by the injection kicker magnet with its timing being shifted.
The new idea is that kicking of an empty RF bucket twice
by the injection kicker to sweep away the residual beams at
injection. A preliminary test of this twice kicking was tried
in Dec. 2010. In this test (as our first trial) two bunches
of the empty buckets were used, (but contain 105 protons).
As shown in Fig. 5, no residual protons were not observed
in the double kicked buckets. From these measurements, it
can be concluded that double injection kick method would
improve proton beam extinction by additionally 5 order of
magnitude, at least at the injection timing.

MEASUREMENTS WITH SECONDARY
BEAM

The COMET experiment requires a slow extracted beam.
Even if required extinction level was achieved before ex-
traction, the bunch structure could be affected during ex-
traction and/or transportation to the production target. So it
is necessary to measure a realistic extinction using slow-
extracted beam at the experimental area[4]. The mea-
surement was performed in the Hadron experimental hall
by using existing secondary beam line (K1.1BR) in Oct.

Proceedings of IPAC2011, San Sebastián, Spain TUPC099
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Example of counter signals

By taking into account the 
gain difference, extinction 
factor is calculated to be 
O(10-7) 
→ Need 1,000 suppression!
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Extinction Measurements @MR Abort

1.Extinction Measurement in Dec. 2010
• 30GeV operation with FX
• Measure the raw extinction factor

2.Extinction Measurement in June 2012
• 30GeV operation with FX
• “Single Bunch Kicking” method was newly introduced

3.Extinction Measurement in May 2014
• 8GeV operation with FX
• “Single Bunch Kicking” method was confirmed

18
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Further beam is filled...

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ test-(9)
✤ “Thinner” factor is increased from 3/32 to 32/32 (no thinner) = 1.0×1011 proton intensity

shot#313887

Residuals are appeared 
again !!

(=two protons)

21

RF voltage further increased...

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ test-(10)
✤ RF voltage is increased from 160kV to 256kV.

shot#313890

Residuals are killed 
completely !!

Extinction was measured 
with single bunch kicking 
by changing RF voltage

RF 160kV RF 256kV

Correspond to 
two protons’ 

residuals
No residuals

25

Measured Extinction as a function of RF voltage

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

preliminary1.5×10-11 of Extinction was obtained @VRF = 265kV
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Extinction Measurements @MR Abort

1.Extinction Measurement in Dec. 2010
• 30GeV operation with FX
• Measure the raw extinction factor

2.Extinction Measurement in June 2012
• 30GeV operation with FX
• “Single Bunch Kicking” method was newly introduced

3.Extinction Measurement in May 2014
• 8GeV operation with FX
• “Single Bunch Kicking” method was confirmed
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Flash review (5)
 RF-voltage dependence of the proton extinction.

Hajime NISHIGUCHI (KEK)                             8GeV/Extinction Study  -flash report-                                       COMET-CM13 07/May/2014

(at the end of flat-top)

1.1-40×10-12 of extinction factors were observed
All points satisfy our requirements!
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Flash review (7)
 Kicker-timing dependence of the proton extinction.

Hajime NISHIGUCHI (KEK)                             8GeV/Extinction Study  -flash report-                                       COMET-CM13 07/May/2014

P3 (beginning of flat-top)

P4 (end of flat-top)
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Measurement Candidats  

K1.1BR is the best candidate since we’ve performed our pilot 
measurement 2010 at K1.1BR. From the point of view of collaboration 
with beam line crews, K1.1BR has an advantage.

T1

K1.1BR

K1.8BR K1.8

dump

KL

K1.1BR (1st) and 
K1.8BR (2nd) are 
candidates

Two candidate beam lines for bunched-SX extinction measurement

Hajime NISHIGUCHI (KEK)                                                              Extinction                                                 COMET CM16, 20-24/Apr./2015

Extinction Measurements @Hadron Hall

• The 1st extinction measurement 
was performed

• in Oct. 2010
• @K1.1BR (already 

dismantled…)
• 30GeV BSX
• Measure the raw extinction 

factor by counting #of high 
momentum pions

• 2nd one is in preparation
• will be done in 2017
• @K1.8BR (most probably)
• 8GeV BSX
• Measure the extinction factor 

with “Single Bunch Kicking” 
method

20

  

測定セットアップ（旧）

測定時間の見積もり
目標：Extinction=1e-11、10時間測定
　→3M π/秒（15M π/スピル）
　(~53個/バンチになるので要検討）

n

N Extinction = n/N
n、Nはπの数

Old layout

Multi Channel Scalar 
Multi-stop TDC
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• The 1st extinction measurement 
was performed

• in Oct. 2010
• @K1.1BR (already 

dismantled…)
• 30GeV BSX
• Measure the raw extinction 

factor by counting #of high 
momentum pions

• 2nd one is in preparation
• will be done in 2017
• @K1.8BR (most probably)
• 8GeV BSX
• Measure the extinction factor 

with “Single Bunch Kicking” 
methodExtinction = 5.4×10-7 

Consistent with 30GeV, FX result @MR
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Measurement Candidats  

K1.1BR is the best candidate since we’ve performed our pilot 
measurement 2010 at K1.1BR. From the point of view of collaboration 
with beam line crews, K1.1BR has an advantage.

T1

K1.1BR

K1.8BR K1.8

dump

KL

K1.1BR (1st) and 
K1.8BR (2nd) are 
candidates

Two candidate beam lines for bunched-SX extinction measurement

Hajime NISHIGUCHI (KEK)                                                              Extinction                                                 COMET CM16, 20-24/Apr./2015

Extinction Measurements @Hadron Hall

21

  

測定セットアップ（旧）

測定時間の見積もり
目標：Extinction=1e-11、10時間測定
　→3M π/秒（15M π/スピル）
　(~53個/バンチになるので要検討）

n

N Extinction = n/N
n、Nはπの数

Old layout

Multi Channel Scalar 
Multi-stop TDC
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Available Two Measurements

✤ FX : Fast Extraction for Neutrino beam!
✤ Abort monitor is installed in front of 

the beam dump to measure extinction!
✤ SX : Slow Extraction for Hadron hall!

✤ By measuring the secondary beam, 
extinction at hadron hall is measured

FX

SX

•Last measurement!

•2010-Dec., @ FX abort line!

•Result:!
              Ext. <~ O(-7)!

•In addition, double kick 
injection method was 
demonstrated to achieve the 
required extinction level.

COMET R&D Status
• Proton beam study (Extinction 

Measurement)

• Measurement at MR abort line 
(Fast Extraction) and Secondary 
beam line (Slow Extraction)

• Both provided consistent result

• Extinction: (5.4 ± 0.6)!10-7

• Further improvement expected (O
(10-6)) by double injection kicking

• External extinction device 
improves even more (O(10-6))

• US-Japan cooperative 
research program

!"#$#%&'()*&+(,-%.-#%&*()/0"(*(%$1&

!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$
!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$

23&

4)/$&(,$").-#%&

'0%.5(6&/7#8&
(,$").-#%&

'0%.5(6&/7#8&(,$").-#%9&

o &:()/0"(*(%$/&$);(%&<"#*&$5(&=>!?@A&
/(.#%6)"B&C()*7D%(&E&F2G2'@&

o &&H,-%.-#%9&
&+IG3&J&KGL1&M&2K>N&

!"#$#%&'()*&+(,-%.-#%&*()/0"(*(%$1&

!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$
!"#$%&'()*+&,*$-.$'/012"1$(,%$(1*)-,-+0$

23&

4)/$&(,$").-#%&

'0%.5(6&/7#8&
(,$").-#%&

'0%.5(6&/7#8&(,$").-#%9&

o &:()/0"(*(%$/&$);(%&<"#*&$5(&=>!?@A&
/(.#%6)"B&C()*7D%(&E&F2G2'@&

o &&H,-%.-#%9&
&+IG3&J&KGL1&M&2K>N&

•Last measurement!

•2010-Oct., @ SX!

•Result:!
         Ext. < 5.4×10-7 !

•w/o any treatment 
to improve extinction!

• Consistent with 
measurement at abort.

Hajime NISHIGUCHI (KEK)                                           8GeV/Extinction Study                                                  COMET-CM13 07/May/2014
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Measurement Status

22

Proton Energy 
Extraction Mode 30 GeV 8 GeV

FX

Without Single Bunch 
Kicking

~O(10-7) Not yet

With Single Bunch 
Kicking

1.5×10-11 1.1×10-12

BSX

Without Single Bunch 
Kicking

5.4×10-7 Not yet

With Single Bunch 
Kicking Not yet Not yet

Will be measured in Spring 2017 !



Development of 
Extinction Monitor
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Extinction Monitor in COMET
• We are aiming to measure the extinction during the COMET physics measurement

• To ensure that extinction factor is low enough
• Beam profile could be measured as well

• Ordinary detectors e.g. scintillator cannot be used:
• Radiation hardness, 2.5×1012 protons/sec (in COMET Phase-I)
• Too massive to perform the long-term operation inside the beam-line
• Single MIP signal cannot be seen due to the saturation caused by prompt burst

• Diamond(= new generation semiconductor) detector is a strong candidate!
• High radiation tolerance → O(1MGy) for gamma, O(1015 n/cm2) for neutron
• Can be very thin O(100um)
• Fast time response → O(1ns) rise & drift time
• Extremely low thermal noise, etc…

24

Suitable for COMET Extinction measurement 
Even direct proton measurement might be available!?
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Diamond Detector

25

~O(mm)
~1-2cm x-y position can be measured by looking 

difference of signals among 4 crystals with a 
few mm position resolution
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R&D Status
• Several samples are being tested in collaborating with our Indian collaborator

• Vendors: IIA, Element-6 (,Hokkaido Univ.)
• Type of crystals: polycrystalline diamond(pCVD) or single (scCVD)

• Recently we successfully observed secondary particles by installing the 
prototype diamond detector beside the MR abort

26

Detector setup at Abort Line
2016.11.24

Diamond

Scintillator

SEPTUM MAGNET
2/8

Detector response plots
Single crystal diamond, 7mm x 7mm @ -200V bias
Scintillator @ -400V bias

Halo of secondary's detected from each bunch. One bunch = 5 * 1013 protons

3/8

P.Sarin P.Sarin

~5mm
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R&D Status
• Several samples are being tested in collaborating with our Indian collaborator

• Vendors: IIA, Element-6 (,Hokkaido Univ.)
• Type of crystals: polycrystalline diamond(pCVD) or single (scCVD)

• Recently we successfully observed secondary particles by installing the 
prototype diamond detector beside the MR abort

27

K2 Injection

Diamond

Scintillator

We were able to pinpoint that
K2 batch suffers beam loss at 
septum at 4th turn after injection

21.4 μs ≈ 4 * 5.3 μs

6/8

P.Sarin

mis-fired
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R&D Status
• Next step

• → Direct measurement of proton beam @MR abort
• Requirements

• Vacuum compatible detector system
• Very high radiation environment → 1012 protons/sec/10x10cm2

28

Small frame to mount the diamond detector composed of: 
• One signal layer to be biased 
• Two Al layers for grounding 

• one is in between Ti layers 
• Two Ti reference layers 

• to measure #of protons using secondary emission 
• one layer has 3mmΦ hole

110mm Ti 0.2mmT

Al 0.2mmT

Ti 0.2mmT

Al 0.4mmT

Al 0.4mmT

Diamond will be here
-200V-200V

150~200V

Diamond studies in the beam pipe

H.Nishiguchi(KEK)                                                           Extinction                                     COMET CM21, 29/Nov-01/Dec.2016
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Newly Installed 
diamond det.

Pradeep is 
installing 
something.

Yuki made a 
special frame to 
mount a diamond 
and measure # of 
proton hit.

will be installed
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R&D Status
• Next step

• → Direct measurement of proton beam @MR abort
• Requirements

• Vacuum compatible detector system
• Very high radiation environment → 1012 protons/sec/10x10cm2
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Small frame to mount the diamond detector composed of: 
• One signal layer to be biased 
• Two Al layers for grounding 

• one is in between Ti layers 
• Two Ti reference layers 

• to measure #of protons using secondary emission 
• one layer has 3mmΦ hole

110mm Ti 0.2mmT

Al 0.2mmT

Ti 0.2mmT

Al 0.4mmT

Al 0.4mmT

Diamond will be here
-200V-200V

150~200V

Diamond studies in the beam pipe
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Newly Installed 
diamond det.

Pradeep is 
installing 
something.

Yuki made a 
special frame to 
mount a diamond 
and measure # of 
proton hit.

will be installed

Many things have to be done before installation!
• Bench test in lab
• Out-gas check in vacuum
• PHITS simulation for radiation safety
• Official approval from other groups



Summary & Prospects
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Summary
• Good “extinction” factor is the most important key for the success of μ-e 

conversion search with a target sensitivity O(10-17) in COMET
• Also important to realize the ultra high quality pulse beam @J-PARC
• “Single Bunch Kicking” method gives excellent extinction factor

• 1.1×10-12 of Extinction factor was obtained with 8GeV FX operation @MR
• Less than 10-10 even in the worst case

• Extinction measurement @Hadron hall is in preparation with 8GeV BSX, 
“Single bunch kicking”

• Diamond detector will be used as Extinction and beam profile monitor in 
COMET during the physics measurement

• First measurement using prototype diamond detector was carried out by 
detecting secondary particles @MR abort in this year

• → Very clear and fast signals were observed!
• Development of new prototype to directly measure the proton beam in 

vacuum is ongoing
31
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Prospects
• 2017 is very important year for the Extinction 

measurement and COMET
• Extinction measurement will be performed @Hadron 

hall with 8GeV BSX mode in Spring
• Almost same situ. as in COMET

• Direct measurement of the most high intense proton 
beam using Diamond detector will be demonstrated
• Scientifically interesting as well

• When the construction of COMET BL is completed, 
extinction factor can be measured in the real situ. with 
Diamond detector
• will be in 2018?

32



Backup
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COMET Phase-I

34

StrECAL

Straw Tube Tracker

ECAL

CyDet

Cylindrical Drift Chamber

Trigger Hodoscope

Muon Stopping Target

• Search for μ-e conversion with a sensitivity of  ~3×10-15 using CyDet
• Direct beam measurement using StrECAL as a Phase-II Prototype Detector
• Both detector systems will suffer from very high hit rate

• → Trigger rate must be effectively suppressed

2018/2019~
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Beamline Construction Status (2)

high-p line

COMET line

A-line

Construction of wall
between Hadron hall
and Switch Yard.

Y. Fukao
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Lambertson Magnet

Magnetic Septum 1 Magnetic Septum 2

They are key component to
establish Phase-1 proton
beamline.

Fabrication & Field Measurement
 will be completed by Jan-2015

They will be located in SY in
the next summer (2015).

Production Status of LAM/MS1/2

Y. Fukao
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field free hole

coil

vacuum chamber

bending field

yoke

A-line operation

High-p operation

COMET operation

Cross Section of Lambertson Magnet

- Manufacturing magnets, including Lambertson and Septum, are
  ongoing. Installation to SY is ongoing.Y. Fukao


