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Charged Lepton Flavor in SM
•Precise measurement of charged 
lepton behavior contributed to 
establish the SM 

• No observation of “exotic decay 
mode” 

• Concept of Generation (Flavor) 

• Lepton flavor transition is strictly 
forbidden 

• Neutrino Oscillation has been 
observed 

• νoscillation + SM

wiki



Role	  of	  low-‐energy	  charged	  lepton	  physics	  in	  LHC/ILC	  era

• Direct	  search	  	  
(Energy	  Fron>er)	  
!

!

!

!

!

!

• LHC,	  ILC	  
–Higher	  energy	  for	  heavier	  
new	  par>cle

• Indirect	  search	  
(Intensity	  Fron>er)	  
!

!

!

!

!

!

• Charged	  LFV/gμ-‐2	  
L	  =	  LSM	  +	  LBSM	  
“Slight”	  difference	  from	  SM	  
predic>on
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New Physics Search in Lepton Flavor
• SM+ν mass+New physics contribution

Λ: scale of 
new physics

neutrino mass

cLFV (μ→eγ, μ→eee, μ→e conversion)

MEG limit 
Br(μ→eγ)<5.7x10-13 Λ> O(105) TeV



• Others 

!

• Uncertainty of SM prediction 

• cLFV 

!

• Possible to reach higher energy scale

cLFV & new physics

R∝1/Λ4

10000 higher 
sensitivity

10 times in 
energy reach
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μ→e search using pulsed muon beam

µ −
à e −ν ν 

µ − + (A, Z) à νµ + (A,Z − 1)

nuclear muon capture

 Muon Decay In Orbit

µ−

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

proton pulse

prompt background

muon decay
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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.

3. SINDRUM II

SINDRUM II BR[μ- + Au →e- + Au] < 7 × 10-13

Rext=
number of proton between pulses

number of proton in a pulse

µ− + (A,Z) e− + (A,Z)à

μ-e conversion

• Eμe(Al) ~ mμ-Bμ=105MeV 
– Bμ: binding energy of the 1s muonic atom



μ-e conversion with different Z

CIRIGLIANO, KITANO, OKADA, AND TUZON PHYSICAL REVIEW D 80, 013002 (2009)

Al Ti Pb

Even without μ->eγ signal



Andre Schöning, Mu3e Collaboration 12 PSI, Open Users Meeting, February 21-23, 2012

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 

• Little Higgs Model with T parity 

• BR = 10-9~10-15 

• Penguin or Box 

!

• Fourth Generation of Leptons 

• A new heavy charged lepton & a (Dirac) neutrino 

• Buras AJ, et al. J. High Energy Phys. 1009:104 (2010) 

• and many others

Theory Models

Andre de Gouvea, W. Molzon, Project-X WS 
(2008)

MEG 2013 
5.4x10-13



COMET facility & detector



COMET at J-PARC
• J-PARC pulsed proton beam to produce pulsed muon beam 

• 8GeV, 3kW-56kW 

• Beam extinction factor study 

• 30GeV w/o extraction, Rext < 1.5x10
-11
 

• 32m long chain of SC solenoid magnets 

• pion collection (PS) 

• muon transport (TS) 

• muon focusing on the stopping target (ST) 

• electron momentum selection (SS) 

• electron spectrometer (DS) 

• Electron spectrometer 

• 1T solenoidal field, Multi-layer straw tube tracker, crystal 
calorimeter

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)
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Measured Extinction as a function of RF voltage

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

preliminary



LINAC 
181 MeV à 400 MeV

Rapid Cycle 
Synchrotron 
Energy : 3 GeV 
Repetition : 25 Hz 

Main Ring 
Max Energy : 30 GeV 
Design Power for FX : 0.75 MW 
Expected Power for SX : > 0.1 

Neutrino beam to Kamioka

Material and Life Science 
Facility

Nuclear and Particle 
Physics Exp. Hall



Hadron Hall & COMET Facility
Hadron hall

Branching point

High-p/COMET line for 8-30GeV primary proton

COMET hall

17m

33m



A-line

B-line

Lambertson magnet

high-p line

COMET line

D-magnet

Branch for COMET and high-p is realized by normal dipole magnets. 
(No simultaneous operation of COMET and other hadron-hall experiments)

COMET Hall & Beamline



05/Feb/2014



COMET Phase I & II
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)

Phase I

Phase II

• Phase I 

• Beam background study and achieving an intermediate 
sensitivity of <10-14 

• 8GeV, ~3.2kW, ~90 days of DAQ 

• Phase II 

• 8GeV, ~56 kW, 1 year DAQ to achieve the COMET final goal of 
< 10-16 sensitivity

CHAPTER 4. MUON BEAM 31

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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Ben Krikler 9 Imperial College London

μ- μ+

CHAPTER 8. SIGNAL SENSITIVITY AND BACKGROUNDS 99

Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.062

the vertical scale is normalized so that the integrated area of the signal event curve is one
event, assuming a branching ratio of B(µN → eN) = 3 × 10−15. A detailed description
of the estimation of contamination from DIO electrons is presented in Section 8.4.1.1. In
this study, the momentum cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron
momentum, is determined in such a way that a contamination from DIO electrons of 0.01
events is expected for a single event sensitivity of µ−−e− conversion of 3× 10−15.

Figure 8.2: Distributions of reconstructed µ−−e− 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× 10−15. The momentum
cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron momentum, is applied.

The efficiencies of the timing selection and the trigger and DAQ are assumed to be the
same as those in the COMET CDR [78]. From these, the net acceptance for the µ−−e−

conversion signal, Aµ-e = 0.062, is obtained. The breakdown of the acceptance is shown in
Table 8.1.

104MeV/c

Phase I
0.03 BG expected 
in 1.5x106 sec running 
time

Phase I 
2013-2015  
Facility construction 
2013-2016 
Magnet construction & 
installation 
2016 
Eng. run & Physics run 
Phase II 
Eng. run in 2020(?)



COMET Phase I Setup

Proton beam

Pion production target

Radiation shield

Capture solenoid ~5T

Transport solenoid
Beam collimator

COMET Phase-I Detector

Detector solenoid

muons



Muon Beam and Stopping Target

• Search for muon conversion 
in muonic aluminum 
(different material in future) 

• Stop as many muons as 
possible on target disks 

• Correct (only) low 
momentum pion/muon 
and transport to the 
experiment setup 

• Stop muons on Al 
disks 
• Diam.: 100 mm 
• Thickness: 100 µm 
• Number of disks: 17

Al disks

CDC&TC



Why CDC (CyDet) in Phase I ?

•Why CyDet? 

• No curved solenoid 
to select 
momentum and 
charge is available 
in phase I 

• No beam particle 
hits the detector in 
CyDet geometry

Prompt 
Timing



COMET Phase I Detector 
Design

•CDC 

• Belle II CDC design 

• He-based low mass gas mixture 

• large inner bore with a 0.5mm thick 
CFRP inner wall 

• proton emission from muon 
captures 

• construction starts in JFY 2013 in 
parallel to prototype study 

• Cherenkov Trigger counter 

• segmented 

• SiPM readout 

• Collimator/target disk optimization as 
well trigger counter

muon target



CDC Design and R&D

Simulation

prototype

Belle II CDC technology 
•All stereo layers 
•He based low mass gas 

•large inner bore with a 0.5μm thick 
CFRP inner wall



Cosmic Ray Veto Counter
•Cosmic-ray veto counter production based 
on the technology developed for the Belle II 
muon system 

• Efficient rejection is mandatory for 
COMET 

• Necessary to cover the detector 
solenoid 

• Scintillator bars with WLS fibers ready 
by SiPM 

• Infrastructure for the Belle II system will be 
reused for COMET 



Sensitivity & background 
in Phase I

• Sensitivity 

• Acceptance=0.056 

•   0.20 (geometrical) x 0.80(mom. sel.) x 0.39 (timing 
sel.) x 0.90 (trigger) 

• Atomic capture rate fcap=0.6 

• Nμ=9.4x1015 muons 
(83days) 

•  S.E.S.=3.2x10-15, 90% U.L. = 
7.2x10-15

 

!

• Background 

!

!

!

!

• Intrinsic & beam related  

• Measured in Phase I 

• Straw & Ecal for Beam 
related BG study



COMET beam



Proton Beam



Beam Optics (TRANSPORT)

Lambertson
high-p/COMET 

branch

Adjustable 
tungsten 
collimator

Proton target 
σx = 5.8 mm 
σy = 2.9 mm

Beam size at 8 GeV is estimated by 3.5-times emittance at 
30 GeV beam.



Beam Shift for Lambertson Magnet

Beam shift of 53 mm was achieved at the entrance of 
the Lambertson magnet. (with beam loss of 0.36%) 
 → Beam shift at A-line operation can be ~30mm. 
      We obtained 83mm shift in total between 
      COMET operation and A-line operation (76mm required)

Lambertson high-p/COMET 
branch53mm

Bars indicates 2-sigma of beam size



COMET Beam Parameters 
(proton)

• Phase I beam intensity 3.2kW 

• Acceleration (in MR) 

• 3.8x10
12

 protons / backet, 1.5 x 10
13

 protons in total in 
one Acc cycle 

• After extraction 

• 2.5 x 10
12

 protons/sec (normalized) 

• 6 sec repetition period, 2.93 beam on, pulsed

1.2µs%

2.93%second%beam%spill%

6.0%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$Ra?o$(10A9)$
Yπ/P$:$π$yield$per$proton$(0.015)$
Aπ$:$π$acceptance$(1.5$x$10A6)$
Pγ$:$Probability$of$γ$from$π$(3.5x10A5)$
A$:$detector$acceptance$(0.18)$
$
BR=10A16,$Nbg$~$0.1$!$

Ex?nc?on$<$10A9$

Beam Extinction
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COMET Beam Parameters 
(muon)

• 5x10
-4

 muons / proton on target 

• 2.5x10
4
 muons/sec , 1.5x10

3
 muons / pulse 

• Same time structure with protons in 
principle 

• More electrons and pions

1.2µs%

2.93%second%beam%spill%

6.0%second%accelerator%cycle%

100ns%

Extraction! Acceleration!



Monitors using Silicon 
Detector

• Proton monitor 

• Beam intensity monitor 

• Profile monitor 

• Extinction monitor, spill by spill or pulse by pulse (Switching?) 

• Muon monitor 

• Profile monitor 

• Extinction monitor, spill by spill or pulse by puse (Switching?) 

• (Active target -> Kyushu & Wilfrid’s presentation tomorrow)



Beam Monitor Location

q23in	  (profile)	  
after	  Lambertson

q25in	  (profile)	  
before	  vertical	  shift

COLin	  (profile)	  
after	  vertical	  shift

h25in	  (profile)	  
before	  bending

q2ain	  (profile)	  
hall	  entrance

q2ein	  (profile)	  
high-‐p	  profile

q32out	  (profile,	  intensity)	  
COMET	  profile	  and	  intensity

DUMPin	  (intensity)	  
high-‐p	  intensity

By Toyoda-san



Beam Monitor : RGIPM / RGICM
RGIPM : Residual Gas Ionization Profile Monitor 
RGICM : Residual Gas Ionization Current Monitor

Readout ionized electrons (profile / current) from 
beam interaction with residual gas

Both horizontal and vertical 
beam profile are measured.

Stability of degree of vacuum is 
important for precise measurement.

RGIPM RGICM



Summary
• COMET Phase I starts in 2016-2017 

• Facility and detector constructions in progress 

• Accelerator study dedicated for COMET will startein 2014 

• Proton beam monitor / Muon beam monitor 

• Spill-by-spill or bunch-by-bunch Extinction level 
monitor 

• Any idea / proposal is welcome


