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Flavor Physics
• Precise measurement 
of flavor structure 

• Establishment of SM 

• Indication of BSM? 

• muon g-2, proton 
radius, B leptonic 
decay …

u

d

c

s

t

b

e

νe

μ

νμ

τ

ντ

up charm top

down strange bottom

electron muon tau

e neutrino μ neutrino τ neutrino

1s
t g
en
er
at
ion

2n
d 
ge
ne
ra
tio
n

3r
d 
ge
ne
ra
tio
n

qu
ar
k

le
pt
on

g
gluon

γ
photon

W± Z
W boson Z boson

Fermion Boson
2.4MeV 1.27GeV 171.2GeV

4.8MeV 104MeV 4.2GeV

0.511KeV 105.7MeV 1.777GeV

< 2.2eV < 0.17MeV < 15.5MeV 80.4GeV 91.2GeV

H
Higgs

125-6GeV

particles composing material

particles 
mediating 
forces 

st
ro
ng

 in
te
ra
ct
io
n

el
ec

tr
o-
m
ag

ne
tic

 in
te
ra
ct
io
n

w
ea

k 
in
te
ra
ct
io
n

particle 
generating  

mass



Bernstein & Cooper Year

Br
an
ch
in
g 
Ra
tio
 U
L

μ e

γ

μ e

γ, Z’

q q

μ e

γ, Z’

e e

MEG 
4.2x10-13



cLFV Searches using muon
• No sign of new physics from High Energy 

Frontier experiments so far 

• Survey a large area in high energy region 
using forbidden process in SM with 
extremely large statistics 

• Role of Flavor Physics 
• No SM background in muon LFV process 
• Intense muon beam at high-power proton 
machines
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More Muons!
• Muons are produced from 
pion decays 

• More muons produced in 
more pion decays 

• Pion production yield 
depends on the power the 
proton driver 

• High-Power machine 
rather than High-Energy 
machine 

• Proton current



μ-e conversion search
• Atomic capture of μ- 

• Decay in orbit (DIO) 

• electron gets recoil energy 

• Capture by nucleus 

• resultant nucleus is different 

• τμN < τμfree (τμAl = 860 nsec) 

• μ-e conversion

µ −
! e−ν ν 

µ − + (A, Z ) ! νµ + (A,Z − 1)

nuclear muon capture (61%)

 Muon Decay In Orbit (39%)

µ−

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

µ− + (A,Z) e− + (A,Z)!

μ-e conversion



Experimental Techniques
• Process : μ-+(A,Z) →e=+(A,Z) 

• A single mono-energetic electron 

• Eμe ~ mμ-Bμ :105 MeV for Al 

• 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) 

•Beam Pion Capture 
•π-+(A,Z) → (A,Z-1)* → γ+(A,Z-1) 
                                       γ → e+ e-

SINDRUM II

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

nuclear muon capture Muon Decay In Orbit

µ−



Mu-e Conversion 
Electron Energy Spectrum
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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).

1

10

10 2

10 3

70 80 90 100
ETOT (MeV)

ev
en

ts
 / 

10
0 

ke
V

measurement
µe2ν simulation
µe simulation at B=10-11

run2000 on gold SINDRUM II

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.
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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



Mu-e Conversion Search  
Experiments

• DeeMe 

• ~10-13-14 using C or SiC for 
muonic atom formation 

• COMET Phase-I & II 

• Al target to reach the 10-14 
sensitivity in Phase-I and 10-16 
in Phase-II  

• Mu2e 

• Al target to reach the 10-16 
sensitivity 

電子検出器
 - 検出器ソレノイド磁石
 - ストローチューブ飛跡検出器
 - LYSOカロリメーター

ミューオン
輸送磁石

陽子ビーム

パイ中間子生成標的

パイ中間子捕獲磁石

電子輸送磁石
ミューオン
静止標的

パイ中間子 → ミューオン

電子
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Energy : 3 GeV
Repetition : 25 Hz
Design Power : 1 MW

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

Neutrino beam to Kamioka

Material and Life 
Science Facility

Nuclear and Particle
Physics Exp. Hall



COMET at J-PARC
•Target S.E.S. 2.6×10-17 
• Pulsed proton beam at J-PARC 

• Insert empty buckets for necessary pulse-pulse 
width 

• bunched-slow extraction 

• pion production target in a solenoid magnet 

• Muon transport & electron momentum analysis 
using C-shape solenoids 

• smaller detector hit rate 

• need compensating vertical field 

• Tracker and calorimeter to measure electrons 

• Recently staging plan showed up. The collaboration 
is making an effort to start physics DAQ as early as 
possible under this. 

• Phase-I 8GeV-3.2kW, < 10-14 
• Phase-II 8GeV-56kW, < 10-16

Transport 
Solenoid



COMET Phase I & II
• Phase I 

• Beam background study, 
achieve an intermediate 
sensitivity of < 10-14 

• 8GeV, 3.2kW, 150 days of 
DAQ 

• Phase II 

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

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



COMET Phase-I 
Status
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Solenoid Magnet System

• Capture solenoid: Coil winding & cold mass assembly in progress. Cryostat design ongoing 

• Transport solenoid: Installed and ready for cryogenic test 

• Bridge & detector solenoids: design in progress. 

• Cryogenic System: Refrigerator test completed. Helium transfer tube in production

Transport 
Solenoid



Phase-I Detector 
Proton beam

Pion production target

Radiation shield

Capture solenoid ~5T

Transport solenoid
Beam collimator

COMET Phase-I Detector

Detector solenoid

muons

Track　Reconstruction

Hit selection & Hough Transformation



Phase I Detector cont’d
Detector for beam BG 

measurement in Phase I and 
physics measurement in 

Phase II

13 tubes broken out of 2700 
After two-years storage 
• Epoxy crystallization etc.

Final assembly designPrototype straw tracker 
for performance evaluation

LYSO Prototype

• LYSO cryostat 
production in progress 
• Electronics design 
(almost) finalized

Phase I 
Ecal Design



Other R&D
• Intensive studies of radiation hardness 

• Aluminum muon stopping target design & X-ray 
monitoring 

• New development of a proton beam monitor 

• Cosmic-ray veto system 

• Simulation and analysis tool development  

• 8GeV acceleration & beam extinction factor measurement
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8GeV Acceleration & 
Extraction

• 8GeV acceleration and extraction to 
the abort line (FX) and Hadron Hall 
(SX) 

• 4 bunches out of 9 bunches are 
filled with protons to realize the 
COMET beam time structure 

• Same number of protons per 
bunch with that of Phase I beam 

• Injection kicker timing is shifted to 
kick in only the filled bunch 

• SX with RF HV on to keep the 
bunched time structure

Hadron Hall 
Primary Target

(30GeV operation)



Rext at the abort line (FX)

✤ Excellent extinction of 10-12 ~ 10-11 is obtained = Good enough for COMET !! 
✤ A strong dependence on beam condition (tune, beam loss) is observed.

100 120 140 160 180 200 220 240 260
RF voltage (kV)

14−10

13−10

12−10

11−10

10−10

M
ea

su
re

d 
Ex

tin
ct

io
n

Extinction at MR Abort w/ FX (2018)

with beam loss

w/o beam loss



Rext in Hadron Hall (SX)
• Extracted pulsed proton beam injected to the Hadron Primary 
target and produced secondary beam transport to K1.8 area 

• Secondary beam time structure measurement with a 
hodoscope 

• Proton leakage is appeared in K4_rear only within very early 
extraction timing (<0.1sec) 

• No leakage is appeared in other region 

• By rejecting <0.1sec events, upper limit of extinction is 
obtained: <6.0 x 10-11  

• Good enough for COMET  though we need further studies on 
K4_rear leakage

w/o kicker shift = initial extinction

w/ kicker shift = improved extinction

preliminary

preliminary
Ion Chamber Hodoscope Trig. Counters

!- beam



• Muon flavor physics experiment is a clue to investigate new physics BSM 

• High-power proton driver to produce high-intensity muon beam 

• COMET intends to improve the sensitivity to the mu-e conversion process by more than a 
factor of 10,000 in two steps; 

• Phase-I sensitivity < 10-14 

• Phase-II sensitivity < 10-16 

• J-PARC MR operation at 8GeV to provide the proton beam 

• Proton beam extinction factor as good as 6x10-11 confirmed. Need further 
improvement in collaboration with the J-PARC accelerator group 

• Pion/muon capture system, muon transport system as well as the physics detector in 
preparation 

• Collaboration is expanding even now! Any young student and researcher is welcome to 
join the collaboration!!

Summary


