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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
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Charged Lepton Tools to investigate beyond SM

bSM



μ→eγ

MEG @ PSI
Running!
BR(μ+→e+γ)<5.7x10-13 @90% C.L.
Upgrade plan: MEG2 to reach 
O(10-14)
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gμ-2
and EDM

E821 @ BNL
aμexp -aμSM = +3.3 σ
dμ < 2.7x10-19 ecm (90%C.L.)
g-2/EDM@J-PARC
0.1 ppm for g-2 / O(10-21) for EDM
g-2 @ FNAL
20 times statistics, 4 times better 

uncertainty
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MEG at PSI
• Only running cLFV search 

experiment using muons

• μ→eγ search with a target 
sensitivity of 10-13

• PSI DC muon beam (<108μ+/sec)

• Liquid Xe photon detector

• COBRA positron spectrometer

NuFACT 2013, August 2013, Satoshi MIHARA
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signal                                BG
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MEG Result

Radiative Accidental

MEG collaboration, PRL 110(2013)201801
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MEG Upgrade Plan

- higher beam rate
- larger acceptance
- better resolutions
- moderate cost
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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

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.

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



As many muons as possible!
Pion/muon collection using  
gradient magnetic field

Bl

Strong Magnetic field in high 
radiation environment

Aluminum stabilized SC
Collaborative R&D between 
COMET & Mu2e

Muon transport with large momentum 
acceptance and momentum selection
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• 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

COMET at J-PARC
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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COMET Phase I & II
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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, ~3 weeks 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.

µ
−

0.0000T, 0.0000T

Y (cm)
-20 -10 0 10 20

M
o

m
en

tu
m

 (
M

ev
/c

)

0

20

40

60

80

100
Momentum vs Y for muon- at blt0

Entries  244730

Momentum vs Y for muon- at blt0

0.0060T, 0.0100T

Y (cm)
-20 -10 0 10 20

M
o

m
en

tu
m

 (
M

ev
/c

)

0

20

40

60

80

100
Momentum vs Y for muon- at blt0

Entries  263073

Momentum vs Y for muon- at blt0

0.0090T, 0.0150T

Y (cm)
-20 -10 0 10 20

M
o

m
en

tu
m

 (
M

ev
/c

)

0

20

40

60

80

100
Momentum vs Y for muon- at blt0

Entries  272080

Momentum vs Y for muon- at blt0

Y (cm)
-20 -10 0 10 20

M
o

m
en

tu
m

 (
M

ev
/c

)

0

20

40

60

80

100
Momentum vs Y for muon- at blt0

Entries  286129

Momentum vs Y for muon- at blt0

0.0135T, 0.0225T

Y (cm)
-20 -10 0 10 20

M
o

m
en

tu
m

 (
M

ev
/c

)

0

20

40

60

80

100
Momentum vs Y for muon- at blt0

Entries  294863

Momentum vs Y for muon- at blt0

0.0165T, 0.0275T

Y (cm)
-20 -10 0 10 20

M
o

m
en

tu
m

 (
M

ev
/c

)

0

20

40

60

80

100
Momentum vs Y for muon- at blt0

Entries  299111

Momentum vs Y for muon- at blt0

0.0180T, 0.0300T

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+
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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 Status
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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

• Facility construction started in 2013

• JFY 2012 supplementary budget approved for

• beam line & beam dump

• (Part of) Phase I solenoid system

• Building

• Detector R&D and design work in progress

• JSPS funding in Osaka Univ.

• IHEP as well !

• Discussion in UK and other countries

Phase I
2013-2015 
Facility construction
2013-2016
Magnet construction & 
installation
2016
Eng. run & Physics run
Phase II
Eng. run in 2020(?)
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Mu2 challenges
• Momentum	
  resolu>on	
  Δp/p	
  ~0.2%
• Beam	
  Ex>nc>on	
  factor	
  10-­‐10
• Total	
  proton	
  3.6x1020
• Minimize	
  material	
  in	
  muon	
  beam	
  
line	
  • Smaller	
  power	
  consump>on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
• Radia>on	
  hardness	
  and	
  safety

•8GeV-8kW proton beam
•3 years running, 4x1020 
proton, 1018 stopped muons

Mu2e operation starts in 2019,
data is expected in 2022, 
SES~2x10-17, and Project X ...

Z. You WG4



Mu2e Detector R&D
Collaborative work by 
COMET & Mu2e

SC R&D

Muon capture exp

Y. Kuno WG4

1.4m 

3 m 
Straw tube tracker
3 m long, 1.4 m diameter, in a uniform 1 T magnetic field
Made of 21,600 straw drift tubes, 18 stations, 2 planes/station 
Each straw 5 mm diameter, 25 µm sense wire, 15 µm mylar walls
Custom ASIC for Time Division Readout, Δt resolution < 50 ps
ADC for dE/dx capability to separate highly ionizing protons.

Calorimeter
Provides independent energy, time and position 

measurements
Helps to eliminate backgrounds and provides a cross check to 

verify the validity of signal events.
Disk structure is selected from two designs: Vane / Disk
Two disks composed of hexagonal LYSO crystals
Charge symmetric, can measure µ- N → e+ N’

DS#T%

DS#L%

DS#D%

DS#R%

TS#L%

TS#T%

TS#R% Cosmic Ray Veto
Cosmic rays is a major sources of background

Muons hitting stopping target or DS materials, 
generating delta rays

Muons decay into electrons
CRV are composed of 3 layers overlapping scintillators, 

placed around DS and part of TS area
Requires 0.9999 efficiency to achieve proposed background 

rejection



DeeMe at J-PARC
Y. Nakatsugawa WG4

•An electron analogue of the surface muon.
•Experiment could be very simple, quick and low-cost.

70 80 90 100 110 120 1300

0.05

0.1

0.15

0.2

0.25  40÷From a Target 
H-port Frange
GV Entrance
GV Exit
HS2 Entrance
HS3 Entrance
HSEP Entrance
HB4 Entrance
HB4 Exit
HQ2 Entrance
Focus

Momentum (MeV/c)

A
cc

ep
ta

nc
e (

sr
/M

eV
/c

)

DIO Si
gn

Prompt 

target material fC × fMC

Graphite 0.08

Silica-carbide (SiC) 0.46

PACMAN magnet 
from TRIUMF

• S.E.S. ~10-14

• Stage 1 
approval

• DAQ in 2015

SiC
Rotating target 
R&D in progress





μ+→e+e+e- search using DC muon beam

50 μm silicon

• 25 μm KaptonTM flexprint with aluminium traces

• 25 μm KaptonTM frame as support

• Less than 1‰ of a radiation length per layer

•SINDRUM @ PSI BR(μ+→e+e+e-)<10-12 @90% C.L.
•New collaboration at PSI Mu3e

Signal
Σp=0
Δt=0

Fast and thin sensors: HV-MAPS

NIM A 582 (2007) 876

Fiber/tile counters to 
measure t

Acc. Overlap
Σp=0
Δt=0

A. Bravar WG4



Mu3e
• Mu3e staging approach

• Phase IA 2015 (PiE5 beam line)

• Phase IB 2016-2017 (PiE5 beam line)

• Phase II 2018+ (new beam line)

Muon beam
•108 muons/sec for Phase I
•2x109 muons/s for Phase II

PSI new muon beam line (not before 2017)



Mu3e Phase I beam
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gμ-2
bSM

aμ=(gμ-2)/2=11 659 208 (6) x10-10 (0.5ppm)
Physical Review Letters 92; 1618102 (2004)

　continuation at FNAL toward 0.1ppm precision

new physics
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g-2 at FNAL

DAQ will start in 2016
physics today

fine calorimeter segmentation 
for better pile-up identification

straw in-vacuum tracking 
detector

Improvements in detector technology will 
reduce the two largest systematic 
uncertainties on the ωa measurement.

1 Pileup: 0.08 ppm reduced to 0.02 ppm 

2 Gain: 0.12 ppm reduced to 0.02 ppm 

g-2 ring at BNL
g-2

TBA WG4
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J-PARC MLF H-Line for muon Programs

Primary 
3GeV Proton 

H-

600 ns

40 ms

main pulses
600 ns

Primary Protons
Time

DeeMe(@(MLF(MUSE

平成22/04/27 13:41J-PARC | Materials and Life Science Experimental Facility

ページ 1/3http://j-parc.jp/MatLife/en/instrumentation/ms.html

D1 InstrumentD1 Instrument

Surface muon or positive/negative muon slower than 50 MeV/c
are available.
Selectable beam characteristics: Double pulse, Single pulse and
Short pulse of 30 ns width

Proton#Target

Proton#Beam

H@line

•1#MW#:#3#GeV,#333#μA
•High#sta9s9cs

•Pulse#Beam:#25#Hz#50#pulses
•Low#backgrounds

13年2月21日木曜日

• Multi-purpose beam line for particle 
physics experiments

• Large momentum range <30MeV/c 
- 120 MeV/c 

• 1x108 muons/sec

• Construction of the front part 
completed

• Wien filter & fast kicker

muon g-2/EDM

DeeMe
(another mu-e conversion 
search at J-PARC)

K. Shiomura WG4



J-PARC g-2/EDM
3	
  GeV	
  proton	
  beam
	
  (	
  333	
  uA)

Graphite	
  target
	
  (20	
  mm)

Surface	
  muon	
  beam	
  
(28	
  MeV/c,	
  4x108/s Muonium	
  Produc>on	
  

(300	
  K	
  ~	
  25	
  meV⇒2.3	
  keV/c)

Resonant	
  Laser	
  Ioniza>on	
  of	
  
Muonium	
  (~106	
  µ+/s)

Super	
  Precision	
  Magne>c	
  Field
(3T,	
  ~1ppm	
  local	
  precision)

Muon LINAC (300MeV/c)

• Muon g-2/EDM experiment at J-PaRC with Ultra-Cold Muon Beam

• Muonium production, Laser Ionization, and muon acceleration
66cm diameter

Silicon detector for 
electron tracking

DAQ start in 2016 (?)
•Technically driven schedule
•Budget

T. Mibe WG4



τ cLFV searches

More data from
Belle II at SuperKEKB & LHCb upgrade !

NuFACT 2013, August 2013, Satoshi MIHARA



• cLFV search as a tool to investigate bSM

• complementary approach to energy frontier

• MEG: Br(μ→eγ) < 5.7x10-13

• New experiments are in preparation

• μ→eγ: MEG2

• μ→e conversion:

COMET, Mu2e (& DeeMe)

• μ→eee: Mu3e

• Verification of BNL E821 gμ-2 measurement with 
better precision

• FNAL gμ-2, J-PARC gμ-2 (muon EDM as well)

• (more tau lepton data in future B-factory 
experiments)

Conclusion
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• Many thanks to

• MEG, COMET, DeeMe, and J-PRAC g-2/EDM 
collaborations

• Angela Papa, Nik Berger & Alessandro Bravar

• Zhengyun You



Backup
MEG



MEG Event Examples



MEG Upgrade Schedule

Design

Construction

Engineering Run

Run

2012 2013 2014 2015 2016 2017 2018 2019

• Upgrade proposal was submitted to PSI in 
December 2012

• Approved by PSI committee in January 2013

MEG MEG2



Consistency Check
• Compatibility bw new/old analysis

• UL distribution



Backup
COMET/Mu2e/DeeMe



Cirigliano, Kitano, Okada, 
Tuzon, 2009



COMET vs Mu2e



COMET & Mu2e 
Schedule



Mu2e Experiment at 
FNAL

• Target S.E.S. 2×10-17

• uses the antiproton accumulator/
debuncher rings to manipulate 
proton beam bunches

• No interference with NOvA 
experiment

• Mu2e uses beam NOvA can’t

• pion production target in a solenoid 
magnet

• S-shape muon transport to 
eliminate BG and sign-select

• Tracker and calorimeter to measure 
electrons

41



DeeMe at J-PARC MLF

•An electron analogue of the surface muon.
•Experiment could be very simple, quick and low-cost.42



DeeMe at J-PARC MLF

•An electron analogue of the surface muon.
•Experiment could be very simple, quick and low-cost.

→	
  DeeMe

42



What’s different?
• Tertiary Muon Beam

• Widely spread over phase space

• Contamination of pions

• Ultra-Cold Muon Beam

• Can be contained in the detection volume w/o focusing

• Yield?
~10$cm$

~10$cm$

injection

injection

Electric Focusing

Electric focusing
⇒ Magic momentum

No focusing
⇒ Any momentum

σ(pT)/pL<10-5


