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Introduction
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Muon PhysicsLHC

 Muon Physics in the LHC Era
 Keyword : “COMPLEMENTARY”

COMPLEMENTARY !

Within the “Muon Physics”, all experiments 
should be COMPLEMENTARY, too!!



Introduction

Muon Physics

 Past
 Michel Parameter / Lifetime etc.

 gS,V,T,A,P , GF determined

 SM has been established

 Present & Future
 g-2 / EDM / LFV

 so called Muon Trio

 Search for New Physics !!
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Muon Trio

MEG DeeMe COMET

g-2
EDM

LFV

Muon Exp. in the LHC Era

(running) (planning) (planning)
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Physics Motivation
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 Probes to Search for New Physics by using Muon

 Muon “g-2”
 Muon “EDM”
 Muon “LFV”

 Significantly Important to Search for New Physics
 And also, Closely Related one another in some cases 

of New Physics (eg. SUSY, Ext-D., Little H, lepto-quark, etc.)
 Physics Motivation of Muon Trio should be robust for 

the Era of LHC (even after the LHC !!)

Muon Trio}

Search for New Physics
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Lepton Flavour Violation (SM)

 eg.; “µ→eγ“ in SM  Possible by the minimally 
extended SM to account for 
neutrino oscillation.

 Strongly Suppressed by 
“leptonic” GIM mechanism.

 Calculated Branching 
Ratio:

 No Sizable Contribution

B(µ ! e�) =
3↵
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BSM : eg. SUSY Scenario

 Scalar-lepton Mass Matrix
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 Enhanced by any new 
physics models beyond SM

 No Strong Suppression 
 Calculated Branching 

Ratio: 

 Sizable Contribution !!!

Lepton Flavour Violation (BSM)

 eg.; “µ→eγ“ in SUSY

B(µ ! e�) =
↵3⇡✓2ẽµ̃
G2

F m̃
4

= 10�14 ⇠ 10�11
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Muon LFV is so Attractive

 Only charged LFV has never been observed while,
 Neutrino Oscillation is possible by “SM + ν mass”
 Quark Mixing is generally contaminated by SM.

 Experimental Upper Limit is already sensitive to predicted region
 Search for Muon Rare Decay is the most suitable.

 Once we have a powerful proton driver,                              
muon can be generated very easily.

Charged LFV  “IS”  New Physics
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Two Muon LFV processes

e-

N
μ -

e+

μ +

γ

µ→eγ µN→eN
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History of Muon LFV Search

Long Tradition on 
the µ→eγ / µN→eN 
Search Experiment 

Started right after 
the muon discovery

µ→eγ has already 
entered the 
predicted region !!

µN→eN is standing 
at just in front of the 
predicted region !!

NOW VERY VERY 
ATTRACTIVE !!!!!

predicted region for μ→eγ

predicted region for μN→eN

Hajime NISHIGUCHI (KEK)                                                 MEG/COMET/DeeMe                        g-2 workshop in the LHC era, LPNHE, 25.May.2012



µ→eγ
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Search for “µ→eγ”
 Signal and Backgrounds

e+
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 Clear 2-Body Decay; (Ee=Eγ=52.8MeV, θeγ=180°, Time Coincidence)
 Experimental Sensitivity is limited by Accidental Overlaps

Use DC beam
(No Pulsed Beam !!)

Good Resolution for E, x and t
Operational at Very High Rate
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MEG Experiment
 Experimental Sensitivity is limited by Accidental Overlaps

 Use DC beam
 Good Resolution for E, x and t, Operational at Very High Rate

World Most Intense 
DC Muon Beam at PSI

108 muon/sec
 

Liquid Xenon 
Scintillation Detector

(gamma)
 

COBRA Spectrometer
(positron)
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MEG - Detector Apparatus

(1) World’s Most Intense 
DC Muon Beam

(2) Specially Graded 
Solenoidal Magnet

(3) Very LIGHT and Sensitive 
DC, and Very Fast TC

(4) Liquid Xenon Scintillation 
Photon Detector

The MEG Collaboration
( 5 countries                           ,
/12 institutes / ~60 persons )
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MEG - TimeLine
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proposal

detector R&D

magnet 
construction

detector construction

engineering 
run

physics 
run(1)

beam line 
commissioning

1st publication
1.5x10-11(90CL.)
Nucl.Phys.B834.p1

2nd publication
2.4x10-12(90CL.)

Phys.Rev.Let 107. 171801

physics 
run(2)

physics 
run(3)

physics 
run(4)
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MEG - Analysis 
 Blind Analysis

 Signal region blinded. Detector Calibration and 
Performance evaluation, BG estimation are done in 
sideband data.

 Muon # Normalization
 Dedicated Trigger to count the # of Michel e+ is 

mixed within Physics Trig.

 Likelihood Fitting

 Fit Parameter : Nsig, NRD, NBG (N= Nsig+ NRD + NBG)

 Five Observables : Eγ, Ee, teγ, θeγ, and θeγ 

 PDF (Signal/BG both) are built by the data

 Done for wide region (10σ) for Sig/BG simultaneously 

 NRD and NBG in sideband is good control sample 

 Three Independent Analysis Groups

L(Nsig, NRD, NBG)

=
NN

obs

e�N

N
obs

N

obsY

i=1

"
N

sig

N
S +

N
RD

N
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N
BG

N
B

#
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blind



MEG - Latest Result

 2009+2010 Combined Analysis:

 Consistent with Null-Signal (90%CL.)

 Best Limit is Updated

 Factor 5 Stronger Restriction to the BSM
 Further detailed plot, See backup slides

 Analysis on 2011 data is ongoing
 Stepping into the world of O(-13) !
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B(µ+→e+γ) < 2.4×10-12

Run2009



MEG - World Best Limit
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µN→eN

Hajime NISHIGUCHI (KEK)                                                 MEG/COMET/DeeMe                        g-2 workshop in the LHC era, LPNHE, 25.May.2012



Search for “µN→eN”
 Signal

 Ee = mµ-Bµ ~ 105MeV
 Coherent Process (Zini=Zend)

 Signal : Single Mono-Energetic Electron

 Sensitivity : Limited by Beam Quality

 Wait until Pion decays

 Pulsed Beam is the BEST

e-
N

μ -

νµ

νe

e-

N
μ -

 Backgrounds
 muon decay in orbit (DIO)

 radiative muon capture
 radiative pion capture
 electrons from muon DiF
 cosmic rays
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 Sensitivity for “photonic” and “non-photonic” processes is different.

“µ→eγ” vs. “µN→eN” Physics      
  

Point of view
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µ→eγ µN→eN
photonic

(eg. SUSY-base models, etc.) YES (on-shell) YES (off-shell)

non-photonic
(eg. Extra-D, Little-H, etc.) NO YES !!

vs.

  eg. SUSY-based case, B(µ→eγ)/B(µN→eN) ～ O(100) (depends on N)



“µ→eγ” vs. “µN→eN” Experimental  

Point of view
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µ→eγ µN→eN
Dominant B.G. Accidental Beam related

Challenge Detector Performance Beam Quality

Suitable Muon Source DC Muon Beam Pulsed Muon Beam

Beam Intensity (almost) Limited No Limitation

 µ→eγ : accidental B.G. ∝ (rate)2
 MEG (and its upgrade) may be the final experiment

 µN→eN : Required Beam is recently / finally achievable
 Once we get a required beam, µN→eN experiment 

might be a next experiment after the MEG.

discovery

measurement



  SINDRUM-II (present record holder)

 1989-1993 @ PSI
 DC Beam with Beam Veto Counters

 Results

 B(µ-Ti→e - Ti) < 6.1×10-13 (1993)

 B(µ - Au→e - Au) < 7×10-13 (2000)

Present Best Limit on “µN→eN”
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 Electron Momentum Spectrum
(SINDRUM-II)

Significant BG.
Rate Limited !!



①
②

③

④

COMET Experiment
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 Pulsed Proton Beam @ 
J-PARC Main Accelerator

 Utilize backward pions 
with pion capture 
solenoid

 Select low-p muons 
(and reject high-p pions) 
using C-Shaped 
Transport Solenoid, and 
Select high-p electron 
(reject low-p 
backgrounds) using C-
shaped Detector Solenoid

High Resolution 
Tracker & Calorimeter



J-PARC
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 Dominant Backgrounds
 Beam Pion Capture

 π+(A,Z)→(A,Z-1)*       
→γ+(A,Z-1), γ→e+e- 

 Prompt Timing
 cf. τ(muonic Al) = 0.88 µs

 Muon DIO, e- scattering

Proton Extinction
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 Extinction = “Residual protons in between the pulses”

Main Proton Pulse
(108 proton/pulse)

Prompt Background

Stopped Muon Decay

Timing Window

SIGNAL

Time (μs)

a.
u.

100 ns

1.1 !s

Extinction should be <10-9 : To achieve 10-17 Single Event Sensitivity



Pion Capture Solenoid
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 Large muon yield by 
Large Solid Angle

 powerful Solenoid

 Surround p target

 Superconducting 
solenoidal magnet

 15cm radium bore

 5T

 30 cm thick W shield

 Issue : Heat Load



Curved Solenoid
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Muon Transport Beamline

• Muons are transported from 

the capture section to the 

detector by the muon 

transport beamline.

• Requirements :

• long enough for pions to 

decay to muons (> 20 

meters ! 2x10-3).

• high transport efficiency 

(P!~40 MeV/c)

• negative charge selection

• low momentum selection 

(P!<75 MeV/c)

• Straight + curved solenoid 

transport system is adopted.

 Requirements:

 Long enough for pions to 
decay to muons (>20m)

 High transport efficiency 
(Pµ~40MeV/c)

 Negative charge selection

 Low momentum selection 
(Pµ<75MeV/c)

Curved Solenoid Design 
is Suitable.



Detector Section

Hajime NISHIGUCHI (KEK)                                                 MEG/COMET/DeeMe                        g-2 workshop in the LHC era, LPNHE, 25.May.2012



 Beam BG Study

 µN→eN Search

Staging Approach
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COMET 
Phase-I



 Measure almost all particles
 Same detector technology used in COMET

 SC spectrometer solenoid
 Straw tube transverse tracker 
 Crystal Calorimeter

 Particle ID with dE/dx and E/p
 anti-p with event shape
 γ direction

Beam Measurement @ phase-I
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experiment layout

detector design simulated µ yield

simulated mom spectra



 8GeV, 3.2kW proton beam is assumed
 2.5×1012 protons/sec
 10-9 of extinction is supposed 

 12 days (106 sec) running time
 Expected single event sensitivity

 B(µ+Al→e+Al) = 3.2×10-15 
 Upper limit at 90% C.L.

 B(µ+Al→e+Al) < 7.2×10-15 

 cf. present limit < 7×10-13 (SINDRUM-II)

Search for µN→eN @ phase-I

Hajime NISHIGUCHI (KEK)                                                 MEG/COMET/DeeMe                        g-2 workshop in the LHC era, LPNHE, 25.May.2012

MeV/c
98 99 100 101 102 103 104 105

co
un

ts
 p

er
 0

.1
 M

eV
/c

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fitted Momentum

Sensitivity and BG
• 8GeV, 3.2kW proton beam 

• 2.5x1012 proton/sec

• 12 days (106 sec) running time

• Single event sensitivity

• B(μ-+Al→e-+Al) = 3.1x10-15

• Upper limit at 90% C.L.

• B(μ-+Al→e-+Al) < 7.2x10-15
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Figure 6.2: Distributions of reconstructed µ−−e− conversion signals and reconstructed
DIO events for the case of trigger counter of 5 mm thickness. 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 101.9 MeV/c is used in this
report.

Table 6.1: Momentum cut values and their efficiencies for different thickness of trigger
counters. The net efficiency below is the product of the geometrical acceptance and the
efficiency of the momentum cut.

trigger geometrical momentum momentum net
counter & tracking threshold cut efficiency

no 41 % Pe > 103.5 MeV/c 70 % 29 %
5 mm 40 % Pe >101.9 MeV/c 66 % 26 %
7.5 mm 38 % Pe > 100.4 MeV/c 55 % 21 %

6.2.2 Signal sensitivity for cylindrical detector

The single event sensitivity is given by

B(µ− +Al → e− +Al) =
1

N stop
µ · fcap · Aµ-e

, (6.1)

where N stop
µ is the number of muons stopping in the muon target, fcap is the fraction of

muon capture and Aµ-e = 0.09 is the signal acceptance. The fraction of muon capture for
aluminum is fcap = 0.61.

By assuming a proton beam of 8 GeV with 0.4 µA, a total beam power is about
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Table 6.4: Summary of estimated background events for a single-event sensitivity of
3× 10−15 with a proton extinction factor of 10−9

Background estimated events
Muon decay in orbit 0.05
Radiative muon capture < 0.001
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Radiative pion capture 0.024
Beam electrons < 01
Muon decay in flight 0.0004
Pion decay in flight < 0.0001
Neutron induced background 0.024
Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Cosmic ray muons 0.0001
Electrons from cosmic ray muons 0.0001
Total 0.11

COMET of 2 × 107 sec. Therefore, the estimated background events are about a factor
of 20 less than that of the full COMET experiment.

6.3.5 Summary of background estimations

Table 6.4 shows a summary of the estimated backgrounds. The total estimated back-
ground is about 0.11 events for a single event sensitivity of 3.1 × 10−15 with a proton
extinction factor of 10−9. If the proton extinction factor is increased, the expected back-
ground events are further reduced.

supposing  beam extinction factor of 10-9 

Selection Value Comments
Geometrical Acc 0.53 tracking eff. included
momentum 0.50 pe>101.9MeV/c
Timing 0.39 same as COMET

Trigger and DAQ 0.9 same as COMET
Total 0.09

Eth (MeV)
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one signal event 
assuming B(μ-e)=3x10-15
0.05 BG events

B(µ� +Al ! e� +Al) =
1

N stop
µ

· fcap · Aµ�e



COMET : Current Status (1)
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- Proton Extinction -

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
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- Straw Tracker -

- π Capture Solenoid -

- Calorimeter -

O(-7) is 
confirmed 

w/o any 
extinction 
treatment

Specially 
dedicated 

injection is 
currently 

being 
tested.

High yield 
π capture 

is 
demonstr-

ated at 
Osaka Uni.

Operated 
within 

vacuum 
successfully

Actual 
implementa-
tion is under 
development

Several 
Crystals were 
investigated 

with test-
beam.

Next 
testbeam is 

being 
prepared 

with 
developed 
front-end



COMET : Current Status (2)
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- Curved Solenoid -

- Laboratory approval -

- Front-end Electronics -

- Funding -

Super-Cond-
uctor is being 
developed and 

irradiation 
test 

performed

Conductor 
test is 

ongoing,
and solenoid 

design is 
almost fixed.

2nd 
prototype 

design 
work is 
ongoing

LoI for 
Phase-I was 
submitted 

and 
discussed 

by PAC

Proposal 
for Phase-I  

is under 
preparation

Phase-I budget 
request is 
under way

(See Next Slide)

1st prototype 
was 

delivered 
and being 

tested now.



COMET : phase-I cost estimation
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building  9.5M€

magnet  9.0M€

beam line  6.3M€

detector
 11.5 M€

budget request
20 M€

J-PARC project 
budget 4.5 M€ 

Experimental 
Group 11.8 M€

 Unit : M € (= Oku ￥)

 Based on
 KEK facility division  estimation
 Toshiba magnet design

 Budget request 20 Oku JPY 
(=20 M€) includes building, beam 
line, magnet (up to 1st 90° bending)

 Expect Support from J-PARC 
project budget

 Detector construction needs 
external funding by experimental 
group’s effort

 Additional funding is required to 
upgrade to the phase-II (full COMET)



COMET : Schedule (vs. mu2e)
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2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

CD1 CD2
CD3a CD3b

C
O

M
E

T
m

u
2e

phase-I
design

phase-I 
construction

beam

physics
O(-15)

phase-II
design

phase-II 
construction

physics
O(-17)

construction
eng.
run physics

O(-17)

(!) Referred Sensitivity is not UL(90CL.) sensitivity, but the order of feasible SES.



DeeMe : Another Approach
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proton
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 In the thicker target, pion production -> decaying to muon is possibly done 
within the target (analogy to the surface muon production)

 Idea : “mu-e conversion electron may directory come from the target ”

 “Fast” and “Low Cost” : Good 1st discovery potential !!

 Schematic View of 
DeeMe apparatus



 MUSE : MUon Science Establishment at J-PARC

 Muon Beam Lines (D/U/S and H-lines)
 H-line is being designed for “particle 

physics experiments”, large solid angle, 
large momentum acceptance.

H-Line at J-PARC MLF

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
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Pulsed Proton

Capture Solenoid
Dipole    

Converging Solenoid

kicker system

Converging Solenoid

SiC Target

   Area H1

Area 
H3spectrometer magnet

hodoscope

trackers

   Area H2
 H-line is under 

discussion and 
planned to be 
shared by three 
experiments; 

        “muonium HFS”,
       “muon g-2/EDM”,

         and  “DeeMe”

 Need to be 
decided ASAP.



DeeMe : Sensitivity & BG.
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 Signal Sensitivity 

 S.E.S. = 2×10-14 

 2×107 sec running assumed

 Background

 RAP=10-19 (currently under measurement)

 Detector live-time duty = 1/20,000

DIO 0.09

beam related <0.01

cosmic muon 
induced e <0.018

cosmic muon 
induced µ <0.001

 Sensitivity is still not limited by Background, and thus we have an 
option to prolong the run time to achieve better sensitivitiy

 eg. suppose 8×107 sec of physics run → S.E.S. = 5×10-15 



DeeMe : Current Status
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“after proton” 
measurement @ RCS

construction of coils 
for H-Line

gating PMT 
development

tracker 
development



 DeeMe’s most attractive advantage !!!

DeeMe : Cost & Schedule
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subtotal : 1.03 M€subtotal : 1.03 M€
magnet 0.3 M€

detector
hodoscope 0.1 M€

detector
tracker (R&D) 0.03 M€

tracker (prdct.) 0.5 M€
electronics 0.1 M€

target
subtotal : 0.3 M€

target
SiC target 0.3 M€

Beam line (H-line) require to the facility siderequire to the facility side
subtotal : 2.2 M€

kicker magnet 0.6 M€
power 1.6 M€

PostDoc subtotal : 0.75 M€ (for 3 posdocs)subtotal : 0.75 M€ (for 3 posdocs)

Grand Total 4.28 M€
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MEG : Upgrades
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 MEG has recently started to 
consider the upgrade to 
perform experiment with three 
times higher beam intensity 
and better resolution for 
measurement.

 In parallel to the data-
taking, several R&D is ongoing.

 MPPC-base new γ 
detector

 All-Stereo CDC

 GEM-base radial TPC

 MPPC-base new counter

 Active target   ...  etc.

 We will finish the data-
taking as “MEG phase-I” soon. 
At the end of 2012, we will 
submit the proposal to PSI for 
upgrade.



Grand Future Prospects
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 (!) For the MEG upgrade, nothing is decided yet, thus this timeline is my personal prospects (!)
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CONCLUSIONS

 In the Era of LHC,

 “Muon Physics” ← complementary → “LHC”

 In the Muon Physics Experiments,

 “Muon g-2/EDM” ← complementary → “ Muon LFV”

 In the Muon LFV Experiments,

 “ µ→eγ Search” ← complementary → “ µN→eN Search”

 MEG ⇔ COMET ⇔ DeeMe

 COMET Stage-1 
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Again, Our Keyword is ...

 Loop diagram for “muon g-2”  Loop diagram for ”µ→eγ”

 Muon Physics in the LHC Era
 Keyword : “COMPLEMENTARY”
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Appendix



MEG - Run2009 (Event Distribution)
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MEG - Run2009 (LH fit / CL curve)
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MEG - Run2010 (Event Distribution)
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MEG - Run2010 (LH fit / CL curve)
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mu2e : apparatus
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