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Muon Particle Physics
• Muon in the Standard 
Model 

• Precise measurement of 
muon properties 

• Establishment of SM 

• Indication of BSM related 
to muon? 

• muon g-2, B leptonic 
decay …
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mu-e Conversion

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

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

MEG 2016 
4.2x10-13

µ −
à e −ν ν 

µ − + (A, Z ) à νµ + (A,Z − 1)

nuclear muon capture

 Muon Decay In Orbit

µ−

µ− + (A,Z) e− + (A,Z)à

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−



Electron Energy

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

DIO electrons
Signal



Selection of the Target Material
• DIO Eendpoing extends to the Eμ-e 

• Recoil energy 

• Muon binding energy 

• Select the target material with high Eμ-e and 
avoid using the material with larger Eendpoint 
around the target 

• When the target is made of aluminium, 
we should avoid using materials from 
Z=5 to Z=12. 

• He (Z=2) is OK to use around the target 

• Lifetime of muon in muonic atoms 

• Shorter in larger Z because of the larger 
nuclear muon capture rate

He Al
Ti



Once the signal is observed…

Al Ti Pb

Even without μ->eγ signal !
CIRIGLIANO, KITANO, OKADA, AND TUZON 
PHYSICAL REVIEW D 80, 013002 (2009)

Vector 1

Vector 2

Dipole
Scalar

μ e



μ-e Conversion Search 
Experiments

• J-PARC 

• DeeMe 

• COMET Phase-I & II      

• FNAL 

• Mu2e (A. GAPONENKO’s 
presentation) 

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

10-14 ~ 10-16 sensitivity COMET Phase-II



J-PARC 
Japan Proton acceleration research complex

• Joint project between JAEA and KEK 
• New	and	accelerator	research	facility,	using	

MW-class	high	power	proton	beams	at	both	3	
GeV	and	30	GeV.	

• Various secondary particle beams 
• neutrons, muons, kaons, neutrinos, etc. 

produced in proton-nucleus reactions 
• Three major scientific goals using these 

secondary beams 
• Particle and Nuclear physics 
• Materials and life sciences 
• R&D for nuclear transformation (in Phase 2) 

• The anticipated goal is 1 MW

KEK	Tsukuba

J-PARC	Tokai



LINAC	
400	MeV

Rapid	Cycle	Synchrotron	

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



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.

Transport Solenoid



COMET Phase I & II
• Phase I 

• Beam background study 

• Achieve an intermediate 
sensitivity of < 10-14 

• 8GeV, 3.2kW, 110 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

Phase I 
2013-2018 
Facility construction 
2013-2019 
Magnet construction & installation 
2018-2020 
Eng. run & Physics run 
Phase II 
Eng. run in 2022(?)



Pion Capture
• Adiabatic transition of Muon beam 

• As B decreases, pT decreases and R 
increases 

• more parallel beam at a cost of the 
increased beam size

Bl

Strong Magnetic field in high 
radiation environment

Aluminum stabilized SC 
Collaborative R&D between 
COMET & Mu2e



Muon Transport
• A center of helical trajectory of 
charged particles in a curved 
solenoidal field is drifted by  

• This effect can be used for 
charge and momentum 
selection. 

• This drift can be compensated 
by an auxiliary field parallel to 
the drift direction

δp/δx = 1 MeV/c/cm



COMET Phase-I



Status of COMET Experiment Facility
Switch	Yard	Beamline	Elements

Beam	transport	line	in	HD	hall
Hall	construction

Beam	line	component	
installation	in	progress	in	
SY	since	2014

A-Line B-Line

SC	magnets

He	compressor	used	
for	E36	will	be	reused	
for	COMET

90	deg.	Transport	
Solenoid	installed	in	
Spring	2015 COMET	Hall	ready	in	Spring	2015

Significant	construction	work	2016	
Summer	to	connect	SY	and	Hall	
along	the	B-Line



COMET:Status of Detector Preparation
Detector	for	physics	

measurement	in	Phase	I

Wire	stringing	
completed	in	July	
2016	at	KEK

CDC	:	the	main	detector	of	
COMET	Phase-I	Physics

All	geometry	implemented	
in	the	full	simulation:	
ICEDUST

CDC	Read	Out	
Electronics	RECBE	
production	at	
IHEP

Trigger	Hodoscope	Counter	
Scintillator	+	Cerenkov

Beam	test	@	PSI	2015

Analysis	algorithm	development	in	
progress	using	simulation	data.	
ex)	track	finding	in	CyDET



CDC Construction
• COMET Phase-I Physics 
Main Detector 

• Wire stringing completed 
in July 2016 

• 1st cosmic-ray event 
observed in Sep. 2016



COMET: Detector Preparation Cont’d
Detector	for	beam	BG	measurement	
in	Phase	I	and	physics	measurement	

in	Phase	II

Straw	tracker	(operational	in	
vacuum)	prototype

↑Wave	form	taken	in	the	test	
ß Electron	beam	test	at	ELPH

Ecal	Pile-up	study	using	
simulation	data

ECal	(LYSO)	R&D	using	
prototypes

Crystal	quality	test	bench	at	JINR

Ecal	PID	performance	evaluation	at	PSI	2015

100	MeV	electron



Backgrond Assessment
• Proton emission from muon captures 

• No data available for Al 

• Si data only (near Al) 

• 15% proton emission / muon 
capture on 28Si 

• 50MeV/c < p < 200MeV/c 

• Significant contribution to the detector 
hit rate 

• AlCap experiment at PSI 

• Joint effort between COMET/
Mu2e

Si 
S. Sobottka and E. L. Wills. 
Phys. Rev. Lett. 20 (1968) 596

• 0.05 protons/ muon capture 
• Tran Hoai Nam (Osaka Univ.) PhD

Al
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Background Phase-I



Preparation for Phase-II
• 180 degree bend in the muon 
transport section 

• Better pi/mu separation and 
high-p particle rejection  

• 180 degree bend in the electron 
spectrometer 

• Keep the detector 
occupancy rate reasonable 
even with higher primary 
beam power 

• Optimization of 

• muon stopping target 
disks 

• collimators in the 
electron spectrometer 

• Detector R&D as a beam 
measurement detector in Phase-I

Phase-I Phase-II



Principle of DeeMe
→	DeeMe



Principle of DeeMe
→	DeeMe



DeeMe at J-PARC
• mu-e conversion search at J-
PARC with a S.E.S. of 10-14 

• Primary proton beam from RCS 

• 3GeV, 1MW 

• Pion production target as a muon stopping 
target 

• Beam line as a spectrometer 

• Kicker magnets to remove prompt 
background 

• Multi-purpose beam line for DeeMe, HFS, 
g-2/EDM is under construction 

• Engineering run (DIO electron 
measurement) in JFY 2016
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Summary
• muon as a tool to investigate BSM 
physics 

• COMET searches for the mu-e 
conversion with a target sensitivity 
better than 10-16 at J-PARC 

• Staged approach: < 10-14 in Phase I 
and <10-16 in Phase II 

• Facility construction & detector 
preparation are in progress to start 
Phase-I in 2018-2019 



Summary
• muon as a tool to investigate BSM 
physics 

• COMET searches for the mu-e 
conversion with a target sensitivity 
better than 10-16 at J-PARC 

• Staged approach: < 10-14 in Phase I 
and <10-16 in Phase II 
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presented at PSI2013

Bld. construction completed 
in 2015 spring


