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Note:   LFV in SM with massive neutrinos
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γ

ν very tiny!

The SM with neutrino masses predicts small event rates for the LFV.
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The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.
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BR~O(10-54)

Observation of CLFV would indicate a clear signal of 
physics beyond the SM with massive neutrinos.



 Rating of DNA of New Physics
 (a la Prof. Dr. A. Buras) 

AC RVV2 AKM δLL FBMSSM LHT RS

D0 − D̄0 ��� � � � � ��� ?

�K � ��� ��� � � �� ���
Sψφ ��� ��� ��� � � ��� ���

SφKS ��� �� � ��� ��� � ?

ACP (B → Xsγ) � � � ��� ��� � ?

A7,8(B → K∗µ+µ−
) � � � ��� ��� �� ?

A9(B → K∗µ+µ−
) � � � � � � ?

B → K(∗)νν̄ � � � � � � �
Bs → µ+µ− ��� ��� ��� ��� ��� � �
K+ → π+νν̄ � � � � � ��� ���
KL → π0νν̄ � � � � � ��� ���
µ → eγ ��� ��� ��� ��� ��� ��� ���
τ → µγ ��� ��� � ��� ��� ��� ���
µ+N → e+N ��� ��� ��� ��� ��� ��� ���

dn ��� ��� ��� �� ��� � ���
de ��� ��� �� � ��� � ���
(g − 2)µ ��� ��� �� ��� ��� � ?

Table 8: “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models ��� signals large effects, �� visible but small effects and � implies that
the given model does not predict sizable effects in that observable.

• vanishingly small effects (one black star).

This table can be considered as the collection of the DNA’s for various models. These DNA’s

will be modified as new experimental data will be availabe and in certain cases we will be

able to declare certain models to be disfavoured or even ruled out.

In constructing the table we did not take into account possible correlations among the

observables listed there. We have seen that in some models, it is not possible to obtain

large effects simultaneously for certain pairs or sets of observables and consequently future

measurements of a few observables considered in tab. 8 will have an impact on the patterns

shown in this DNA table. It will be interesting to monitor the changes in this table when the

future experiments will provide new results.
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Majorana Nature of Neutrinos1

Neutrinoless Double Beta Decays

Neutrinoless double beta decays 
address whether neutrinos are 
Majorana-type or not?

Heavy Partner of Neutrinos2

CLFV

Search for CLFV is sensitive to the 
energy scale of heavy right-handed 
neutrinos in the neutrino seesaw 
models.
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Scales of Electroweak Symmetry Breaking and 
Neutrino Mass Generation

TeV ν
if the two scales are well 
separated, CLFV is small.
~O(10-54)

TeV ν
Even without supersymmetric 
models, the two scales are 
close, large CLFV is expected.

TeV ν
In supersymmetric models, 
even if the two scales are well 
separated, large CLFV is 
expected.

SUSY
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FIG. 1: The dependence of B(µ → e + γ) on M1 in the case of NH (left panel) and IH (right panel) light neutrino

mass spectrum, for i) y = 0.001 (blue ◦), ii) y = 0.01 (green +), and iii) y = 0.1 (red ×). The horizontal dashed line

corresponds to the MEGA bound [33], B(µ → e + γ) ≤ 1.2 × 10
−11

. The horizontal dot-dashed line corresponds to

B(µ → e+ γ) = 10
−13

, which is the prospective sensitivity of the MEG experiment [34].

It is not difficult to show that, for fixed values of the phases α21 and δ, |Uµ2 + iUµ1|2 has a minimum for

sin θ13 =
cos δ sin α21

2 − 3 cos α21
2 sin δ

3 + 2
√
2 sin α21

2

. (3.19)

At the minimum, using eqs. (3.18) and (3.19), we get:

min
�
|Uµ2 + iUµ1|2

�
=

�
3 cos δ cos α21

2 + sin δ sin α21
2

�2

6
�
3 + 2

√
2 sin α21

2

� . (3.20)

We will find next for which values of the CP violating phases δ and α21 this lower bound is equal to zero
and if the resulting θ13, obtained from eq. (3.19), is compatible with the existing limits from the neutrino
oscillation data. We have min(|Uµ2 + iUµ1|2) = 0 if the Dirac and Majorana phases δ and α21 satisfy
the following conditions: tan δ tan α21

2 = −3 and sgn(cos δ cos α21
2 ) = −sgn(sin δ sin α21

2 ). Taking cos δ > 0
(cos δ < 0) and using tan δ = −3/ tan(α21/2) in eq. (3.19) we get:

sin θ13 = sgn(cos δ)

�
9 + tan2 α21

2

3 + 2
√
2 sin α21

2

cos
α21

2
. (3.21)

The solution (3.21) is compatible with the 3σ upper limit of the CHOOZ mixing angle (see Table 1). In
general, one can always find a viable pair of CP violating phases α21 and δ satisfying the relations given
above in order to set the r.h.s. of eq. (3.20) equal to zero, if the mixing angle θ13 is sufficiently large, namely,
if sin θ13 > 3 − 2

√
2 ∼= 0.17. More precisely, one finds, e.g. that |Uµ2 + iUµ1|2 � 3.52 × 10−8 (2.43 × 10−6)

for s13 � 0.2 (0.17), α21 � 2.732 (π) and δ � 5.725 (10−3).
In order to interpret the results presented in Fig. 1, it proves convenient to use the analytic expressions

of B(µ → e + γ) in terms of the low energy neutrino parameters, the neutrino Yukawa coupling and the
RH neutrino mass, eqs. (3.6)−(3.11). Taking for concreteness sin2 θ23 ∼= 1/2, sin2 θ12 ∼= 1/3 and using

17

FIG. 6: B(µ → e+ γ) vs |<m>| for M1 = 100 GeV, z = 10
−3

and i) NH neutrino mass spectrum (blue dots), ii) IH
neutrino mass spectrum (red dots).

for z = 10
−3

using the general expression (5.1). The (ββ)0ν-decay nucleus was assumed to be
76
Ge. The

neutrino oscillation parameters are taken, again, within the corresponding 3σ experimental intervals reported

in Table 1. The Majorana phase α21 (α31 − α21) and the phase ω in the IH (NH) case were varied in the

intervals [0, 4π] and [0, 2π], respectively. The neutrino Yukawa coupling takes values y � 0.1. The correlation
between B(µ → e + γ) and |<m>| ∼= |<m>N| reported in eq. (6.1) is satisfied for values y � 0.01. This

is in agreement with Figs. 3 and 4, where it is shown that a signal compatible with the GERDA sensitivity

reach is possible, provided y � 10
−3

, for both types of neutrino mass spectrum. Moreover, in the case of IH

light neutrino mass spectrum, such correlation depends strongly on the value of the Majorana phase α21.

Indeed, for M1
∼= 100 (1000) GeV and y ∼= 0.01 (0.1) we expect that the MEG experiment [34] is able to

measure the µ → e+ γ decay rate (see Fig. 2). If lepton flavour violation is discovered by MEG, according

to eqs. (5.2) and (3.10), a positive signal detected by GERDA II, i.e. |<m>| ∼= |<m>N | � 0.1 eV, implies:

10
−3

(10
−2

) � z(1 + 0.94 sin(α21/2)) � 4 × 10
−3

(4 × 10
−2

). In the case of M1 = 100 GeV and z = 10
−3

,

used to obtain Fig. 6, we would expect, in general, positive signals to be observed in both MEG and GERDA

II experiments if α21
∼= 0,π; in the case of α21

∼= 3π, the (ββ)0ν and µ → e + γ decays are predicted to

proceed with rates below the sensitivity of these two experiments.

We note, however, that it is not possible to get independent constraints on the degeneracy parameter z
and the Majorana phase from the data on (ββ)0ν and µ → e + γ decays. Finally, we notice also that the

strong correlation exhibited in Fig. 6 is a consequence of the constraints imposed by the neutrino oscillation

data on the type I see-saw parameter space in the case investigated by us.

VII. CONCLUSIONS

We have analyzed the low energy implications of a type I see-saw scenario with right-handed (RH) neutrino

masses at the electroweak scale and sizable charged and neutral current weak interactions. This class

of scenarios have the attractive feature that the RH neutrinos could be directly produced at the Large

Hadron Collider, thus allowing to test in collider experiments the mechanism of neutrino mass generation.

Furthermore, and in contrast to the high-scale see-saw mechanism, the rates for the rare leptonic decays are

unsuppressed in this scenario, which opens up the possibility of detecting signatures of new physics with

CLFV with TeV Seesaw (Type-I)

A. Ibara, E. Molinaro, S.T. Petcov, Phys. Rev. D84 (2011) 013005

TeV seesaw type-I models 
predict sizable branching ratio of 
CLFV with right-handed neutrino 
mass of O(TeV).



CLFV Process with Muons



Charged Lepton Flavor Violation 
with Muons

•µ− + N(A, Z) → e+ + N(A, Z − 2)

ΔL=1
•µ+

→ e+γ
•µ+

→ e+e+e−

•µ− + N(A, Z) → e− + N(A, Z)

ΔL=2
•µ+e− → µ−e+

•µ− + N(A, Z) → µ+ + N(A, Z − 2)
•νµ + N(A, Z) → µ+ + N(A, Z − 1)
•νµ + N(A, Z) → µ+µ+µ− + N(A, Z − 1)

current future
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LFV,Why ?
LFV,Why ?

µ→eγ 



What is μ→eγ ?

• Event Signature
• Ee = mμ/2, Eγ = mμ/2 

(=52.8 MeV)
• angle θμe=180 degrees 

(back-to-back)
• time coincidence

• Backgrounds
• prompt physics 

backgrounds
• radiative muon decay 
μ→eννγ when two 
neutrinos carry very 
small energies.

• accidental backgrounds
• positron in μ→eνν
• photon in μ→eννγ or 

photon from e+e- 
annihilation in flight.

e +

γ

µ
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Likelihood Analysis Results

• systematic errors (in total 2% in UL) include: 
• relative angle offsets
• correlations in e+ observables
• normalization

combined result
(2009+2010expected UL = 1.6×10-12)
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Goal is 10-13
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rsion

in 

a muonic 
atom 



What is Muon to Electron Conversion?

1s state in a muonic atom

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

Neutrino-less muon 
nuclear capture

µ− + (A, Z)→ e− + (A,Z )

Event Signature : 
a single mono-energetic 
electron of 100 MeV
Backgrounds:
(1) physics backgrounds (from 
muons, such as decay in orbit)
(2) beam-related backgrounds 
(radiative pion cap., muon 
decay in flight...)
(3) cosmic rays, false tracking



Why µ-e conversion, not  µ→eγ?



Why µ-e conversion, not  µ→eγ?

B(µN → eN)

B(µ → eγ)
=

G2
F m4

µ

96π3α
× 3 × 1012B(A, Z)

∼
B(A, Z)

428

B(μ→eγ) ~
2.4x10-12 

B(μN→eN) ~
6.2 x10-15 

But, <100 events at COMET

Physics

if photonic contribution dominates,

• for aluminum, about 1/390
• for titanium, about 1/230

Many muons needed
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Physics

if photonic contribution dominates,

• for aluminum, about 1/390
• for titanium, about 1/230

Many muons needed

Experimental

•µ→eγ is accidental 
background limited and 
cannot take high beam rates.
•BR<10-13 would be the best.

•µ→e conversion does not have 
accidental background and 
can take high beam rate.
•BR<10-18 would be possible.



Why µ-e conversion, not  µ→eγ?

B(µN → eN)

B(µ → eγ)
=

G2
F m4

µ

96π3α
× 3 × 1012B(A, Z)

∼
B(A, Z)

428

B(μ→eγ) ~
2.4x10-12 

B(μN→eN) ~
6.2 x10-15 

But, <100 events at COMET

Physics

if photonic contribution dominates,

• for aluminum, about 1/390
• for titanium, about 1/230

Many muons needed

Experimental

•µ→eγ is accidental 
background limited and 
cannot take high beam rates.
•BR<10-13 would be the best.

•µ→e conversion does not have 
accidental background and 
can take high beam rate.
•BR<10-18 would be possible.

The next step would be 
µ-e conversion.
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Final result on mu - e 
conversion on Gold 

target is being prepared 
for publication

< 7 x 10-13 90%CL

@ PSI

PSI muon beam intensity ~ 107-8/sec
beam from the PSI cyclotron. To eliminate 
beam related background from a beam, a 
beam veto counter was placed. But, it 
could not work at a high rate. 

Published Results (2004)

B(µ− + Au→ e− + Au) < 7× 10−13
SINDRUM-II (PSI)



Improvements for Signal Sensitivity

To achieve a single sensitivity of 10-17, we need

1011 muons/sec (with 107 sec running)

whereas the current highest intensity is 108/sec at PSI.

Pion Capture and 
Muon Transport by 
Superconducting 
Solenoid System

(1011 muons for 50 
kW beam power)

Guide !’s until decay to !’s

Suppress high"P particles

•!’s : p!< 75 MeV/c

•e’s : pe < 100 MeV/c



Improvements for Background Rejection

 base on the MELC proposal at Moscow Meson Factory

Beam-related 
backgrounds

Beam pulsing with 
separation of 1μsec

measured 
between beam 
pulses

Muon DIO 
background

low-mass trackers in 
vacuum & thin target

improve
electron energy 
resolution

curved solenoids for 
momentum selection

Muon DIF
background

eliminate 
energetic muons 
(>75 MeV/c)

proton extinction = #protons between pulses/#protons in a pulse < 10-9



Mu2e Detector 

Lindgren – Fermilab Snowmass PAC, June 21-25, 2011 15 

Proton beam hits production target in 
Production Solenoid. 
Pions captured and accelerated towards 
Transport Solenoid by graded field. 
Pions decay to muons. 

Transport solenoid performs sign and momentum 
selection. 
Eliminates high energy negative particles, positive 
particles and line-of-site neutrals. 

Muons captured in stopping target. 
Conversion electron trajectory measured 
in tracker, validated in calorimeter. 
Cosmic Ray Veto surrounds Detector 
Solenoid. 

µ-e conversion : Mu2e at Fermilab

B(µ− + Al→ e− + Al) = 3.3× 10−17

B(µ− + Al→ e− + Al) < 7× 10−17 (90%C.L.)

2.6

6
• Reincarnation of MECO at BNL.
• Antiproton buncher and accumulator 

rings are used to produce a pulsed 
proton beam.

• Approved in 2009, and CD0 in 2009.



COMET@J-PARC



µ-e conversion : COMET (E21) at J-PARC

8GeV proton beam
5T pion
 capture 
solenoid

3T muon transport
(curved solenoids)

muon stopping
target

electron tracker 
and calorimeter

electron 
transport

B(µ− + Al→ e− + Al) = 3.3× 10−17

B(µ− + Al→ e− + Al) < 7× 10−17 (90%C.L.)

2.6

6

Experimental Goal of COMET

• 1011 muon stops/sec for 56 kW 
proton beam power.

• C-shape muon beam line and C-
shape electron transport followed by 
electron detection system.

• Stage-1 approved in 2009.
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muon beamline

electron  
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COMET Solenoids and Detectors
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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

Comparison : COMET vs. Mu2e

Selection of 
low 

momentum 
muons

eliminate 
background from 

muon decay 
in flight

eliminate low energy events to make the detector quiet.

Selection of 
100 MeV electrons

eliminate protons from nuclear muon capture.



Signal Sensitivity (preliminary) - 2x107 sec



• Single event sensitivity

• Nμ is a number of stopping 
muons in the muon stopping 
target. It is 2x1018 muons.

• fcap is a fraction of muon 
capture, which is 0.6 for 
aluminum.

• Ae is the detector acceptance, 
which is 0.04.

Signal Sensitivity (preliminary) - 2x107 sec

B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

total protons
muon transport efficiency
muon stopping efficiency

8.5x1020

0.008
0.3

# of stopped muons 2.0x1018

B(µ− + Al→ e− + Al) = 3.3× 10−17

B(µ− + Al→ e− + Al) < 7× 10−17 (90%C.L.)
2.6
6



Background Rates
11.2. BACKGROUND REJECTION 171

Table 11.9: Summary of Estimated Backgrounds.

Radiative Pion Capture 0.05
Beam Electrons < 0.1‡

Muon Decay in Flight < 0.0002
Pion Decay in Flight < 0.0001
Neutron Induced 0.024
Delayed-Pion Radiative Capture 0.002
Anti-proton Induced 0.007
Muon Decay in Orbit 0.15
Radiative Muon Capture < 0.001
µ− Capt. w/ n Emission < 0.001
µ− Capt. w/ Charged Part. Emission < 0.001
Cosmic Ray Muons 0.002
Electrons from Cosmic Ray Muons 0.002
Total 0.34

‡ Monte Carlo statistics limited.

11.2.5 Summary

Table 11.9 shows a summary of estimated backgrounds. The total number of background
event is 0.3.

beam-related prompt 
backgrounds

intrinsic physics 
backgrounds

beam-related delayed 
backgrounds

cosmic-ray and other 
backgrounds

Expected background events are about 0.34.



R&D Milestones for COMET

B(µ− + Al → e− + Al) < 10−16
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COMET

single event sensitivity: 2.6x10-17



R&D Milestones for COMET

Reduction of Backgrounds1

Beam pulsing

measurement is done between 
beam pulses to reduce beam 
related backgrounds. And 
proton beam extinction of 
<10-9 is required.
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R&D Milestones for COMET

Reduction of Backgrounds1

Beam pulsing

measurement is done between 
beam pulses to reduce beam 
related backgrounds. And 
proton beam extinction of 
<10-9 is required.

Increase of Muon Intensity2

Pion capture system

high field superconducting 
solenoid magnets surrounding a 
pion production target

X103B(µ− + Al → e− + Al) < 10−16
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Resources shared between COMET and Mu2eProton Beam Extinction Studies1

Pulsed Proton Beam @J-PARC
A pulsed proton beam is needed to reject beam-related prompt background. 

• Beam time structure
• Pulse separation > 1μsec (muon lifetime in Al).
• Pulse width < 100 nsec

• Pulsed Proton Beam    (Rate=~1 MHz, 8 GeV, 56 kW)
• Linac : Pulsed by Chopper• RCS  : h=2, 1 Filled Bunch• MR   : h＝9, 3 Filled Bunches• Extraction: Bunched Slow Extraction

•Beam Extinction

RExt = number of protons between pulsesnumber of protons in a pulse ＜10ー9

Requirements

8

Measurement Extinction
MR Abort Line
Secondary Beamchopper

Linac

Hadron 
Hall

Abort line

Time structure of Secondary beam(Oct.2010) 

be consisted with O(10-7)
in the J-PARC MR

External 
Extinction Device

Double injection 
kicking

x additional factor of O(10-6)

x additional factor of O(10-3)

hmcs
Entries  311059
Mean     3563
RMS     949.6
Underflow       0
Overflow        0
Integral  1.502e+08
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The COMET collaboration is confident to 
achieve proton extinction of <O(10-9) 

Measured at secondary 
beamline (2010)

New Abort-line Monitor
• Careful selection of material

• Linear motion guide and gate 
valve

• Wide dynamic range

• 4 PMTs viewing a single 
scintillator plate

• Different light attenuation 
using ND filters

• Interlock system for safe 
operation

可動架台＆ゲートバルブの実装
! 主要なスペック

! 可動範囲　450 mm (上下）
! DN200のゲートバルブ
! BNCx4, SHVx4, 
! Burndy22p x 1
! リフターで上部をサポート可

加速器G（モニター、真空）のサポート
特に橋本さんの絶大な尽力に感謝！

Scintillator 120x120x2t

Lightguide

PMT !23.5

ND filter

LED

Measured at abort 
beamline (2010)

J-PARC MR proton 
extinction ~ O(10-7)
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J-PARC MR proton 
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x additional O(10-6)
Double Injection 

Kicking
Tested at the abort (2010)

Abort-line Extinction Measurement
Measured extinction level at the abort line is consistent 
with that measured with the secondary beam.

Double kick injection Kicker magnets excitation timing 
after the injected beam bunches 
make a single turn in the MR

x additional factor of <10-7

External Extinction Device(AC Dipole)
x additional factor of O(10-3)

Need to measure the secondary beam extinction 
with these additional methods.

13

Demonstrated
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The COMET collaboration is confident to 
achieve proton extinction of <O(10-9) 

Measured at secondary 
beamline (2010)

New Abort-line Monitor
• Careful selection of material

• Linear motion guide and gate 
valve

• Wide dynamic range

• 4 PMTs viewing a single 
scintillator plate

• Different light attenuation 
using ND filters

• Interlock system for safe 
operation

可動架台＆ゲートバルブの実装
! 主要なスペック

! 可動範囲　450 mm (上下）
! DN200のゲートバルブ
! BNCx4, SHVx4, 
! Burndy22p x 1
! リフターで上部をサポート可

加速器G（モニター、真空）のサポート
特に橋本さんの絶大な尽力に感謝！

Scintillator 120x120x2t

Lightguide

PMT !23.5

ND filter

LED

Measured at abort 
beamline (2010)

J-PARC MR proton 
extinction ~ O(10-7)

x additional O(10-6)
Double Injection 

Kicking
Tested at the abort (2010)

Abort-line Extinction Measurement
Measured extinction level at the abort line is consistent 
with that measured with the secondary beam.

Double kick injection Kicker magnets excitation timing 
after the injected beam bunches 
make a single turn in the MR

x additional factor of <10-7

External Extinction Device(AC Dipole)
x additional factor of O(10-3)

Need to measure the secondary beam extinction 
with these additional methods.
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Resources shared between COMET and Mu2e Pion Capture System＠MuSIC

Demonstration of Pion Capture System

2

04/08/2011

The current situation

Proton beam line

14

MuSIC@Osaka-U
RCNP cyclotron
400 MeV, 1µA

04/08/2011

Muon lifetime measurement

24

Slide courtesy of Tran Hoai Nam, Osaka University 

04/08/2011

X-ray spectrum (Mg target)

25

e+/e- Annihilation 

Muonic Mg decay

Slide courtesy of Tran Hoai Nam, Osaka University 

Measurements on June 21, 2011 (6 pA)

µ+ : 3x108/s for 400W

µ- : 1x108/s for 400W

MuSIC muon yields

preliminary

cf. 108/s for 1MW @PSI
 Req. of x103 achieved...
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Long-term Future Prospect:
from COMET to PRISM

Stopping
Target

Production
Target

B(µ− + Al → e− + Al) < 10−16

COMET

•without a muon storage ring.
•with a slowly-extracted pulsed proton beam.
•doable at the J-PARC NP Hall.
•regarded as the first phase / MECO type
•Early realization



Long-term Future Prospect:
from COMET to PRISM

PRISM

•with a muon storage ring.
•with a fast-extracted pulsed proton beam.
•need a new beamline and experimental hall.
•regarded as the second phase.
•Ultimate search

B(µ− + Ti → e− + Ti) < 10−18

Stopping
Target

Production
Target

B(µ− + Al → e− + Al) < 10−16

COMET

•without a muon storage ring.
•with a slowly-extracted pulsed proton beam.
•doable at the J-PARC NP Hall.
•regarded as the first phase / MECO type
•Early realization



PRISM-FFAG (6 sectors) in RCNP, Osaka

Ready to demo. phase rotation

R&D on the PRISM-FFAG Muon Storage 
Ring at Osaka University

 demonstration of phase rotation has been done.



Other CLFV Processes



LFV,Why ?
LFV,Why ?

µ→eee



Niklaus Berger – NuFact, August 2011 – Slide 25

109 electrons/s disfavour a gas detector

Use silicon

Fast readout 

Need best possible momentum and vertex 
resolution

Get vertex precision by using a pixel  
sensor

Momentum resolution dominated by 
multiple sca!ering

Reduce multiple sca!ering by making 
sensor thin
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e 

Proposed Search for µ→eee (Br<10-16) at PSI

New Proposal from Univ. Heidelberg

Niklaus Berger – NuFact, August 2011 – Slide 29

Support sensors on KaptonTM prints, with 
aluminium signal and power lines

Four layers in two groups in a ~ 1.5 Tesla 
!eld

Total material few ‰ of X0, few layers

Add a scintillating !bre tracker to reduce 
combinatorics through timing

Po
ssi

bl
e 

tra
ck

er
 la

yo
ut

• High resolution silicon pad detectors for tracking and SciFi for timing
• Double-cone shaped target
• Small size detector
• Vertex can be determined by extrapolation of tracks

(presented by N, 
Berger at NuFACT11) 



Science
素粒子の一つであるミューオンを世
界最高の効率で生成する装置
「MuSIC」。宇宙の始まりに何が起
こったのか、宇宙はどのような法則で
成り立っているのかを、大量のミュー
オンと最新技術を駆使して研究する

062 063

Osaka University

理学部は医学部とともに1931（昭和6）
年、大阪大学発足と同時に創設された最も
伝統ある学部です。当時、日本の産業の中
枢であった大阪の地には、模倣的な工業か
ら脱皮するには「基礎的純正理化学」の力
によらなければならない、という先見性と危
機感がありました。そうした時代と地域の要
請から大阪大学理学部が設立されたので
す。創設に際しては、政府の援助は受け
ず、設立基金や寄付金などすべて地元の
負担によって誕生に至ったとされています。
数学、物理、化学の3学科からなる理学

自然の中には不思議がいっぱいあります。その不思議に魅せ
られ、不思議を解き明かそうとする人たちが数学や物理､化
学、生物など自然科学の基礎となる自然法則を見つけ出して
きました。その自然法則を基本としながら、新たな不思議の扉
を開いていくのが理学部の目指すところです。
科学技術の進歩によって、人類の生活は豊かになってきまし

た。インターネットの普及によって情報の国境が消え、生命科
学の進展によって、これまで不治といわれた病気が治療できる
ようにもなってきました。このようなハイテク、バイオ、情報社
会を支えているのは直接的には技術ですが、その技術は理学
部領域の研究成果である基礎科学の力がなければ成り立たな
いものなのです。
具体的な例を挙げましょう。火星上の探査機に指令を正確に

理学部の歩みと概要

◉世界的で独創性豊かな
　研究者集団

自然の法則から
新たな不思議の扉を開く

●数学科 ●物理学科
●化学科 ●生物科学科

未
知
の
法
則
に

迫
る

理学部

部は当時、世界的に著名な物理学者だっ
た初代総長、長岡半太郎博士の創設の理
念によって発展の基礎が築かれました。権
威にとらわれない実力第一主義の教員選
考は今も受け継がれ、出身大学も多様なこ
とから、学閥意識のない自由で活力ある雰
囲気を作り出す基になっています。
理学部はノーベル賞受賞者の湯川秀樹

博士、「八木アンテナ」の発明で有名な八
木秀次博士ら多くの優れた研究者の手に
よって広い視野での基礎科学の発展に貢
献してきましたが、1949年に生物学科、
59年に高分子学科、91年には宇宙・地球
科学科が新設されました。その後、大学院
重点化への動きから理学研究科の専攻が
整理統合され、大学院の入学定員が大幅

送ることができる技術は150年以上も前に天才数学者、ガロ
アが考え出した理論（有限体）が応用されています。情報社会
を支える各種素子の開発には、アインシュタインの光量子仮説
やプランクのエネルギー量子論が大きく貢献しています。さら
には、遺伝子治療やゲノム創薬はワトソンとクリックのDNAの
構造解明がなければ、できなかったことです。
しかし、ガロアやアインシュタイン、ワトソンとクリックらは彼
らの研究成果が21世紀の科学技術をこれほどまでに発展させ
る原動力になると、当時は想像したでしょうか。いわんや、
ニュートンやメンデルら現代科学の基礎を築いた人たちは考
え及ばなかったでしょう。
現在の社会はこれまでの基礎科学の成果の上にのって発展

してきた先端の技術に目を奪われがちです。基礎となる理論
はすでにすべて解明されていると思われている人も多いので
はないでしょうか。
しかし、自然はそれほど簡単ではありません。細胞１つとって
みても、そのメカニズムのほんの一部がわかっているに過ぎま
せん。数学の分野でも解決されていない定理があり、素粒子論
も課題が山ほどあります。宇宙の成り立ちも未知の部分が限り
なくあります。理学部が挑まなければならない分野はまだまだ
無限にあるのです。
そして、これまでの成果をもとに新たな自然科学の法則を見

つけ出すことによって、地球環境問題の解決につながるなど人類
の未来に貢献することができるのではないかと考えています。

に増加。その際、理学部の学科も現在の4
学科になりました。96年度からの新体制は
国際的にも誇れる高度で、真に独創性豊か
な理学研究者集団として、世界的にも独自
な個性を持つ教育研究を目指すものです。
理学部関連の附属施設としては、構造

熱科学研究センター、原子核実験施設が
あり、国際的に高く評価される特色ある研
究活動を行っています。このほか産業科学
研究所、蛋白質研究所、核物理研究セン
ターなど学内の研究所等で、その設立に理
学部が重要な役割を果たしたものも少なく
ありません。そうした研究所やセンターに属
する多くの教員は理学部と密接な協力関
係を保っています。

◉
理
学
部

Science

Search for µ→eee (Br<10-16) at MuSIC, Osaka

The MuSIC Facility

•extended target
•vertex measurements
•reduction of local det. rates
•budget request being processed.

?



Search for µ- + e- →e- + e-  in a muonic atom

1s state in a muonic atom

nucleus

µ−
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1s state in a muonic atom
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µ− + e− → e− + e−



Search for µ- + e- →e- + e-  in a muonic atom

1s state in a muonic atom

nucleus

µ− e-

µ− + e− → e− + e−

The overwrap between µ- and e- 
is proportional to Z3. 

ex. Z=82 (Pb), the overwrap increases by a factor of 
5x105.over the muonium. 

M. Koike, M. Yamanaka, Y. Kuno and J. Sato, Phys. Rev. Lett. 105 (2010) 121601

The rate is 10-17 to 10-18.





Summary



Summary

• CLFV would give the best opportunity to 
search for new physics beyond the SM.

• CLFV has strong relations to neutrino 
physics, and in particular to DBD. 

• Various muon CLFV processes should 
be pursued to uncover physics behind.

• COMET@J-PARC and Mu2e@FNAL are 
aiming at S.E. sensitivity of 3x10-17.

• R&D on PRISM/PRIME for S.E. 
sensitivity of 3x10-19, is on-going.

• MuSIC project at Osaka University 
produces 108 muons/s with 400 W 
proton beam, and µ→eee can be 
considered.

• Discovery potential for CLFV is strong!


