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Introduction

• Physics Motivation of Charged Lepton Flavour Violation

• Muon to electron conversion

• COMET at J-PARC

• COMET Phase-I (under preparation)

• Summary
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muon to electron conversion in a muonic atom

µ� +N ! e� +N
(charged lepton flavour violation)

outline



Charged Lepton  
Flavour Violation  
for BSM Search

3



CLFV in the SM
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S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340

Note:   LFV in SM with massive neutrinos

µ e

�

� very tiny!

The SM with neutrino masses predicts small event rates for the LFV.

W

The observation of the LFV will be clearly a discovery of 
physics beyond the SM with non-zero neutrino masses.

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54
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�µ � �e

SM neutrinos

SM with massive neutrinos (Dirac) BSM

B(µ+ ! e+�) ⇡ 10�54 B(µ+ ! e+�)� 10�54

too small to access experimentally an experimental evidence:  
a clear signature of New Physics NP  

(SM background FREE)

�7

 oscillations
⌫

Charged lepton flavour violation search: Motivation

Bi =
�i

�tot

10-1010-2010-3010-4010-50

New PhysicsSM

Current upper limits on Bi

10-130 100

New particles

Neutral lepton flavour 
violation has been observed. 
Lepton mixing in the SM has 
been established.

4     CLFV has a large window for BSM w/o SM backgrounds. 1



CLFV in BSM

Λ is the energy scale of new physics 
C(d) is the coupling constant.

ℒeff = ℒSM + ∑
d>4

C(d)

Λd−4

Effective Field Theory (EFT) Approach
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F. Feruglio, P. Paradisi and A. Pattori,  Eur. Phys. J. C 75  (2015) no.12, 579
G. M. Pruna and A. Signer, JHEP 1410  (2014) 014

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 21

|Ca| [⇤ = 1 TeV] ⇤ (TeV) [|Ca| = 1] CLFV Process

Cµe
e� 2.1⇥ 10�10 6.8⇥ 104 µ ! e�

Cµµµe,eµµµ
`e 1.8⇥ 10�4 75 µ ! e� [1-loop]

Cµ⌧⌧e,e⌧⌧µ
`e 1.0⇥ 10�5 312 µ ! e� [1-loop]

Cµe
e� 4.0⇥ 10�9 1.6⇥ 104 µ ! eee

Cµeee
``,ee 2.3⇥ 10�5 207 µ ! eee

Cµeee,eeµe
`e 3.3⇥ 10�5 174 µ ! eee

Cµe
e� 5.2⇥ 10�9 1.4⇥ 104 µ�Au ! e�Au

Ceµ
`q,`d,ed 1.8⇥ 10�6 745 µ�Au ! e�Au

Ceµ
eq 9.2⇥ 10�7 1.0⇥ 103 µ�Au ! e�Au

Ceµ
`u,eu 2.0⇥ 10�6 707 µ�Au ! e�Au

C⌧µ
e� 2.7⇥ 10�6 610 ⌧ ! µ�

C⌧e
e� 2.4⇥ 10�6 650 ⌧ ! e�

Cµ⌧µµ
``,ee 7.8⇥ 10�3 11.3 ⌧ ! µµµ

Cµ⌧µµ,µµµ⌧
`e 1.1⇥ 10�2 9.5 ⌧ ! µµµ

Ce⌧ee
``,ee 9.2⇥ 10�3 10.4 ⌧ ! eee

Ce⌧ee,eee⌧
`e 1.3⇥ 10�2 8.8 ⌧ ! eee

Table V. – Bounds on the coe�cients of some of the flavour-violating operators of e IV for

⇤ = 1 TeV , and corresponding bounds on ⇤ (in TeV) for |Ca| = 1. Superscripts refer to the

flavour indices of the leptons appearing in the operators. Adapted from [107, 112, 114].

group (RG) equations – can mix the operators, for instance generating at low energies
some that vanish at the scale ⇤. The e↵ects of the RG running above and below the
EW scale – where a basis of operators invariant under SU(3)c ⇥ U(1)Q only has to be
employed – and the matching have been discussed in detail in [115, 117, 118], where
several examples of the resulting correlations among operators are provided.

Whereas the e↵ective field theory approach briefly introduced in this section is cer-
tainly a useful tool to describe CLFV e↵ects in a generic model-independent way and
study the impact of experimental searches, it is also a↵ected by a limited predictive
power. In fact, within the e↵ective field theory, the coe�cients of di↵erent operators
at high-energy scales are unrelated, while in a specific model they can be instead corre-
lated, since several operators are typically generated by integrating out heavy degrees of
freedom (let’s think for instance at the muon decay and the �-decay 4-fermion operators
both generated by integrating out the W boson). It is therefore fruitful to consider in
addition some specific high-energy theories. The next two sections are devoted to such
a discussion. Finally, let us recall that the e↵ective field theory is a valid approximation
of the full underlying theory only if there is a substantial separation between the energy
scale of the new degrees of freedom and that associated with CLFV processes. This is
not the case if the flavour-violating interactions are mediated by a light new field, e.g. the
gauge boson of a new symmetry. For recent related studies, see [124, 125].

from BR(µ→eγ)<4.2x10-13 

C6

Λ2
𝒪6 →

C6

Λ2
ēLσρνμRΦFρν

Λ ∼ 𝒪(104) TeV
c . f . ΔmK, ε′ 



CLFV in BSM - Future Searches
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Future planned CLFV experiments (with muons) expecting 
improvements by an additional factor of >10,000 or more 
(will be described later) would probe ….

Λ ∼ 𝒪(105) TeV
R � 1

�4

It is crucial in establishing where is the next fundamental scale 
above the electroweak symmetry breaking.

   CLFV would explore scales way beyond the energies 
that our present and future colliders can directly reach. 

2



Model dependent CLFV
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SM + NHL (neutral heavy lepton) 
large extra dimensions 
extended Higgs sector 
additional vector boson (Z’) 
leptoquark 
SUSY-GUT and SUSY seesaw 
R-parity violating SUSY 
low-energy seesaw 
etc. etc.

Mark Lancaster (UCL) : NuFact2018 : pPulsed Muon Beam Physics 14

Model Dependence

0.14 ppm

0.54 ppm

LITTLE HIGGS MODEL

SUSY: HEAVY RH NEUTRINO Type-I SEESAW

extra dimension 

νsνsνs and cLFV: radiative and 3 body decays

! Radiative decays: !i → !jγ!i → !jγ!i → !jγ
“3+1” toy model

! Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

! For m4 " 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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dominated by ZZZ penguin contributions

µ

µ

W �

Z

τ µνi

SM+HNL

SUSY:Heavy RH Neutrino

R.Sawada NEUTRINO 2012

New physics models and cLFV
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JHEP11(2006)090
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SPS 1a

mN1 = 1010 GeV, mN2 = 1011 GeV

mν1 = 10-5 eV
0 ≤ |θ1| ≤ π/4

0 ≤ |θ2| ≤ π/4

θ3 = 0

mN3 = 1012 GeV

mN3 = 1013 GeV

mN3 = 1014 GeV

θ13 =   1°
θ13 =   3°
θ13 =   5°
θ13 = 10°

mN3 = 1012 GeV

Figure 14: Correlation between BR(µ → e γ) and BR(τ → µ γ) as a function of mN3
, for SPS

1a. The areas displayed represent the scan over θi as given in eq. (4.3). From bottom to top, the
coloured regions correspond to θ13 = 1◦, 3◦, 5◦ and 10◦ (red, green, blue and pink, respectively).
Horizontal and vertical dashed (dotted) lines denote the experimental bounds (future sensitivities).

Given that, as previously emphasised, µ → e γ is very sensitive to θ13, whereas this is not

the case for BR(τ → µ γ), and that both BRs display the same approximate behaviour

with mN3
and tan β, we now propose to study the correlation between these two observ-

ables. This optimises the impact of a θ13 measurement, since it allows to minimise the

uncertainty introduced from not knowing tanβ and mN3
, and at the same time offers a

better illustration of the uncertainty associated with the R-matrix angles. In this case,

the correlation of the BRs with respect to mN3
means that, for a fixed set of parameters,

varying mN3
implies that the predicted point (BR(τ → µ γ), BR(µ → e γ)) moves along

a line with approximately constant slope in the BR(τ → µ γ)-BR(µ → e γ) plane. On the

other hand, varying θ13 leads to a displacement of the point along the vertical axis. In

figure 14, we illustrate this correlation for SPS 1a, and for the previously selected mN3
and

θ1,2 ranges (c.f. eq. (4.3)). We consider the following values, θ13 = 1◦, 3◦, 5◦ and 10◦, and

only include the BR predictions allowing for a favourable BAU. In addition, and as done

throughout our analysis, we have verified that all the points in this figure lead to charged

lepton EDM predictions which are compatible with present experimental bounds. More

specifically, we have obtained values for the EDMs lying in the following ranges (in units

of e.cm):

10−39 ! |de| ! 2 × 10−35 , 6 × 10−37 ! |dµ| ! 1.5 × 10−32 , 10−34 ! |dτ | ! 4 × 10−31 .

(4.4)

For a fixed value of mN3
, and for a given value of θ13, the dispersion arising from

a θ1 and θ2 variation produces a small area rather than a point in the BR(τ → µ γ)-

BR(µ → e γ) plane. The dispersion along the BR(τ → µ γ) axis is of approximately one

– 29 –

Figure 12: Correlation between µ ! e� and µ ! e conversion in Ti as obtained from

a general scan over the LHT parameters. The shaded area represents the present (light)

and future (darker) experimental constraints. The solid blue line represents the dipole

contribution to R(µTi ! eTi).

from models like the MSSM in which the dipole operator, displayed by the blue line,

yields the dominant contribution to Br(µ�
! e

�
e
+
e
�) [92, 93]. It is clear from Fig. 11

that an improved upper bound on µ ! e�, which should be available from the MEG

experiment in the next years (shown by the dark grey area in Fig. 11), and in particular

its discovery will provide important information on µ
�
! e

�
e
+
e
� within the model in

question.

Next in Fig. 12 we show the µ ! e conversion rate in titanium (Ti), as a function of

Br(µ ! e�). We observe that the correlation between these two modes is much weaker

than the one between µ ! e� and µ
�

! e
�
e
+
e
�. Consequently, the ratio of these

two rates may again di↵er significantly from the prediction obtained in models where

the dipole operator is dominant. Such a distinction is however not possible for some

regions of the LHT parameter space, where the a priori dominant Z0-penguin and box

contributions cancel due to a destructive interference in R(µTi ! eTi).

In order to quantify how naturally a suppression of the µ ! e� decay rate below

the present experimental bounds can be obtained, we consider how much fine-tuning is

necessary to fulfil this bound. We would like to remind the reader that the measure

of fine-tuning �BG defined in (5.1) indicates the sensitivity of a particular observable

with respect to a small change in the model parameters. It by no means allows to make

statements for instance about the structure of the mixing matrices or the mass spectrum

of the model, but only about how rapidly an observable changes in the neighborhood of

a particular parameter configuration. No more than that the BG fine-tuning indicates
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this experiment are included in Fig. 5. Both the !! 3"
and !! 3e modes at a super-B factory will constrain the
anarchic RS parameter space. The LHC also has sensitivity
to rare ! decays [30]; however, the projected sensitivities
are slightly weaker than the current B-factory constraints,
and have not been included. The expected sensitivities to
rare ! decays at a future linear collider are also weaker than
the limits set by the B-factories. Although the MKK !
1 TeV scales probed with !! l1 !l2l3 decays are lower
than those constrained by "" e conversion and "! 3e,
we stress that different model parameters are tested by each
set of processes.

B. Scan for the bulk Higgs field scenario

We now present the results of our scan over the bulk
Higgs parameter space. For the scan we set # # 0; we
present separately the # dependence of the most important
constraints.

We again begin by considering muon initiated processes.
The constraints from "! 3e and "" e conversion are
highly correlated, as we saw in the previous subsection.
Since the bounds from "" e conversion are stronger, we
focus on this and "! e$. We show in Fig. 6 scatter plots
of the predictions for BR$"! e$% and Bconv coming from
our scan of the RS parameter space, for the KK scales
MKK # 3, 5, 10 TeV. For "! e$ we include both the
current constraint from the Particle Data Group [24] and
the projected sensitivity of MEG [18]. The current bounds
from "! e$ are quite strong; from the MKK # 3 TeV

plot in Fig. 6, we see that only one parameter choice
satisfies the BR$"! e$% bound. This point does not sat-
isfy the "" e conversion constraint. We can estimate that
it would satisfy both bounds for MKK > 3:1 TeV. In our
scan over 1000 sets of model parameters the absolute
lowest scale allowed is thus slightly larger than 3 TeV.
Also, a large portion of the parameter set at both 5 and
10 TeV conflict with these bounds. We again find the need

FIG. 6 (color online). Scan of the "! e$ and "" e conversion predictions for MKK # 3, 5, 10 TeV and # # 0. The solid line
denotes the PDG bound on BR$"! e$%, while the dashed lines indicate the SINDRUM II limit on "" e conversion and the
projected MEG sensitivity to BR$"! e$%.

FIG. 7 (color online). Scan of the !! "$ and !! e$ pre-
dictions for MKK # 3 TeV and # # 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.

AGASHE, BLECHMAN, AND PETRIELLO PHYSICAL REVIEW D 74, 053011 (2006)

053011-12

Given that both ‘i ! ‘j! and !a" ! "g" # gSM
" $=2 are

generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
contribution to !a" is also provided by the chargino
exchange and can be written as

 !a" ! #
#2

4$
m2
"

!
"M2

m2
L

"g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

"M2
2 #"2$ tan%;

(17)

with gc2"x; y$ defined as fc2"x; y$ in terms of

 gc2"a$ !
"3# 4a% a2 % 2 loga$

"a# 1$3 : (18)

It is then straightforward to deduce the relation

 

B"‘i ! ‘j!$
B"‘i ! ‘j&‘i "&‘j$

! 48$3#
G2
F

#!a"
m2
"

$
2

&
#f2c"M2

2=M
2
~‘
;"2=M2

~‘
$

g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

$
2
j'ijLLj2:

(19)

To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get
 

B"‘i ! ‘j!$ '
# !a"

20& 10#10

$
2

&
% 1& 10#4j'12

LLj2 ("! e);
2& 10#5j'23

LLj2 ((! "):
(20)

A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R ! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B""! e!$ and B"(! "!$ vs !a" ! "g" # gSM
" $=2, assuming j'12

LLj ! 10#4 and j'23
LLj !

10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs ! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R , 1012 GeV other sources of LFV, such as the
quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].

FLAVOR PHYSICS AT LARGE TAN % WITH A . . . PHYSICAL REVIEW D 75, 115019 (2007)

115019-9

G.Isidori, et al., PRD75(2007)115019

M.Blanke et al., Acta Phys.Polon.B41(2010)657

S. Antusch, et al., JHEP11(2006)090

K.Agashe, et al., PRD74(2006)053011

SUSY-Seesaw
SUSY-GUT

Little Higgs
Extra dimensions

θ13 ~ 9°
(Daya Bay, RENO, Double 
Chooz, T2K, MINOS)

  

● Extra-dimensional models

“Anarchic” Randall-Sundrum model

Agashe, Blechman, Petriello

CLFV Predictions (for μ→eγ and µ-e conversion)
by Extra Dimension Models

extra dimension model

CLFV Prediction (for µ-e conversion) 
by CMSSM (Supersymmetric Models)André de Gouvêa Northwestern
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Now

PRIME

CKM
MNS

M1/2(GeV)

B(µTi! eTi)⇥ 1012 tan � = 10

µ! e conversion is at least as sensitive as µ! e�

SO(10) inspired model.

remember B scales with y2.

B(µ! e�) /M2
R[ln(MPl/MR)]2

[Calibbi, Faccia, Masiero, Vempati, hep-ph/0605139]

October 14, 2009 CLFV

Calibbi, Faccia, Masiero, 
Vempati, hep-ph/0605139]

experiment projection
BR~<6x10-17

experimental bound
BR~10-12

104

Little Higgs 
SUSY-GUT



LFV,Why ?
LFV,Why ?

µ→e conve
rsion

in 

a muonic 
atom 
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μ→e Conversion in a muonic atom

1s state in a muonic atom

�������

µ−

�

	��������	�
����

������
��������	��
�

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

nucleus

CR(μ−N → e−N) ≡
Γ(μ−N → e−N)
Γ(μ−N → all)

9

Z CR limit
sulphur 16 <7 x 10-11

titanium 22 <4.3 x 10-12

copper 39 <1.6 x 10-8

gold 79 <7 x 10-13

lead 82 <4.6 x 10-11

µ− + (A, Z)→ e− + (A,Z )

Event Signature : 
a single mono-energetic 
electron of 105 MeV

coherent process
(for the case that the final 
nucleus is the ground state.)

∝ Z5



Backgrounds for µ-e conversion

10

beam-related 
backgrounds

Radiative pion capture (RPC)

Beam electrons

Muon decay in flights

Neutron background

Antiproton induced background

intrinsic physics 
backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)

neutrons from muon nuclear capture

Protons from muon nuclear capture

cosmic-ray and other 
backgrounds

Cosmic-ray induced background

False tracking



Experimental Comparison :

μ→eγ and μ-e Conversion 
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105 MeV52.8 MeV
electron momentum spectrum

normal muon decay

µ-e conversion

µ-e conversion and 
muon Michel decays 
are well separated.

μ→eee μ→eγ



In order to make a new-generation experiment …

B(μN → eN) ≤ 10−16



     Improvements for Signal Sensitivity

- Muon Production

13

To achieve a single sensitivity of <10-16, 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 

2x1011 muons for 
56 kW beam power

Guide π’s until decay to μ’s

Suppress high-P particles
•μ’s : pμ< 75 MeV/c
•e’s : pe < 100 MeV/c

1



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

12年1月2日月曜日

MuSIC at RCNP, Osaka University

- Highly Intense Muon Source -

14

Muon Science Intense Channel (>2011)

04/08/2011

The current situation

Proton beam line

14

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 

µ+ : 3x108/s for 400W
µ- : 1x108/s for 400W

MuSIC muon yields

3.5T and graphite target

muon/proton~x1000



    Improvements for Background 

    Rejection   

15
 based on the MELC proposal at Moscow Meson Factory

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)

Beam-related 
backgrounds

Beam pulsing with 
separation of 1μsec

measured 
between beam 
pulses

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

2



From MELC to MECO

16

R. M. Dzhilkibaev and V. M. Lobashev, Sov. J. Nucl. Phys. 49, 384 (1989) 
June 3-7, 2019David Hitlin                                       Beijing CLFV School

The origins of the modern experimental concept

� R. M. Dzhilkibaev and V. M. Lobashev,
On the Search for m→ e Conversion onNuclei 
Sov. J. Nucl. Phys. 49, 384 (1989)

� Resulted in the 1992 MELC experiment proposal(s) 
at the INR Moscow Meson factory:

67

MELC Proposal (1992) 
at Moscow 
Meson Factory

June 3-7, 2019David Hitlin                                       Beijing CLFV School

MECO

69

MECO was part of a suite of rare process search experiments 
proposed at Brookhaven that was not funded

MECO BNL E940 (1997) 
one of the RSVP (rare 
symmetry violating 
processes with KOPIO) 

terminated in 2005



COMET@J-PARC
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COMET at J-PARC: E21

8GeV proton beam
5T pion 
 capture  
solenoid

3T muon transport 
(curved solenoids)

muon stopping 
target

electron tracker  
and calorimeter

electron  
transport

COMET = COherent Muon to Electron Transition

Single event sensitivity : 2.6x10-17

Total background : 0.32 events
Expected limits : < 6x10-17@90%CL
Running time: 1 years (2x107sec)

proton beam power = 56 kW

18



Proton Accelerator

J-PARC

19

4

Linac
(330m, 400MeV)

3GeV Synchrotron (RCS)
(350m ring, 25Hz, 1MW)

30GeV Synchrotron (MR)
(1600m ring, 0.75MW)

Neutrino Experiment Facility
(T2K, towards SK)

Accelerator-driven 
Transmutation exp facility

Material/Life-Science Facility (MLF)
(muon source, pulse neutron source)

Hadron Experiment Facility

main 30-GeV ring3-GeV ring

linac



COMET Collaboration
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S.Mihara, J-PARC PAC Meeting, 16/Mar/2012

COMET Phase-I
Proto-collaboration

• 107 collaborators
• 25 institutes
• 11 countries

2
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Osaka University, Osaka, Japan

M. Koike, J. Sato
Saitama University, Japan

D. Bryman
University of British Columbia, Vancouver, Canada

S. Cook, R. D’Arcy, A. Edmonds, M. Lancaster, M. Wing
University College London, UK

E. Hungerford
University of Houston, USA

W.A. Tajuddin
University of Malaya, Malaysia

R.B. Appleby, W. Bertsche, M. Gersabeck, H. Owen, C. Parkes
University of Manchester, UK

F. Azfar
University of Oxford, UK

Md. Imam Hossain
University Technology Malaysia

T. Numao
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* Contact Person

COMET Collaboration Increasing...
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Kyoto University Research Reactor Institute, Kyoto, Japan

C.V. Tao
College of Natural Science, National Vietnam University, Vietnam

M. Aoki, I.H. Hasim T. Hayashi, Y. Hino, T. Iwami, T. Itahashi, S. Ito, Y. Kuno∗,
Y. Matsumoto, T.H. Nam, H. Sakamoto, A. Sato, N.D. Thong, N.M. Truong, K. Yai

Osaka University, Osaka, Japan

M. Koike, J. Sato
Saitama University, Japan

D. Bryman
University of British Columbia, Vancouver, Canada

S. Cook, R. D’Arcy, A. Edmonds, M. Lancaster, M. Wing
University College London, UK

J.F. Solehan, W.A. Tajuddin
University of Malaya, Malaysia

R.B. Appleby, W. Bertsche, M. Gersabeck, H. Owen, C. Parkes, G. Xia
University of Manchester, UK

F. Azfar, M. John
University of Oxford, UK
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University Technology Malaysia

T. Numao
TRIUMF, Canada

* Contact Person
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LPNHE, France
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Flag National emblem
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Дзяржаўны гімн Рэспублікі Беларусь (Belarusian)
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(English: State Anthem of the Republic of Belarus)
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)  –  [Legend]
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0.1% Tatars
3.0% Other

Belarusian
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Belarus
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This article is about the European country. For other uses, see Belarus (disambiguation).
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Pion Capture Section

21

Production target and the capture magnet

• 8 GeV 56 kW proton beam
• Thick target with 1~2 hadron 

interaction length
• Powerful capture magnet: 5 T

– Large inner bore to fit in the 
shielding

– Adiabatic decreasing field: focusing 
and mirroring

• Expected muon yield: 1011
muon/sec! (10଼ @ 𝑃𝑆𝐼)

12



Pulsed 8-GeV Proton Beam 

for COMET

22

Tau 2010 13th September 2010Ajit Kurup Page 11

The COherent Muon to Electron Transition 
(COMET) experiment

Proton Beam for COMET

• Background rate needs to be low in order 
to achieve sensitivity of <10-16.

• Extinction is very important.  

– Without sufficient extinction, all 
processes in prompt background 
category could become a problem.

0.7sSpill time

5.3x105Bunches per Spill

1.2x108Protons per Bunch

100nsBunch Length

10-9Extinction

1.3 µsBunch Separation

Bunch Structure

• Muonic lifetime is dependent on 
target Z.  For Al lifetime is 880ns.

Proton Beam for COMET

A lifetime of a 
muonic atom in 

aluminium 
~ 864 ns

proton extinction 
factor (between 
pulses) ~ 10-10



Muon Transport SectionTransportation solenoid

• Use C shape curved solenoid
– Beam gradually disperses

• Charge & momentum

– Dipole field to pull back muon 
beam
• Can be used to tune the beam

– Collimator placed in the end
• Utilize the dispersion in 180 degrees

13

Drift vertically, proportional 
to momentum.

Vertical field as ³correction´

23



Muon Stopping Target and 

Detector Section

• Use straw tracker to measure the momentum
• Really light: put in vacuum, 12 micro meter 

thin straw

• Electromagnetic calorimeter
• Providing trigger, TOF and PID

Stopping target and detector system

14

See Kou OiVhi¶V,
Yuki FXjii¶V, and 

Ryosuke KaZaVhiPa¶V 
posters!

24



Curved Solenoid + 

Dipole Magnetic Field

25

The COMET Experiment, 4 August 2016 Ben Krikler: bek07@imperial.ac.uk33

Bent solenoids + Dipole
A correcting dipole field allows us to select the 

momentum that remains on axis.  Eg. 105 MeV/c:

Stopping Target Electron Spectrometer Detector

No 

Dipole

-0.08 T 

Dipole

-0.22 T 

Dipole

Y
Z X

no 
dipole

-0.08T 
dipole

-0.22T 
dipole



COMET Features

- difference from the original MECO

26

muon  
beam line

2x 90º bend  
(same direction)

electron  
spectrometer

180º bend  
curved solenoids

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
Selection of low momentum muons

eliminate 105 MeV electrons from 
muon decays in flight

Selection of 105 MeV signal electrons

eliminate neutrons and gamma-
rays from muon target 
eliminate protons from muon target 
eliminate low energy electrons 
from muon decays from muon 
target

momentum selection capability 
is proportional to bending angle



Staged Approach
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COMET Phase-I 

cylindrical  
drift chamber

proton beam power = 3.2 kW
Single event sensitivity : 2x10-15

Running time: 0.4 years (1.2x107s)
a factor of 100 improvement

Phase-I

proton 
beam

28



COMET Phase-II

straw chamber 
LYSO calorimeter

Decisions and
COMET

Ewen Gillies

New Physics
& CLFV

COMET
Design
Principles

New Tracking
Techniques
Neighbour-Level
GBDT
Hough
Transform
Track-Level
GBDT

Backup

Phase II Geometry

46

proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

proton 
beam

29

Running time: 1 years (2x107sec)

Single event sensitivity : O(10-18)
a factor of 100,000 improvement

Running time: 1 years (2x107sec)
COMET collaboration, arXiv:1812.07824, 2018 



COMET Phase-I  
Status

30



Two Detectors, CyDet and StrECAL ,

for COMET Phase-I

31

Y. Fujii @ CLFV2016

COMET Phase-I

10

StrECAL

Straw Tube Tracker

ECAL

• Construct the first 90 degree of the muon transport solenoid
• Perform the μ-e conversion search with a sensitivity of 10

-15
 using CyDet

• Measure the beam directly using StrECAL as a Phase-II prototype detector

CyDet

Cylindrical Drift Chamber

Trigger Hodoscope

Muon Stopping Target

CyDet

StrECAL

an apparatus to 
search for µ-e 
conversion at 

Phase-I

an apparatus to 
measure a muon 
beam at Phase-I  

and a prototype for 
Phase-II



CyDet (Cylindrical Detector System)
Cylindrical Detector (CyDet)

18

� Specially designed for Phase-I. Consists of:
� Cylindrical trigger hodoscope (CTH):

� Two layers: plastic scintillator for t0 and Cerenkov counter for PID.
� Cylindrical drift chamber (CDC):

� All stereo layers: z information for tracks with few layers¶ hits.
� Helium based gas: minimize multiple scattering.
� Large inner bore: to avoid beam flash and DIO electrons.

See Hisataka YRVhida¶V SRVWeU!
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CyDet (Cylindrical Detector System)CyDet

29

• Cylindrical Drift chamber (CDC)
– Prototype tests finished in 2015. 150 um 

spatial resolution and 99% hit efficiency 
were achieved.

– Construction of the chamber was finished 
in 2016.

– Cosmic ray test is under data taking phase.
• Front end electronics

– Based on RECBE boards from BELLE-II
– Finished the production and mass tests of 

108 boards.
– Radiation tests are published / to be 

published.
• Trigger system

– Cylindrical trigger hodoscope (CTH) 
under mechanical design.

– Trigger logic and trigger board design 
finished. Communication tests with FCT-
FC7 trigger system is on going.

CDC

Front end CTH

Trigger and DAQ

33



Track Finding in COMET Phase-I

Machine Learning

34
based on Boosted Decision Tree Method and Hough transformation

Figure 13.67: This is the final output of the algorithm. Note that the local clusters of background
that were mislabelled in the neighbour-level GBDT output in Figure 13.62 have been removed.

Figure 13.68: Distribution of the output of the track level GBDT, comparing response from signal
hits to the response from background hits.

is to be expected given that it was constructed using Hough transforms over the output of the
neighbour-level GBDT. The second performance measure is the correlation matrix, which helps
describe the relationships between features. Figure 13.70b shows no strong correlations between
any of the seven neighbour-level feature and features the Inverse Hough Transform feature. This
suggests that the shape-based feature does bring new information to the classification process.

Occupancy Rates Descriptions of the occupancy rates before and after classification are pro-
vide a useful metric for evaluating the hit filtering abilities of the algorithm. The occupancy
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Figure 13.61: A 16.3% occupancy event in the CyDet. This is a projected view from the central
plane of the detector, looking in the direction of the beamline. The red points are hits caused from
background processes, while the blue hits correspond to the signal electron. The remaining points are
the inactivate wires.

as a baseline for judging the performance of the algorithm. The second feature is the timing
of the wire hit relative to the timing of the hit in the CTH trigger system. Signal hits tend
to occur soon after these trigger hits, while background hits occur randomly with respect to
the trigger timing. The third feature is the hits radial distance from the centre. The magnetic
field and geometry is tuned so that signal tracks curve through the fiducial volume, rarely
reaching the outer layers, yet always passing through the inner ones. The background hits in
used data distribute more evenly throughout the layers, peaking slightly at the inner and outer
CDC layers. A GBDT trained only on these features is discussed in the performance section
for reference, but not implemented in the algorithm itself.
The separation power of these features are further exploited by defining features that describe
the neighbouring wires of a hit, i.e. the “neighbour-level” features. Due to the alternating
stereo angles, the features on the neighbouring wires in the same layer are more powerful than
adjacent layers. These are referred to as the left and right neighbours of a hit. Along with the
local features, the left-right timing and energy deposit features are used. This defines seven
input features for the GBDT, referred to as the neighbour-level GBDT. Its output is visualised
in Figure 13.62.

Circular Hough Transform A crucial part of correctly identifying signal-like hit lies in the
ability to check that the hit forms a track shape with other signal-like hits. To recover infor-
mation about this shape, a circular Hough transform is used. This is best illustrated with the
aide of Figure 13.63. In Figure 13.63a, the collection of blue points will be tested to see if they
are all on the red circle of radius, R, whose centre lies at the origin. To do so, the green circles
of the same radius R are drawn around each blue point, as shown in Figure 13.63b. Each green
circle represents all the possible centres for circles of radius R that contain the respective blue

182



StrECAL (Straw Chamber+ECAL)
StrEcal

27

• Straw tube detector
• Finished vacuum test with 20 um 

straw tubes.
• Mass production for Phase-I 

finished.
• Tested with 100 MeV electron 

beam. 150 um spatial resolution 
achieved.

• Electromagnetic calorimeter
• Tested GSO and LYSO. 

Preliminary resolutions are 5.7% 
and 4.6% for each. LYSO chosen 
as final option.

• Front end electronics
• Finished designing 

(ROESTI/EROS) based on DRS4 
with GHz sampling rate.

• Radiation tests results published.

Straw tube prototype

ECal prototype

Front end electronics: ROESTI/EROS 35



COMET FacilityCOMET Facility
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COMET Experimental Hall
Constructed in 2015

Cryogenic System
Beam separation
Wall completed in 2018 Experiment Room in 2019

• Experimental Hall building completed
• Cryogenic system under construction
• Proton beamline will be ready this year

• Shield wall & power station completed. 2 more magnets to be located soon.

2 magnets will be moved to Hadron Hall

Installation Yard in 2015

36



Proton Extinction Measurement Proton beam from J-PARC MR
• To make the proton extinction factor ൏ 10−10

– Shift the kicker phase by half period to avoid residual protons in the empty bucket.

23

• Tested SX in early 2018, proton extinction factor ൏ 6 ൈ 10−11

K1 K2 K3 K4K1 K2 K3 K4Ion 
Chamber Trig. Counters

Hodoscope

Hodoscope

*The rear end small peak is solved this year! 37



Construction of 

Superconducting Solenoids

Solenoids

26

• Capture solenoid
• Last coil under winding.

• Transport solenoid
• Installed and ready for cryogenic test.

• Bridge & detector solenoid
• DS coil and cryostat ready. BS coil delivered.

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

Installed in 2015

Last coil winding in 2019

Solenoid in 2016 Cryostat in 2019

38



Active Cosmic Ray Veto System

• Scintillator slabs with Sci-fibers embedded  
• SiPM readout, need radiation tolerance 
• 5 walls, each wall composed of panels 
• readout ASIC from LHCb from LPC 

• Resistive Plate Chamber (RPC) 
• used in high neutron yield area.  
• LPC design, radiation tolerance

39

designed by  
Georgia (GTU) 

and BINP



COMET Phase-I 

Physics Sensitivity (a la TDR)

40

Y. Fujii @ CLFV2016

Single Event Sensitivity

• 3×10
-15

 S.E.S. achievable in ~150 days of DAQ time corresponds to Nμ=1.5×10
16

39

Number of muons stopped inside targets

Fraction of muons to be captured by Al target = 0.61

Fraction of μ-e conversion to the ground state = 0.9

103.6 < pe < 106.0 MeV/c
700 < te < 1170 ns



COMET Phase-I 

Backgrounds (a la TDR)

41

Table 20.8: Summary of the estimated background events for a single-event sensitivity of 3 ◊ 10≠15 in
COMET Phase-I with a proton extinction factor of 3 ◊ 10≠11.

Type Background Estimated events
Physics Muon decay in orbit 0.01

Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001

Prompt Beam * Beam electrons
* Muon decay in flight
* Pion decay in flight
* Other beam particles

All (*) Combined Æ 0.0038
Radiative pion capture 0.0028
Neutrons ≥ 10≠9

Delayed Beam Beam electrons ≥ 0
Muon decay in flight ≥ 0
Pion decay in flight ≥ 0
Radiative pion capture ≥ 0
Anti-proton induced backgrounds 0.0012

Others Cosmic rays† < 0.01
Total 0.032

† This estimate is currently limited by computing resources.
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Other Physics  
Programs at COMET

42



μ-  to e+ conversion in muonic atom

43

Lepton number violation (LNV) and 
Lepton flavour violation (LFV)

backgrounds

signal signature

Eμe+ = mμ − Bμ − Erec − (M(A, Z − 2) − M(A, Z ))

• radiative muon nuclear capture (RMC)

ERMC = mμ − Bμ − Erec − (M(A, Z − 1) − M(A, Z ))

μ− + N(A, Z) → N(A, Z − 1) + ν + γ

μ− + N(A, Z) → e+ + N(A, Z − 2) ground or excited final states.

μ− + Ti → e+ + Ca(gs) ≤ 1.7 × 10−12

μ− + Ti → e+ + Ca(ex) ≤ 3.6 × 10−11

J. Kaulard et al. (SINDRUM-II)

Phys. Lett. B422 (1998) 334.
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FIG. 3. Fitting result of the energy distributions of the µ� � e+ signal (short dashed red line) stacked on the RMC photon
background (long dashed blue line) from 32S, 40Ca, 48Ti, and 50Cr muon-stopping target when Br(µ� � e+) = 1.0 ⇥ 10�14

and Nµ�stop = 1018. The inequality beside the vertical black dotted line represents the signal energy window, and the line
corresponds to its lower boundary. Black dots are pseudo data of positrons generated by the background and signal composite
model.

neutrino mass generation. Investigation of the LNV pro-
cesses mostly has been conducted through 0⌫�� decay
experiments, but the experimental search for the µ�

�e+

conversion can also be carried out as a complementary
channel to the 0⌫�� decay. Since a great leap of the sen-
sitivity of the µ�

� e+ conversion is expected with the
future CLFV experiments, it is essential to make a full
exploration of the current experimental scheme.

For this purpose, we introduced a new requirement of

the target nucleus mass of M(A,Z) satisfying M(A,Z �

2) < M(A,Z � 1) to suppress the backgrounds from
RMC. Several appropriate target candidates of even-even
nuclei were found to meet the criteria. We estimated the
experimental sensitivities of such target nuclei candidates
in a general experimental set-up. In conclusion, calcium
(40Ca) and sulfur (32S) have the best experimental sen-
sitivities about O(10�16) in the µ�

� e+ conversion de-
tection, which results in a four orders of magnitude of

Future prospects: 

Mu2e or 
COMET can 
improve with 
proper targets,

Current limits : 

B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027
T. Geib, A. Merie, K. Zuber, Phys. Lett. B764 (2017) 157-162



Future Schedule of 
Muon CLFV
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Schedule of “golden” µ→e Transition 

processes in 2025 and beyond

45

Timeline in a white paper submitted to EPPSU 2020

COMET, MEG, Mu3e, Mu2e, arXiv:1812.06540  

10-15 10-18 10-19BR



Summary

• µ-e conversion in a muonic atom has a 
unique discovery potential for BSM. 

• Current limits probe new physics at 104 
TeV. Next generation experiments improve 
their sensitivities, probing 105 TeV. 

• COMET Phase-I at J-PARC is aiming at a 
100 times improvement over the current 
limit (i.e. S.E. sensitivity of 3x10-15), whilst 
Phase-II aims at a factor of 10,000.  

• The Phase-II sensitivity is considered to 
improve by another 10 times within the 
beam power and time originally assumed. 

• COMET will start soon.
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my dog, IKU

my dog, IKU


