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始めに

• 1981年
• バンデで数回実験（南園先生）
• 12B偏極を保持する炭素物質

• 1978年
• ミューオンを始める（東京大学中間子科学実験施設）
• 最初の日本のミューオンビーム施設完成（1981年）
• ミューオン原子核捕獲実験

• 12B偏極の測定
µ� +12 C � �µ +12 B

gp/gA

• 2000年10月
• 大阪大学に赴任、杉本先生と話しする
機会も
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1984

バンデでの
実験結果
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BOOM (中間子科学実験施設）
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• 1985年から
• K中間子稀崩壊

• at BNL
• K中間子精密実験

• at KEK

私のフレーバー物理

K+ � �+��

K+ � �0µ+�

µ� + N � e� + N

• 2000年頃から
• ミューオン稀崩壊 (素粒子実験）
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Outline

• Muon Particle Physics
• Search for charged lepton flavor 

violation (CLFV) with muons
• Physics Motivation
• COMET@J-PARC (in preparation)
• MuSIC@RCNP (2009~)
• COMET Phase-I (2013~)
• Summary

Many applogies if heard in the past.

Stopping
Target

Production
Target

COMET
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ミューオン素粒子物理

フレ
ーバー

物理
として

の

woodblock prints on “Kabuki” actors
 by Tsuruya Kokei (1978-2000)
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クォークの
フレーバー非保存

クォーク

フレーバー物理（フレーバー非保存）
フレーバー非保存＝素粒子が別の素粒子に変わること

荷電レプトン混合現象

レプトン ニュートリノの
フレーバー非保存

荷電レプトンの
フレーバー非保存未発見

荷電レプトンフレーバー非保存過程 (CLFV) の発見は最重要
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素粒子物理学の課題

 素粒子標準理論はヒッグス粒子の発見でほぼ完成した。
標準理論はこれまでの実験事実をほぼすべて説明できるが、
しかし標準理論は完璧な理論でないと考えられてる。
（例：理論の中のパラメータがadhocに決められて説明できない。）

素粒子物理学の課題

素粒子物理学の現状

•平成24年に欧州のCERN研究所の大型ハドロ
ンコライダー加速器 (LHC)で、素粒子標準理論
で期待されるヒッグス粒子を発見。

•しかし、標準理論以外の新粒子は発見されていない。
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to answer the previous 
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素粒子物理学の強度フロンティア

Rare Decays

use intense beams to 
observe rare processes 
and study the particle 

properties to probe 
physics beyond the SM.

The Intensity 
Frontier

高いエネルギースケールの新物理の探索
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稀崩壊を選ぶガイドライン

New physics effects may be very small.

+
SM

NP
Standard 

Model

New 
Physics SM contribution is 

dominant.

SM + NP SM contribution is 
highly suppressed.

B � 1�
N

+ NP SM contribution is 
forbidden. B � 1

N
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CLFV過程の観測は標準理論以外の新物理現象の発見

B(µ� e⇥) =
3�

32⌅

���
⇥

l

(VMNS)�µl
(VMNS)el

m2
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M2
W

���
2

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

5

�µ � �e

CLFV過程への標準理論の寄与は小さい！

BR~O(10-54)
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新物理エネルギースケール：
荷電レプトンフレーバー非保存過程

42 CHAPTER 3. PHYSICS OF FLAVOUR AND SYMMETRIES

Table 3.1: Sensitivity of the sources of flavour symmetry breaking accessible at low energy in the
quark sector (from meson-antimeson mixing processes), given in Eq. (3.3). The observables in-
clude oscillation frequencies (�m) and CP-violating parameters for the di↵erent systems. Taken
from Ref. [1]; note that limits from the Bs have since been further tightened.

Operator Limits on ⇤ (TeV) Limits on CNP Observables
(CNP = 1) (⇤ = 1TeV)

Re Im Re Im
(sL�µdL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK , "K

(sRdL)(sLdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK , "K

(cL�µuL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD, |q/p|, �D

(cRuL)(cLuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD, |q/p|, �D

(bL�µdL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd , S�KS

(bRdL)(bLdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd , S�KS

(bL�µsL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs , S �
(bRsL)(bLsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs , S �

hand, this success may be embarrassing since it could exclude possible large contributions
of new physics at the TeV scale. For instance, new physics may be included as

Le↵ = LSM +
CNP

⇤2
O(6)

ij , (3.3)

where the second term represents the new physics contribution and CNP and ⇤ are
the coupling constant and the energy scale of new physics respectively, and O(6)

ij is a
dimension-six operator. For example, from the measurements of �mK , �mD, �mBd ,
�mBs , CP violating parameters for K, D, Bd and Bs, the energy scale of new physics
⇤ ⇠ O(103) TeV in the case of CNP = 1 is assumed, or CNP is very small, of the order
of O(10�5) to O(10�11) if ⇤ = 1 TeV is assumed (see Table 3.1).

For the charged lepton sector, the constraint from flavour-changing processes (charged
lepton flavour violation) is even more severe. For instance, for µ+ ! e+�, one can con-
sider

CNP

⇤2
O(6)

ij !
Cµe

⇤2
eL�⇢⌫µR�F⇢⌫ . (3.4)

The present upper limit of B(µ! e�) < 2.4⇥ 10�12 gives

⇤ > 2⇥ 105 TeV ⇥ (Cµe)
1
2 . (3.5)

In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
model-dependent way, and sometimes the constraints could be less stringent.

In such theoretical models, we do expect small but detectable deviations from the
SM predictions, in selected special flavour-changing processes. They are the flavour-
changing processes with suppressed SM contributions, or the SM-forbidden processes
with no SM contribution.

with new physics contributions

Λ is the energy scale 
of new physics
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In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
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In such theoretical models, we do expect small but detectable deviations from the
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Charged Lepton Flavour 

Λ > O(105) TeV

For instance, µ→eγ (B<5.7x10-13、2013),

The constraint in CLFV is even more severe than in the quark flavour.
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稀崩壊と新物理のエネルギースケール

R � 1
�4

Λ: energy scale of new physics

Can we improve the Λ reach by an order of magnitude ?

must have at least 104 times the number of parent 
particles in rare decays.
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CLFVを予言する多くの新しい理論モデル
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CLFV予言値　　

R.Sawada NEUTRINO 2012

New physics models and cLFV

4

JHEP11(2006)090
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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

15

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)

little Higgs model

  

● 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 modelextra dimension model

新物理理論モデルは大きな分
岐比 (上限値のすぐ下) を予言

μ.–.e.conversion.vs.μ.!.eγ.
Tanβ.=.10. Tanβ.=.40.

extra dimension modelsupersymmetric model
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新しい物理のDNAは？
 (a la Prof. Dr. A.J. Buras) 

David Hitlin                ICHEP Melbourne                    July 6, 2012 13 

Heavy  flavor  studies  provide  a  “DNA  Chip”  for  New  Physics 

GLOSSARY 

AC [10] 
RH currents & U(1) flavor 
symmetry 

RVV2 [11] SU(3)-flavored MSSM  

AKM [12] 
RH currents & SU(3) family  
symmetry 

LL  [13] CKM-like currents 

FBMSSM 
[14]  Flavor-blind MSSSM 

LHT [15] Little Higgs with T Parity  

RS [16] Warped Extra Dimensions 

W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub  
The pattern of measurement: 
 large effects 
     visible but small effects 
        unobservable effects 
is characteristic,  
often uniquely so,  
of a particular model 

These are a subset of a subset listed by Buras and Girrbach 
MFV, CMFV, 2HDMMFV, LHT, SM4, SUSY flavor. SO(10) – GUT,  
SSU(5)HN, FBMSSM, RHMFV, L-R, RS0, gauge flavor,  ………. 
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ミューオン電子転換過程とは？
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0 → µe

K+ →πµe

µA→eA

µ→ eee

µ→ eγ

Pontecorvo in 1947

First cLFV search

10-16~10-18 
in 2020 ?
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ミューオンCLFV過程と
ビームとバックグラウンド

•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)

•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)

<10-14

<10-15

<10-18

<10-13

<10-12

<10-12

current future

PTEP 2013, 022C01 Y. Kuno

Table 2. Various LFV processes and background issues.

Process Major backgrounds Beam Issues

µ+ → e+γ accidental DC beam detector resolution
µ+ → e+e+e− accidental DC beam detector resolution
µ−N → e−N beam-related pulsed beam beam qualities

Table 3. Past experiments on µ−−e− conversion. (∗ reported only in conference proceedings.)

Process Upper limit Place Year Reference

µ− + Cu → e− + Cu <1.6 × 10−8 SREL 1972 [58]
µ− + 32S → e− + 32S <7 × 10−11 SIN 1982 [59]
µ− + Ti → e− + Ti <1.6 × 10−11 TRIUMF 1985 [60]
µ− + Ti → e− + Ti <4.6 × 10−12 TRIUMF 1988 [61]
µ− + Pb → e− + Pb <4.9 × 10−10 TRIUMF 1988 [61]
µ− + Ti → e− + Ti <4.3 × 10−12 PSI 1993 [62]
µ− + Pb → e− + Pb <4.6 × 10−11 PSI 1996 [63]
µ− + Ti → e− + Ti <6.1 × 10−13 PSI 1998∗ [7]
µ− + Au → e− + Au <7 × 10−13 PSI 2006 [3]

beam quality for suppressing beam-associated background events can be constructed, measurements
of the search for µ−−e− conversion with a higher sensitivity can be performed.

Furthermore, it is known that, in comparison with µ+ → e+γ , there are more physical processes
that µ− − e− conversion and µ+ → e+e+e− could contribute to. For instance, in SUSY models,
photon-mediated diagrams can contribute to all three processes, but diagrams mediated by particles
other than photons, such as Higgs-mediated diagrams, can contribute to only µ− − e− conversion
and µ+ → e+e+e− [57]. In summary, with all the above considerations from experimental and the-
oretical issues, we believe that a µ− − e− conversion experiment would be the natural next step in
the search for muon CLFV.

4. Present experimental status of µ− − e− conversion

Table 3 summarizes the history of searches for µ− − e− conversion. From Table 3, it is seen that over
about 30 years the experimental upper limits have been improved by 5 orders of magnitude. In the
following, the past and future experiments on the search for µ− − e− conversion will be described.

4.1. SINDRUM-II
The latest search for µ− − e− conversion was performed by the SINDRUM-II Collaboration at
PSI. Figure 10 shows their results. The main spectrum, taken at 53 MeV/c in muon beam momen-
tum, shows the steeply falling distribution expected from muon DIO. One event was found at
higher momenta, but just outside the region of interest. The agreement between measured and
simulated positron distributions from µ+ decay means that confidence can be high in the accu-
racy of the momentum calibration. At present there are no hints concerning the nature of the one
high-momentum event: e.g., it might have been induced by RPC from pions in a beam or cos-
mic rays. They set the 90% C.L. upper limit on the branching ratio of µe conversion in gold, of
B(µ− + Au → e− + Au) < 7 × 10−13 [3].

4.2. MECO at BNL
There was an experimental proposal at Brookhaven National Laboratory (BNL), the MECO exper-
iment [64], aiming to search with a sensitivity of 10−16. Its design was based on the MELC

12/43

 at H
igh Energy A

ccelerator Research O
rganization(K

EK
) on M

arch 5, 2013
http://ptep.oxfordjournals.org/

D
ow

nloaded from
 

ミューオン電子転換過程は大強度ミューオンビームが使用可能
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ミューオン電子転換過程とは？

ミューオン原子の基底状態の
ミューオンの許される過程

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 
Event Signature : 
a single mono-energetic 
electron of 100 MeV

µ− + (A, Z)→ e− + (A,Z )
ミューオン電子転換過程とは？

負電荷ミューオンを標的
に止めてミューオン原子を
作る。原子のクーロン場
の元で、ミューオンが電子
に変換。シグナル事象は
105 MeV/cの電子が1個の

み放出。

nucleus

µ−
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ミューオン電子転換過程の特徴

105 MeV52.8 MeV
electron momentum spectrum

normal muon decay

µ-e conversion

ミューオン電子転換過程と
ミューオン崩壊は良く分離

測定領域

ミューオン崩壊に邪魔されずに大強度ビームを使える
23



ミューオン電子転換過程探索の
バックグラウンド

beam-related
backgrounds

Radiative pion capture
Beam electrons
Muon decay in flights
Neutron background

intrinsic physics 
backgrounds

Muon decay in orbit (DIO)
Radiative muon decay
neutrons from muon nulcer capture
Protons from muon nulcear capture
Antiproton induced background

cosmic-ray and other 
backgrounds

Cosmic-ray induced background
False tracking
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μ

ミュオン電子転換過程探索の測定原理

μ
μ
μ

μ
μ

μ
μμ

e

以前の実験：1014ミューオン（100兆個）

新しい実験：1018ミューオン（100京個）

ミューオン静止標的
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大強度ミューオン源の必要性

If we like to achieve a search of SES < 10-17

(with 10% acceptance)

With the PSI muon intensity of 108/s 
(1 MW), 1000 years are needed.

1018 muons in totoal needed.
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世界のミューオンビーム源の比較

beam power time structure muon yield

PSI 1200 kW DC 108/sec

TRIUMF 75 kW DC 105/sec

MuSIC 0.4 kW DC 108/sec

RAL 200 kW pulsed (50 Hz) 2x105/sec

J-PARC (MLF) 1000 W pulsed (25 Hz) 2x107/sec

COMET 56 kW pulsed 1011/sec
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Conventional Muon Beamline

KEK 0.5GeV proton Muon facility

proton beam

Capture magnets

muons

J-PARC 
MUSE
proton beam 
   -1000kW
target
   graphite
   t20mm
   φ70mm

SuperOmega
Ω:400mSrproton beam loss

< 5%

Conventional muon beamline 

28



新しいミューオンビーム源 

proton 
beam

Pion 
capture 
solenoid

muons

to a beam dump

Collect pions and muons 
by 3.5T solenoidal field

Muon 
Transport 
solenoid

Novel muon beamline •A long pion production 
target of 1.5 interaction 
length is used.
•Pions coming out from the 

side of a long target are 
captured and transported to 
a muon beamline.
•Pions and muons (from pion 

decays) are transported 
through solenoid magnets.

Beam intensity improvement of about 1000 expected
29



阪大核物理研究センター西実験室R&D案

西実験室

核物理研究センターに
ミューオンビーム源？

Research Center for Nuclear 
Physics (RCNP), Osaka 
University has a cyclotron of 

Muon Source with low proton 
power at Osaka U.?

ổẬṼṭṸṺόὨέᾱᾌᾱᾷ௽ឥἿႲၛ
AVF䝃䜲䜽䝻䝖䝻䞁

䠄K=140MeV䚸1973ᖺ᏶ᡂ䠅
䝸䞁䜾䝃䜲䜽䝻䝖䝻䞁

䠄K=400MeV䚸1991ᖺ᏶ᡂ䠅

WSSǳȸǹᲠMUSIC

Cyclotron, Osaka University,
1µA, 400 MeV (400W)
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constructed

What is the MUSIC@RCNP ?

• MUSIC (=MUon Science Innovative Channel)

muon particle
experiments

muon nuclear experiments 
and other applications

Accelerator R&D 
with muons

Muon transport 
system

Proton beam

Pion capture system

funded
in FY2009

MuSIC (=Muon Science Innovative Channel)
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Akira SATO　

MuSIC: Present Layout

4

MuSIC装置（2013年）
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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 Layout

Many users, increasing, Prof. H. Ejiri, Prof. A. Shinohara et al.
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MuSIC Beam Test in 2011

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 (400pA)

preliminary

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

MuSIC muon yields

cf. 108/s for 1MW @PSI
 Req. of x103 achieved...

The muon beam intensity 
needed for COMET is 

guaranteed.
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世界のミューオンビーム源の比較

beam power time structure muon yield

PSI 1200 kW DC 108/sec

TRIUMF 75 kW DC 105/sec

MuSIC 0.4 kW DC 108/sec

RAL 200 kW pulsed (50 Hz) 2x105/sec

J-PARC (MLF) 1000 W pulsed (25 Hz) 2x107/sec

COMET 56 kW pulsed 1011/sec
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COMET実験@J-PARC
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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

• 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.

COMET
proton target

µ

e

µ

π

p
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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

多量のミューオンを生成

パルスビームによる
バックグラウンド削減

運動量選別による
バックグラウンド削減

長いミューオンビーム
ラインによる

ビームパイオン削減
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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

R. Akhmetshin, A. Bondar, L. Epshteyn, G. Fedotovich, D. Grigoriev, V. Kazanin,
A. Ryzhenenkov, D. Shemyakin, Yu. Yudin

Budker Institute of Nuclear Physics (BINP), Novosibirsk, Russia

Y.G. Cui, R. Palmer
Department of Physics, Brookhaven National Laboratory, USA

Y. Arimoto, K. Hasegawa, Y. Igarashi, M. Ikeno, S. Ishimoto, Y. Makida, S. Mihara,
T. Nakamoto, H. Nishiguchi, T. Ogitsu, C. Omori, N. Saito, K. Sasaki, M. Sugano,
Y. Takubo, M. Tanaka, M. Tomizawa, T. Uchida, A. Yamamoto, M. Yamanaka,

M. Yoshida, Y. Yoshii, K. Yoshimura
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

Yu. Bagaturia
Ilia State University (ISU), Tbilisi, Georgia

P. Dauncey, P. Dornan, B. Krikler, A. Kurup, J. Nash, J. Pasternak, Y. Uchida
Imperial College London, UK

P. Sarin, S. Umasankar
Indian Institute of Technology Bonbay, India

Y. Iwashita
Institute for Chemical Research, Kyoto University, Kyoto, Japan

V.V. Thuan
Institute for Nuclear Science and Technology, Vietnam

H.-B. Li, C. Wu, Y. Yuan
Institute of High Energy Physics (IHEP), China

A. Liparteliani, N. Mosulishvili, Yu. Tevzadze, I. Trekov, N. Tsverava
Institute of High Energy Physics of I.Javakhishvili State University (HEPI TSU),

Tbilisi, Georgia

S. Dymov, P. Evtoukhovich, V. Kalinnikov, A. Khvedelidze, A. Kulikov,
G. Macharashvili, A. Moiseenko, B. Sabirov, V. Shmakova, Z. Tsmalaidze

Joint Institute for Nuclear Research (JINR), Dubna, Russia

M. Danilov, A. Drutskoy, V. Rusinov, E. Tarkovsky
Institute for Theoretical and Experimental Physics (ITEP), Russia

T. Ota
Max-Planck-Institute for Physics (Werner-Heisenberg-Institute), Munchen, Germany

Y. Mori, Y. Kuriyama, J.B. Lagrange
Kyoto University Research Reactor Institute, Kyoto, Japan

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

M. Aoki, T. Hiasa, I.H. Hasim T. Hayashi, Y. Hino, S. Hikida, T. Itahashi, S. Ito,
Y. Kuno∗, T.H. Nam, H. Nakai, H. Sakamoto, A. Sato, N.D. Thong, N.M. Truong
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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
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• 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
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Background Rates11.2. 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.
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外部の評価

研究テーマの重要性が広く認識されていること
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ᣐⅬࡢேᮦ⫱ᡂࠊ࡚ࡋ࡜᪋タ✲◊ࡘᣢࢆඛ➃ຍ㏿ჾ᭱ࡣ KEKࠋࡿ࠶ᛴົ࡛ࡣᡂ⫱ࡢேᮦࡿ

኱Ꮫࡿࡅ࠾࡟࡝࡞኱Ꮫ㝔኱Ꮫ✲◊ྜ⥲ࠊࡸᐇ᪋ࡢ࣮ࣝࢡࢫࡓࡋ㛵㐃࡟ຍ㏿ჾ⛉Ꮫࠋࡿ࡞࡜

㝔ᩍ⫱ࡶ࡟✚ᴟⓗࠋࡴ⤌ࡾྲྀ࡟ 

KEK ࡢ୺࡞┠ⓗࡣᇶ♏⛉Ꮫ◊✲ࡢ᥎㐍࡛࡟ࡵࡓࡢࡑࠊࡀࡿ࠶ᇵࡓࢀࢃᢏ⾡ࡸ▱㆑ࡾࡼࡣ

ᗈ࠸ᛂ⏝ศ㔝ࡶ࡟✲◊ࡢᙺ❧࡚ࠋࡿࡁ࡛ࡀ࡜ࡇࡿKEK ࡣᇶ♏⛉Ꮫ◊✲ࡽ࠿ᛂ⏝ࡢ࡬ᯫࡅᶫ

 ࠋࡴ⤌ࡾྲྀ࡟఍㑏ඖ♫ࠊ࡛࡜ࡇࡍࡓᯝ࡟ᴟⓗ✚ࢆᙺ๭ࡢ࡚ࡋ࡜

 
㸱㸬 5 ࢝ᖺ◊✲ᡓ␎㸦2014Ѹ2018㸧 
 
㸱㸬㸯 J-PARC 
 J-PARC ࡣ኱ᙉᗘ㝧Ꮚࢆ࣒࣮ࣅᇶ┙ࠊ࡚ࡋ࡜≀㉁ࡢ㉳※ࡧࡼ࠾ᵓ㐀ࡽ࠿⏕࿨ࡢᡂࡕ❧ࡾ

ࣜࢺ࣮ࣗࢽࠊࡣ✲◊ࡢ KEKࠋࡿ࠶ከ┠ⓗ」ྜ◊✲᪋タ࡛ࡿࡍ࣮ࣂ࢝ࢆศ㔝✲◊࠸ᗈࠊ࡛ࡲ

㉸ఏᑟࠊຍ㏿ჾ⛉Ꮫࠊࢀࡉ㉁⏕࿨⛉Ꮫᐇ㦂᪋タ࡛ᒎ㛤≀ࠊᐇ㦂᪋タࣥࣟࢻࣁࠊᐇ㦂᪋タࣀ

ᢏ⾡ࠊᨺᑕ⥺⛉Ꮫࠊィ⟬⛉Ꮫࡢ࡝࡞ᇶ┙ᢏ⾡࡟ᨭࠋࡿ࠸࡚ࢀࡽ࠼ᮏ࣮ࣟࣉࢵ࣐ࢻᮇ㛫࠾࡟

ࡢᡂᯝ✲◊ࡿ࠶ࡢࢺࢡࣃࣥ࢖ࠊࡓࡋ࠿άࢆ㛗≉ࡢ࣒࣮ࣅ኱ᙉᗘ㝧Ꮚ࡟࠺ࡼࡢ௨ୗࠊࡣ࡚࠸

๰ฟࢆ┠ᣦࠊࡕࢃ࡞ࡍࠋࡍ⣲⢏Ꮚ࣭ཎᏊ᰾ศ㔝࡛ࠊࡣLHC ࡸ ILC ࣇ࣮ࢠࣝࢿ㧗࢚࡞࠺ࡼࡢ

ࢆ࢔࢕ࢸࣥࣟࣇ኱ᙉᗘࡿࡍ᏶⿵ࢆ࢔࢕ࢸࣥࣟ SuperKEKB ⛉㉁࣭⏕࿨≀ࠋࡿࡍᘬ≌࡟ඹ࡜

Ꮫࠊࡣ࡚࠸࠾࡟୰ᛶᏊ࣒࣮ࣅࡢ࣒࣮ࣅ࣑ࣥ࢜ࣗࡧࡼ࠾ᙉᗘ࣭ศゎ⬟࣭ヨᩱ⎔ቃࢆᴟ㝈࡛ࡲ

㏣ồࠊࡋᨺᑕගࡸ㝧㟁Ꮚᐇ㦂᪋タࠊ࡟ࡶ࡜࡜」ྜ㔞Ꮚࢆ⩼୍ࡢ࣒࣮࢛ࣇࢺࢵࣛࣉ࣒࣮ࣅᢸ

ᑗ࡟ࡽࡉࠊࡋ⌧ᐇ࡟᪩ᛴࢆ⬟タィᛶࡿࡍᚋ㏙ࠊࡃ࡭ࡿ࠼ᨭࢆ✲◊ࡢࡽࢀࡇࠊࡣຍ㏿ჾࠋ࠺

᮶᳨ࢆࢻ࣮ࣞࢢࣉࢵ࢔ࡢウࠋࡿࡍ 

 
 ᐇ㦂᪋タࣀࣜࢺ࣮ࣗࢽ

KEK ௒ᚋࡿࡅ࠾࡟ 5 ᖺ⛬ᗘࠊࡣ✲◊ࣀࣜࢺ࣮ࣗࢽࡢT2K ᐇ㦂ࡢ㐙⾜ࢆᰕࠊࡋ࡜ḟୡ௦ࢽ

ࡍ᥎㐍ࢆ✲◊ഛ‽ࡢࡵࡓࡢࡑࠊࡋ᱌❧ࢆ⏬ィ✲◊࡞ලయⓗࡓࡅྥ࡟⌧ᐇࡢᐇ㦂ࣀࣜࢺ࣮ࣗ

 ࠋࡿ

 T2K ᐇ㦂ࡽ࠿ࣀࣜࢺ࣮ࣗࢽ࣮࣑ࣗࡣ㟁Ꮚࡢ࡬ࣀࣜࢺ࣮ࣗࢽኚ໬㸦㟁Ꮚࣀࣜࢺ࣮ࣗࢽฟ⌧)

MRࠊࡣ௒ᚋࠋࡓࡆୖࢆᡂᯝ࡞ࡁ኱࠺࠸࡜ࡿࡍⓎぢ࡚ࡅඛ㥑࡟⏺ୡࢆ ᪩ᮇ㐩ᡂࡢタィᙉᗘࡢ

࡟᪩ᮇࢆᶆⓗ↷ᑕ㝧Ꮚᩘ㸦POT㸧~ 8×1021ࡿࡍ࡜ᶆ┠ࠋࡍᣦ┠ࢆୖྥࡢᐃ⢭ᗘ ࡟ᬒ⫼ࢆ

ᐇ⌧ࠊࡋ㟁Ꮚࣀࣜࢺ࣮ࣗࢽฟ⌧☜⋡ࡢ⢭ᐦ ᐃ㸦<10%㸧ཬࣀࣜࢺ࣮ࣗࢽ࣮࣑ࣗࠊࡧᾘኻࡢ

⢭ᐦ ᐃࡿࡼ࡟ sin22ȟ23㸦~1%㸧ࠊ 'm23㸦~3%㸧ࡢ㧗⢭ᗘỴᐃࢆ┠ᣦࡍ㸦ᣓᘼෆࡣ┠ᶆ⢭

ᗘ㸧࡚ࡋ࠺ࡇࠋᚓࠊࡣࢱ࣮ࢹࡿࢀࡽཎᏊ⅔ࣀࣜࢺ࣮ࣗࢽᐇ㦂ࡸ኱Ẽࣀࣜࢺ࣮ࣗࢽほ ࡢ࡝࡞

⤖ᯝࡓࡏే࡜ゎᯒࠊࡾࡼ࡟≀㉁ඃໃᏱᐂࡢㅦ࡟㏕ࡢ࣮ࢱࢡࢭࣀࣜࢺ࣮ࣗࢽࡿ CP 㠀ಖᏑࡸ㉁

㔞㝵ᒙᛶࠊ࡚࠸ࡘ࡟㔜せ࡞ไ㝈ࢆ୚ྍࡿ࠼⬟ᛶࠋࡿ࠶ࡀ 

 CP 㠀ᑐ⛠ᛶࡧࡼ࠾㝵ᒙᛶ࡟Ỵ╔ࢆ௜ࢆ࡜ࡇࡿࡅ┠ⓗࡓࡋ࡜ḟୡ௦㛗ᇶ⥺ࣀࣜࢺ࣮ࣗࢽ

᣺ືᐇ㦂࡛ࢆࢹ࣑࣮ࣥ࢝࢜࢝ࣃ࣮ࢫࠊࡣ㐶࡟࠿෽ࡄ㉸኱ᆺ㧗ឤᗘ᳨ฟჾࢺࢵ1࣓࢞࣡ࠊ࡜⣭
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ࣗࢽᏱᐂࡸ᥈⣴ࡢ᰾Ꮚᔂቯ࡟᫬ྠࡣฟჾ᳨ࠋࡿ࠶ᚲ㡲࡛ࡀ⤥㛗ᮇᏳᐃ౪ࡢ࣒࣮ࣅ኱ᙉᗘࡢ

ࢳ㉸኱ᆺỈ࡚ࡋ࡜᱌ࡢࡑࠊࡾ࠶࡛ࡢࡶࡍࡓᯝࢆᙺ๭࡞㔜せࡶ࡚࠸࠾࡟࡝࡞ ほࡢࣀࣜࢺ࣮

ࡁ࡚ࢀࡽࡵ㐍ࡀ㛤Ⓨࡢ㣕㊧᳨ฟჾࣥࢦࣝ࢔ᾮయ࡜ࢹ࣑࣮ࣥ࢝࢜࢝ࣃ࢖ࣁฟჾ᳨ࣇࢥ࢙ࣥࣞ

ࠋࡿ࠶࡛ࢹ࣑࣮ࣥ࢝࢜࢝ࣃ࢖ࣁࡀࡢࡿࢀࡽ࠼⪄࡜࠸㧗ࡀᡂ⇍ᗘࡶ᭱࡟᫬Ⅼ࡛ᢏ⾡ⓗ⌧ࠊࡀࡓ

KEK ࡢᐇ㦂ᡂྰ࡟≉ࠊලయ໬ࡢḟୡ௦㛗ᇶ⥺ᐇ㦂࡚ࡋ༠ຊ࡜࡝࡞ᮾி኱ᏛᏱᐂ⥺◊✲ᡤࡣ

㘽ࢆᥱࡿ 1 ࡟㣕㌍ⓗࢆᐃឤᗘ ࡢᐇ㦂ࡢࡇࡓࡲࠋࡿᅗࢆ⌧ᐇࡢ࣒࣮ࣅ⣭኱ᙉᗘࢺࢵ࣓࣡࢞

㧗ࡣ࡟ࡵࡓࡿࡵタィᙉᗘࢆ኱ᖜ࡟㉸ࡢ࣒࣮ࣅࡿ࡞ࡽࡉࡿ࠼኱ᙉᗘ໬ࡀᚲせྍࡿ࡞࡜⬟ᛶࡀ

㧗ࠊ࡟ࡵࡓ࠸ຍ㏿ჾࡢࣥ࢖࣒࣮ࣛࣅࣀࣜࢺ࣮ࣗࢽ࡜ࢻ࣮ࣞࢢࣉࢵ࢔ࡢᛶ⬟ྥୖࡢࡵࡓࡢ◊

✲㛤Ⓨࢆ୪⾜࡚ࡋ㐍ࡓࡲࠋࡿࡵᑗ᮶᭷ᮃ࡞㧗ᛶ⬟᳨ࣀࣜࢺ࣮ࣗࢽฟჾྍࡢ⬟ᛶࠊ࡚ࡋ࡜ᾮ

యࣥࢦࣝ࢔㣕㊧᳨ฟჾࡢᛶ⬟ᐇドࡢࡵࡓࡢ㛤Ⓨࠋࡿࡍ⥆⥅ࡶ 

 
 ᐇ㦂᪋タࣥࣟࢻࣁ

஫స┦࠸ᙉࡢ࡝࡞⌮≀ࣥࣟࢻࣁࡸ⌮≀᰾ࢫࢿࢪࣥࣞࢺࢫࠊࡣ࡚࠸࠾࡟ᐇ㦂᪋タࣥࣟࢻࣁ

᥎ࢆ✲◊ࡢ⌮≀࣮ࣂ࣮ࣞࣇࡿࢀࡉ⾲௦࡟᥈⣴ࡢᔂቯ⛥ࡢK୰㛫Ꮚ࡟ࡧࡽ࡞✲◊ࡿࡍ㛵࡟⏝

㐍ࠋࡓࡁ࡚ࡋᮏ࣮ࣟࣉࢵ࣐ࢻᮇ㛫ෆࡢඃඛㄢ㢟ࡢࡽࢀࡇࠊࡣᐇ㦂ࡢᡂᯝࢆ⥅⥆ⓗ࡟ᣲࡘࡆ

ཎᏊࡿࡍ࡜ࡵࡌࡣࢆኚ໬ࡢ୰㛫Ꮚ㉁㔞ࡢ᰾≀㉁୰ࠊࡋᘓタࢆࣥ࢖࣒࣮ࣛࣅ᪂1ḟ㝧Ꮚࠊࡘ

᰾࣭ࣥࣟࢻࣁ≀⌮ᐇ㦂ཬࡧ ȣ⢏Ꮚ㟁Ꮚ㌿᥮⌧㇟ࡢ᥈⣴ᐇ㦂ࢆ࡝࡞╔ᐇ࡟㐍ࠋࡿ࠶࡛࡜ࡇࡿࡵ

ࡍᐇ᪋࡚ࡋ㐃ᦠ࡜࡝࡞࣮ࢱࣥࢭ✲◊⌮≀኱㜰኱Ꮫ᰾ࠊࡣᘓタࡢࣥ࢖࣒࣮ࣛࣅ᪂1ḟ㝧Ꮚ࠾࡞

 ࠋࡿ

ࡋ⾜୪ࡘ࠿ከゅⓗࢆ✲◊࡞㔜せࡿࢃ㛵࡟⌮≀࣮ࣂ࣮ࣞࣇࡸ⌮≀ࣥࣟࢻࣁཎᏊ᰾࣭࡟ࡽࡉ

࡚㐍ࡢ࡛ࡲࢀࡑࠊ࡟ࡵࡓࡿࡵᡂᯝࢆ㋃࡚࠼ࡲ㸪ࣥࣟࢻࣁᐇ㦂᪋タࡢᣑᙇࡢ࡛ࡲࢀࡇࡧࡼ࠾

᪋タ࠸࡞ࡣ࡟ᛶ⬟ࢆᣢࡢࣥ࢖࣒࣮ࣛࣅࡘቑタࢆ┠ᣦࠋࡍᐇ㦂᪋タᣑᙇ࡟㛵ࠊࡣ࡚ࡋ⌮໬Ꮫ

◊✲ᡤࠊ࡝࡞௚ᶵ㛵࡜㐃ᦠ࡚ࡋᐇ᪋ࢆ࡜ࡇࡿࡍᶍ⣴ࡢࡽࢀࡇࠋࡿࡍィ⏬ࢆᐇ⌧ࠊ࡛࡜ࡇࡿࡍ

ࠊ࡚ࡋ࡜ᣐⅬ᪋タࡢ✲◊⣲⢏Ꮚ࣭ࣥࣟࢻࣁཎᏊ᰾࣭ࡿࡍࢻ࣮ࣜࢆ⏺ୡࠊࡣᐇ㦂᪋タࣥࣟࢻࣁ

ୡ⏺ࡢࡽ࠿⪅✲◊ࡢᮇᚅ࡟ᛂࠋࡿࡁ࡛ࡀ࡜ࡇࡿ࠼ 

ቑࡢຍ㏿ჾࠊ࡚ࡋᣦ┠ࢆ࢔࢕ࢸࣥࣟࣇࡢᐇ㦂ࡿ࠸⏝ࢆࡋฟࡾྲྀ࠸㐜ࠊ࡚ࡋ⾜୪࡜ࡽࢀࡇ

ᙉ᳨ࢆウ࣒࣮ࣅࠋࡿࡍᙉᗘࡢቑᙉ࡜Ᏻᐃᛶ࡟ࡽࡉࠊୖྥࡢ኱ᙉᗘࡢ㐜ࡾྲྀ࠸ฟࡋ฼⏝᫬㛫

ࢆᅜ㝿᝟ໃࠊࡓࡲࠋࡿࡵ㐍ࢆウ᳨ࡢ࡝࡞ᘓタࡢࢢ࣮ࣥࣜࣕࢳࢵࣞࢺࢫࠊ࡚ࡋᣦ┠ࢆᣑ኱ࡢ

ぢࡽࡀ࡞㔜ࣥ࢜࢖ຍ㏿ࡢ࡝࡞᪂ྍ࠸ࡋ⬟ᛶ᳨ࡶ࡚࠸ࡘ࡟ウࢆ㐍ࠋࡿࡵ 

 
≀㉁⏕࿨⛉Ꮫᐇ㦂᪋タ㸦୰ᛶᏊᐇ㦂᪋タ㸧 
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㸯 ࡟ࡵࡌࡣ  
 
 㧗࢚࣮ࢠࣝࢿຍ㏿ჾ◊✲ᶵᵓ㸦KEK㸧࡛ࡣ 2007 ᖺ 12 ᭶࡟ KEK 㸦5ࣉࢵ࣐ࢻ࣮ࣟ ࢝ᖺ

ィ⏬㸧ࢆ⟇ᐃ2010ࠊࡋ ᖺ 4 ᭶ࡢ⿵㊊࡟ࡶ࡜࡜◊✲᥎㐍ࡢᣦ㔪2012ࠋࡓࡁ࡚ࡋ࡜ ᖺ 4 ᭶௨
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ࣉࢵ࣐  ࠋࡓࡵ࡜ࡲࡾ࡜ࢆ2013ࠖ
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2012ࠊ࡚ࡋࡑࠋࡓࢀධࡾྲྀࢆពぢࡃᇶ࡙࡟ウ᳨ࡢ ᖺ 8 ᭶࡟୰㛫ࢆࡵ࡜ࡲᮏᶵᵓෆእࡢ◊✲
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࣭ J-PARC 
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 ࠋࡍᣦ┠ࢆᣑᙇࡢᐇ㦂᪋タࣥࣟࢻࣁࠊ࡟ࡶ࡜࡜ࡿ
୰ᛶᏊᐇ㦂᪋タ࡛ࢫࣝࣃࠊࡣ୰ᛶᏊᐇ㦂⿦⨨ࡢᡤᮇࡢᛶ⬟ࢆ㐩ᡂࡿ࡞ࡽࡉࠊࡋ㛤Ⓨ࣭

高エネルギー物理学将来計画検討小委員会

答申

2012年2月11日

委員

浅井祥仁（東京大学）、飯嶋徹（名古屋大学）、石井恒次（KEK）、
井上邦雄（東北大学）、後田裕（KEK）、大西幸喜（KEK）、栗木雅夫（広島大学）、
小林隆（KEK）、田窪洋介（KEK）、中家剛（京都大学）、野尻美保子（KEK）、
野村正（KEK、幹事）、羽澄昌史（KEK）、花垣和則（大阪大学、幹事）、

久野純治（名古屋大学）、村山斉（東京大学／UC Berkeley）、
森俊則（東京大学、委員長）、諸井健夫（東京大学）、山下了（東京大学）

海外では、イタリアINFNが中心となってSuperB計画を進めている。SuperKEKB、
Supe rB双方とも、ビームを極限まで絞ることで高いルミノシティ（それぞれ
8×1035cm-2s-1、>1036cm-2s-1）を達成する設計となっており、SuperBは新規にトンネル
を掘削し、SuperKEKBは既存の施設を再利用してこれを実現する。KEKBとPEP-IIの時代
と同様、両者が成果を競うことで健全な発展が期待される。

全てが順調に運べば、2021年頃にはSuperKEKBの積分ルミノシティが節目となる
50ab-1に到達する。それまでに様々な新物理現象の発見ないし制約が期待されているが、
新物理のカップリングが想定より小さすぎる場合など、今後の研究の展開によっては更に
10倍以上のルミノシティ増強が必要となることも考えられる。現在の所ルミノシティ増強
の具体的なアイデアはなく、そのような場合には、SuperKEKBおよびINFN SuperBでの
実際の経験を元に、その実現可能性を考察する必要がある。

フレーバー物理の今後の展開によっては、タウレプトンやチャーム中間子崩壊の精査に
最適化するために、重心系エネルギーやエネルギー非対称度を変更する可能性もある。実
際に、INFN SuperBやBINP Super charm-tau factory においては、目標ルミノシティ
1035cm-2s-1でタウ・チャーム生成閾値での運転がデザインに組み込まれている。例え
ば、√s～4.2GeV（対称エネルギー）で >1036cm-2s-1の電子•陽電子衝突が実現できれ
ば、初期状態放射バックグランドを抑制したより高感度でのτ→μγ探索が可能となる。

4.2　ミューオン

ニュートリノ振動の発見により、荷電レプトンにおいてもフレーバー保存則は破れてい
ると考えられる。標準模型にニュートリノ振動を考慮した単純な模型では荷電レプトンフ
レーバー非保存過程は10-40～10-50程度に抑制されるが、新しい物理が存在する場合には
観測可能な大きさになり得る。荷電レプトンフレーバー非保存過程の発見は明快な新物理
の発見であり、その探索は強く推進すべきである。

前述のタウレプトン崩壊におけるフレーバー非保存過程が第3世代と第1,2世代の混合
であるのに対し、μ→eγおよびμ-e転換は第2世代と第1世代の混合であり、互いに相補
的である。進行中のMEG実験ではμ→eγの分岐比に対して2.4×10-12の上限値が得られ
ており、今後O(10-13)の感度での探索が続く。MEGはアップグレードして更に高精度で実
験を継続する可能性が現在検討されている。一方、μ-e転換事象はnon-photonic過程に
も感度があるという意味において包括的である。μ→eγとμ-e転換の分岐比は新物理の
模型に依存するが、典型的な超対称模型の場合には両者の比はO(102)である。したがっ
て、10-16の感度を目指してR&Dが進行中のJ-PARCのCOMET実験とFermilabのmu2e実
験は、μ-e転換過程発見への感度を十分持っていると考えられる。実現に向けてBeam 
extinctionなど達成すべき技術的課題があり、国際協力と競争の中でより強力な研究開発
体制を構築することが必要である。COMETについては新しい陽子ビームラインとミュー
オン生成源の検討が現在進んでおり、実現すればJ-PARCでの素粒子物理研究のフラグ
シップ実験となり得るものである。

ミューオンの異常磁気能率（g-2）は、BNL-E821実験による0.7ppm精度での測定結果
が標準模型の予想から3.4σずれており、真空偏極に対するハドロンループの寄与の精度
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KEK/J-PARC-PAC 2012-xx 
July 15, 2012 

 
J-PARC Program Advisory Committee 

for the 

Nuclear and Particle Physics Experiments at the J-PARC 50 GeV Proton 
Synchrotron 

  
Minutes of the 15th meeting held on 

Friday, Saturday and Sunday, 13-15 July 2012 
 

OPEN SESSION (13,14-July-2012): 

1. Welcome and Mandate to the committee: M. Yamauchi (KEK) 

2. J-PARC status:   Y. Ikeda (J-PARC) 

3. J-PARC accelerator status: T. Koseki (KEK) 

4. E11 status report (T2K):  K. Sakashita (KEK),  

   T. Kobayashi (KEK) 

5. E14 status report (KOTO): T. Yamanaka (Osaka) 

6. E19 status report (High-resolution Search for Θ+ Pentaquark  

in π-p → K-X Reactions): M. Naruki (KEK) 

7. E27 status report (Search for a nuclear Kbar bound state K-pp in the d(π+,K+) 
reaction):   T. Nagae (Kyoto) 

8. E10 status report (Study of neutron rich hypernuclei by double charge-exchange 
reactions):   A. Sakaguchi (Osaka) 

9. E05 status (Spectroscopic Study of Ξ-Hypernucleus, 12
ΞBe, via the 12C(K-, K+) 

Reaction):   T. Nagae (Kyoto) 

10. E13 status (Gamma-ray spectroscopy of light hypernuclei):  

    H. Tamura (Tohoku) 

 

 12 

The PAC awaits further analysis of current experimental data to confirm the 
performance of the apparatus. The experiment might give some hints about the 
properties of the K-pp system.  

 

9. E17: (Precision spectroscopy of Kaonic 3He 3d→2p X-rays) 

The PAC heard the current status of the experiment. There have not been many 
changes to be noted here but the PAC appreciates that the experiment is almost 
ready to take data. The experimental group requests three months to switch over 
from E15. The PAC notes that a shorter switch over time may allow more flexibility 
in the beam allocation. 

 

10. E21:  An Experimental Search for Lepton Flavour Violating mu-e Conversion 
(The COMET experiment) 

The COMET experiment aims to improve the experimental sensitivity to detecting 
muon-to-electron conversion by four orders of magnitude beyond the current 
measured limit. Measurements at this sensitivity level would probe the region 
expected by many well-studied new physics models such as SUSY-GUTs in a 
perspective different from the LHC. As such COMET could become one of the 
flagship experiments for J-PARC and Japanese physics later in the decade. 

The PAC was pleased to learn about a breakthrough in the two major challenges: 
muon capture efficiency and beam pulsing. An increase of about a factor of 103 has 
been demonstrated at the pion capture system with MuSIC at RCNP in Osaka. The 
achieved value of the proton extinction factor, 3x10-11, is well below the required 
value of less than 10-9.  

The COMET experiment takes a staged approach with two phases. Phase-I uses a 

90 degree bend only for the muon beamline and a straight electron detector. 

Phase I still has to choose a technology: either a cylindrical drift chamber or a straw 
tube transverse tracker. Phase-I is designed as a background study in preparation for 
phase-II, but, at the same time it will have two orders of magnitude better sensitivity 
than the current limit. The single event sensitivity for phase-I has been reevaluated 
as 3x10-15 for the measured proton extinction factor and an updated background 
estimation of 0.03.  

!
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Erice, 25 January 2013 
 

Proposed Update of the European Strategy for Particle Physics 
 
 

Preamble 

Since the adoption of the European Strategy for Particle Physics in 2006, the field has made 
impressive progress in the pursuit of its core mission, elucidating the laws of nature at the most 
fundamental level. A giant leap, the discovery of the Higgs boson, has been accompanied by many 
experimental results confirming the Standard Model beyond the previously explored energy scales. 
These results raise further questions on the origin of elementary particle masses and on the role of the 
Higgs boson in the more fundamental theory underlying the Standard Model, which may involve 
additional particles to be discovered around the TeV scale. Significant progress is being made towards 
solving long-standing puzzles such as the matter-antimatter asymmetry of the Universe and the nature 
of the mysterious dark matter. The observation of a new type of neutrino oscillation has opened the 
way for future investigations of matter-antimatter asymmetry in the neutrino sector. Intriguing 
prospects are emerging for experiments at the overlap with astroparticle physics and cosmology. 
Against the backdrop of dramatic developments in our understanding of the science landscape, 
Europe is updating its Strategy for Particle Physics in order to define the community’s direction for 
the coming years and to prepare for the long-term future of the field. 
 

General issues 

a) The success of the LHC is proof of the effectiveness of the European organisational model for 
particle physics, founded on the sustained long-term commitment of the CERN Member States and of 
the national institutes, laboratories and universities closely collaborating with CERN. Europe should 
preserve this model in order to keep its leading role, sustaining the success of particle physics and the 
benefits it brings to the wider society.  
 
b) The scale of the facilities required by particle physics is resulting in the globalisation of the field. 
The European Strategy takes into account the worldwide particle physics landscape and 
developments in related fields and should continue to do so. 
 

High-priority large-scale scientific activities 

After careful analysis of many possible large-scale scientific activities requiring significant resources, 
sizeable collaborations and sustained commitment, the following four activities have been identified 
as carrying the highest priority. 
 
c) The discovery of the Higgs boson is the start of a major programme of work to measure this 
particle’s properties with the highest possible precision for testing the validity of the Standard Model 
and to search for further new physics at the energy frontier. The LHC is in a unique position to pursue 
this programme. Europe’s top priority should be the exploitation of the full potential of the LHC, 
including the high-luminosity upgrade of the machine and detectors with a view to collecting ten times 
more data than in the initial design, by around 2030. This upgrade programme will also provide 
further exciting opportunities for the study of flavour physics and the quark-gluon plasma. 
 
d) To stay at the forefront of particle physics, Europe needs to be in a position to propose an 
ambitious post-LHC accelerator project at CERN by the time of the next Strategy update, when 
physics results from the LHC running at 14 TeV will be available. CERN should undertake design 
studies for accelerator projects in a global context, with emphasis on proton-proton and electron-

!

! 2!

positron high-energy frontier machines. These design studies should be coupled to a vigorous 
accelerator R&D programme, including high-field magnets and high-gradient accelerating 
structures, in collaboration with national institutes, laboratories and universities worldwide. 
 
e) There is a strong scientific case for an electron-positron collider, complementary to the LHC, that 
can study the properties of the Higgs boson and other particles with unprecedented precision and 
whose energy can be upgraded. The Technical Design Report of the International Linear Collider 
(ILC) has been completed, with large European participation. The initiative from the Japanese particle 
physics community to host the ILC in Japan is most welcome, and European groups are eager to 
participate. Europe looks forward to a proposal from Japan to discuss a possible participation. 
 
f) Rapid progress in neutrino oscillation physics, with significant European involvement, has 
established a strong scientific case for a long-baseline neutrino programme exploring CP violation and 
the mass hierarchy in the neutrino sector. CERN should develop a neutrino programme to pave the 
way for a substantial European role in future long-baseline experiments. Europe should explore the 
possibility of major participation in leading neutrino projects in the US and Japan. 
 

Other scientific activities essential to the particle physics programme 

g) Theory is a strong driver of particle physics and provides essential input to experiments, witness 
the major role played by theory in the recent discovery of the Higgs boson, from the foundations of 
the Standard Model to detailed calculations guiding the experimental searches. Europe should support 
a diverse, vibrant theoretical physics programme, ranging from abstract to applied topics, in close 
collaboration with experiments and extending to neighbouring fields such as astroparticle physics 
and cosmology. Such support should extend also to high-performance computing and software 
development. 
 
h) Experiments studying quark flavour physics, investigating dipole moments, searching for charged-
lepton flavour violation and performing other precision measurements at lower energies, such as those 
with neutrons, muons and antiprotons, may give access to higher energy scales than direct particle 
production or put fundamental symmetries to the test. They can be based in national laboratories, with 
a moderate cost and smaller collaborations. Experiments in Europe with unique reach should be 
supported, as well as participation in experiments in other regions, especially Japan and the US. 
 
i) The success of particle physics experiments, such as those required for the high-luminosity LHC, 
relies on innovative instrumentation, state-of-the-art infrastructures and large-scale data-intensive 
computing. Detector R&D programmes should be supported strongly at CERN, national institutes, 
laboratories and universities. Infrastructure and engineering capabilities for the R&D programme 
and construction of large detectors, as well as infrastructures for data analysis, data preservation and 
distributed data-intensive computing should be maintained and further developed. 
 
j) A range of important non-accelerator experiments take place at the overlap of particle and 
astroparticle physics, such as searches for proton decay, neutrinoless double beta decay and dark 
matter, and the study of high-energy cosmic-rays. These experiments address fundamental questions 
beyond the Standard Model of particle physics. The exchange of information between CERN and 
ApPEC has progressed since 2006. In the coming years, CERN should seek a closer collaboration 
with ApPEC on detector R&D with a view to maintaining the community’s capability for unique 
projects in this field. 
 
k) A variety of research lines at the boundary between particle and nuclear physics require dedicated 
experiments. The CERN Laboratory should maintain its capability to perform unique experiments. 
CERN should continue to work with NuPECC on topics of mutual interest. 
 

注：JapanはCOMET実験などのこと
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最近の良いニュース
COMET Phase-I実験
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最近の良いニュース

J-PARCハドロンホール

COMET Phase-I実験

高運動量陽子の
ハドロン核物理実験

項目項目 担当

陽子ビームライン
共同実験設備 KEK

ミューオンビームライン
共同実験設備 KEK

COMET測定器 実験固有 COMET実験グループ

KEKで新規陽子・ミューオンビームライン建設予算が採択
平成24年度補正

平成26年度末までに建設完了予定
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COMET実験の段階的アプローチ

Mu2e@FNAL COMET@J-PARC

muon beamline

electron  
spectrometer

S-shape C-shape

Straight solenoid Curved solenoid

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

Comparison : COMET vs. Mu2e

Stopping
Target

Production 
Target 

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Detector Section

Pion-Decay and
Muon-Transport Section

Pion Capture Section
A section to capture pions with a large 
solid angle under a high solenoidal 
magnetic field by superconducting 
maget

A detector to search for 
muon-to-electron conver-
sion processes.

A section to collect muons from 
decay of pions under a solenoi-
dal magnetic field.

Stopping 
Target 

Production 
Target 

COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II

muon beamline up to the end 
of the first 90 degree bend
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COMET Phase-I実験の目的

a search for μ−−e− conversion at intermediate 
sensitivity which would be more than 100 times better 
than the SINDRUM-II limit

2

direct measurement of potential background 
sources for the full COMET experiment by using the 
actual COMET beamline constructed at Phase-I

1 COMET Phase-IIのバックグランド測定

ミューオン電子転換過程の探索 (100倍向上)
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COMET Phase-I実験レイアウト

実験方法：約1016個のミ
ューオンを静止標的に止
めて、そこから放出され
る電子を観測する。

COMETミューオンビームライン：
約6x109個/秒のミューオンを３kW
陽子ビームで生成。世界最高強度。

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

Cylindrical Detector
• Collimator of 200 mm diam. at 
the end of 90 degree bend

• determine a beam size

• eliminate high-p particles

• Beam particles not stopped on 
the target will escape from the 
detector

• Optimization of detector 
configuration

• pt threshold > 70MeV/c

• trigger counter (5mm thick) 
as a proton absorber

1.5m

0.805m

測定器   

ミューオン静止標的   
陽子ビーム   

ミューオンビームライン   

陽子標的   　　

µ   
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COMET Phase-I測定器

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

Cylindrical Detector
• Collimator of 200 mm diam. at 
the end of 90 degree bend

• determine a beam size

• eliminate high-p particles

• Beam particles not stopped on 
the target will escape from the 
detector

• Optimization of detector 
configuration

• pt threshold > 70MeV/c

• trigger counter (5mm thick) 
as a proton absorber

1.5m

0.805m

測定器   

ミューオン静止標的   
陽子ビーム   

ミューオンビームライン   

陽子標的   　　

ミューオン静止標的
ミューオンを静止させるためのアルミ標的。ここからシグ
ナル電子が発生するか調べる。
CDCトリガー装置
電子を識別してCDCのデータ取得のトリガー信号を作成。
超伝導ソレノイド磁石
運動量測定に必要な磁場を発生する。

これらの装置は平成27年度まで完成、28年度に
設置し、平成29年度に本実験をする。ビームラ
インは平成26年度末までに完成予定。

COMET Phase-I (1.5x106秒の実験期間で)
1事象発見感度：3x10-15/ミューオン捕獲

90%上限値：7x10-15/ミューオン捕獲
現在の90%上限値：7x10-13/ミューオン捕獲

100倍の実験感度向上

円筒ドリフトチェンバー (CDC)

ミューオン静止標的からの電子の運動量を測定。ミューオ
ン電子転換過程の電子であれば105 MeV/cの運動量を持つ。
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• Single event sensitivity

• Nμ is a number of stopping muons in the muon stopping target. It 
is 8.7x1015 muons. 

• 5.8x109 stopped µ/s with 3 kW proton beam power, with 1.5x106 
sec running.

• fcap is a fraction of muon capture, which is 0.6 for aluminum.
• Ae is the detector acceptance, which is 0.06.

COMET Phase-Iでの
実験感度

B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)
3.1
6

15

7 15
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Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon for
the case of trigger counters of 5 mm thickness.

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.06

A number of muons stopped at the muon stopping target is estimated to be 0.0023 per
proton from the COMET G4 simulation program, as mentioned in Chapter 4. From these,
a total number of muon stopped of N stop

µ = 5.8× 1015 (= 0.0023× 2.5× 1018) is obtained.
It corresponds to 5.8× 109 muons stopped/s.

By using these numbers thus obtained, from Eq.(8.1), the single event sensitivity is
given by

B(µ− +Al → e− +Al) = 3.1× 10−15. (8.2)

The 90 % confidence upper limit with zero background events is given by

B(µ− +Al → e− +Al) < 7.2× 10−15. (8.3)

8.2.2 Signal Acceptance for COMET Phase-I Transverse Tracker
Detector

The transverse tracker detector may have less geometrical coverage since the detector can
detect only events coming into the downstream hemisphere. Detailed simulation studies
to estimate geometrical acceptance will be made soon, together with tracking efficiencies.

The transverse tracker detector has a 32% coverage. This is less than the former about
twice because of the use of only downstream hemisphere seen from the muon-stopping
target. Trigger and analysis efficiencies have not been estimated in a reliable manner with
these setup, thus we suppose conservatively 10% in total in either case. The single event
sensitivity can be calculated from these assumption;

• 1/(2× 1015 × 0.71× 0.1) = 0.7× 10−14

for the cylindrical shape detector option, and

• 1/(2× 1015 × 0.32× 0.1) = 1.6× 10−14

for the transverse tracker detector option.

These correspond to 90% C.L. upper limits of 1.6× 10−14 and 3.7× 10−14 respectively in
case of no candidate observation. As we will describe later, background can be suppressed
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Table 8.4: Summary of estimated background events for a single-event sensitivity of
3.1 × 10−15 with a proton extinction factor of 3 × 10−11. The numbers with ∗ is directly
proportional to the proton extinction factor.

Background estimated events

Muon decay in orbit 0.01
Radiative muon capture < 0.001
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001
Radiative pion capture 0.0096∗

Beam electrons
Muon decay in flight < 0.00048∗

Pion decay in flight
Neutron induced background ∼ 0∗

Delayed radiative pion capture 0.002
Anti-proton induced backgrounds 0.007
Electrons from cosmic ray muons < 0.0002
Total 0.03

8.5 Summary of background estimations

Table 8.4 shows a summary of the estimated backgrounds. The total estimated background
is about 0.03 events for a single event sensitivity of 3.1 × 10−15 with a proton extinction
factor of 3 × 10−11. If the proton extinction factor is improved, the expected background
events are further reduced.

COMET Phase-Iでの背景事象の評価

DIO

signal

Expected BG events are about 0.03 at S.E.S. of 3x10-15.
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Table 8.1: Breakdown of the µ−−e− conversion signal acceptance per stopped muon

Event selection Value Comments

Geometrical acceptance 0.24 tracking efficiency included
Momentum selection 0.74 104.1 MeV/c < Pe <106 MeV/c
Timing selection 0.39 same as COMET
Trigger and DAQ 0.9 same as COMET

Total 0.062

the vertical scale is normalized so that the integrated area of the signal event curve is one
event, assuming a branching ratio of B(µN → eN) = 3 × 10−15. A detailed description
of the estimation of contamination from DIO electrons is presented in Section 8.4.1.1. In
this study, the momentum cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron
momentum, is determined in such a way that a contamination from DIO electrons of 0.01
events is expected for a single event sensitivity of µ−−e− conversion of 3× 10−15.

Figure 8.2: Distributions of reconstructed µ−−e− conversion signals and reconstructed
DIO events The vertical scale is normalized so that the integrated area of the signal is
equal to one event with its branching ratio of B(µN → eN) = 3× 10−15. The momentum
cut of 104.1 MeV/c < Pe < 106 MeV/c, where Pe is an electron momentum, is applied.

The efficiencies of the timing selection and the trigger and DAQ are assumed to be the
same as those in the COMET CDR [78]. From these, the net acceptance for the µ−−e−

conversion signal, Aµ-e = 0.062, is obtained. The breakdown of the acceptance is shown in
Table 8.1.

with proton extinction factor of 3x10-11
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COMET Phase-IとPhase-IIの
スケジュール
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Akira SATO: S1371, Study of Muon Capture for Muon to Electron Conversion Experiments
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まとめ

• ミューオンを使った荷電レプトンフレ
ーバー非保存過程探索は、素粒子物理
学で新物理を発見するのに重要。特
に、ミューオン電子転換過程は最も期
待できる。

• J-PARCにて、ミューオン電子転換過程
を<10-16の実験感度で探索するCOMET
実験を提案。

• 第1段階COMET Phase-Iを予算化され
た。2016年頃の実験スタートを目標。

• ご期待ください。

IKU
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