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Welcome

The latest Daya Bay result shows that the neutrino mixing angle θ13 is significantly
larger than what is anticipated by most of us. The future of neutrino physics can now be
discussed with concrete plans, particularly for the measurement of the leptonic CP phase
and the neutrino mass hierarchy. At this critical moment, we plan to organize an
“International Symposium on Neutrino Physics and Beyond” at a location very close to
Daya Bay, in part to celebrate the completion of the experiment construction. Current
progress of neutrino physics and related field will be reviewed, and future projects will
be discussed. 

The conference will cover not only neutrino physics, but also neutrinoless double beta-
decays, and related topics such as dark matter searches and cosmic-ray physics. The
detailed list of topics is shown below:

������Neutrino Properties 
����� Neutrino Oscillations
������Neutrino Interactions 
������Geo & Astronomical Neutrinos
������Sterile Neutrinos & Exotic Searches
������Double Beta Decays 
������Dark Matter Searches 
������Cosmic Ray Physics
������Future Projects

The Symposium will be held at the downtown of the Shenzhen city in September 23rd -
26th, 2012. The registration and abstract submission are open now and the deadline of
abstract submission is Aug. 15, 2012. A city map, as well as the nearby area including
Hong Kong and Daya Bay is shown here.

During the conference, the afternoon of Sept. 24th , a tour to the Daya Bay Experiment
will be organized.

We look forward to seeing you in Shenzhen.
�

Yifang Wang
Chair, LOC
Director, Institute of High Energy Physics, CAS
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Outline

• Muon Physics
• Charged lepton flavor violation (CLFV) with muons
• What is µ-e conversion in a muonic atom ?
• COMET to search for µ-e conversion at J-PARC
• COMET staged approach (new)
• µ-e conversion with B<10-19 (PRISM)

• Highly intense Muon Source at Osaka University - MuSIC -
• Neutrino Physics

• Neutrino source based on muon storage FFAG ring
• Summary
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F. Borzumati and A. Masiero, PRL 57 (1986) 961



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

       SUSY Predictions (a la A. Masiero)1

arXiv:1207.7227v1 [hep-ph] 31 Jul 2012



       CLFV with TeV Seesaw (Type-I)
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FIG. 1: The dependence of B(µ ! e + �) on M1 in the case of NH (left panel) and IH (right panel) light neutrino
mass spectrum, for i) y = 0.001 (blue �), ii) y = 0.01 (green +), and iii) y = 0.1 (red ⇥). The horizontal dashed line
corresponds to the MEGA bound [33], B(µ ! e + �)  1.2 ⇥ 10�11. The horizontal dot-dashed line corresponds to
B(µ ! e+ �) = 10�13, which is the prospective sensitivity of the MEG experiment [34].
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We will find next for which values of the CP violating phases � and ↵
21

this lower bound is equal to zero
and if the resulting ✓

13

, obtained from eq. (3.19), is compatible with the existing limits from the neutrino
oscillation data. We have min(|Uµ2 + iUµ1|2) = 0 if the Dirac and Majorana phases � and ↵
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the following conditions: tan � tan ↵21
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The solution (3.21) is compatible with the 3� upper limit of the CHOOZ mixing angle (see Table 1). In
general, one can always find a viable pair of CP violating phases ↵

21

and � satisfying the relations given
above in order to set the r.h.s. of eq. (3.20) equal to zero, if the mixing angle ✓

13

is su�ciently large, namely,
if sin ✓

13

> 3 � 2
p
2 ⇠= 0.17. More precisely, one finds, e.g. that |Uµ2 + iUµ1|2 ' 3.52 ⇥ 10�8 (2.43 ⇥ 10�6)

for s
13

' 0.2 (0.17), ↵
21

' 2.732 (⇡) and � ' 5.725 (10�3).
In order to interpret the results presented in Fig. 1, it proves convenient to use the analytic expressions

of B(µ ! e + �) in terms of the low energy neutrino parameters, the neutrino Yukawa coupling and the
RH neutrino mass, eqs. (3.6)�(3.11). Taking for concreteness sin2 ✓

23

⇠= 1/2, sin2 ✓
12

⇠= 1/3 and using

17

FIG. 6: B(µ ! e+ �) vs |<m>| for M1 = 100 GeV, z = 10�3 and i) NH neutrino mass spectrum (blue dots), ii) IH
neutrino mass spectrum (red dots).

for z = 10�3 using the general expression (5.1). The (��)
0⌫-decay nucleus was assumed to be 76Ge. The

neutrino oscillation parameters are taken, again, within the corresponding 3� experimental intervals reported
in Table 1. The Majorana phase ↵

21

(↵
31

� ↵
21

) and the phase ! in the IH (NH) case were varied in the
intervals [0, 4⇡] and [0, 2⇡], respectively. The neutrino Yukawa coupling takes values y . 0.1. The correlation
between B(µ ! e + �) and |<m>| ⇠= |<m>N| reported in eq. (6.1) is satisfied for values y & 0.01. This
is in agreement with Figs. 3 and 4, where it is shown that a signal compatible with the GERDA sensitivity
reach is possible, provided y & 10�3, for both types of neutrino mass spectrum. Moreover, in the case of IH
light neutrino mass spectrum, such correlation depends strongly on the value of the Majorana phase ↵

21

.
Indeed, for M

1

⇠= 100 (1000) GeV and y ⇠= 0.01 (0.1) we expect that the MEG experiment [34] is able to
measure the µ ! e+ � decay rate (see Fig. 2). If lepton flavour violation is discovered by MEG, according
to eqs. (5.2) and (3.10), a positive signal detected by GERDA II, i.e. |<m>| ⇠= |<m>N | & 0.1 eV, implies:
10�3 (10�2) . z(1 + 0.94 sin(↵

21

/2)) . 4 ⇥ 10�3 (4 ⇥ 10�2). In the case of M
1

= 100 GeV and z = 10�3,
used to obtain Fig. 6, we would expect, in general, positive signals to be observed in both MEG and GERDA
II experiments if ↵

21

⇠= 0,⇡; in the case of ↵
21

⇠= 3⇡, the (��)
0⌫ and µ ! e + � decays are predicted to

proceed with rates below the sensitivity of these two experiments.
We note, however, that it is not possible to get independent constraints on the degeneracy parameter z

and the Majorana phase from the data on (��)
0⌫ and µ ! e + � decays. Finally, we notice also that the

strong correlation exhibited in Fig. 6 is a consequence of the constraints imposed by the neutrino oscillation
data on the type I see-saw parameter space in the case investigated by us.

VII. CONCLUSIONS

We have analyzed the low energy implications of a type I see-saw scenario with right-handed (RH) neutrino
masses at the electroweak scale and sizable charged and neutral current weak interactions. This class
of scenarios have the attractive feature that the RH neutrinos could be directly produced at the Large
Hadron Collider, thus allowing to test in collider experiments the mechanism of neutrino mass generation.
Furthermore, and in contrast to the high-scale see-saw mechanism, the rates for the rare leptonic decays are
unsuppressed in this scenario, which opens up the possibility of detecting signatures of new physics with

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

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

$
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].
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SUSY-Seesaw
SUSY-GUT

Little Higgs Extra dimensions

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

CLFV Predictions 

  

● Extra-dimensional models

“Anarchic” Randall-Sundrum model

Agashe, Blechman, Petriello

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

little Higgs model

extra dimension modelextra 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

SUSY model

Various BSM models 
predict sizable muon 

CLFV, as well as tau CLFV.



“DNA of New Physics”
 (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,  ………. 
 

from D. Hitlin’s talk 
at ICHEP2012



“DNA of New Physics”
 (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,  ………. 
 

from D. Hitlin’s talk 
at ICHEP2012



µ-e conversion 
in a muonic atom



Present Limits and 
Future Projection

process present limit futurefuture

µ→eγ <2.4 x 10-12 <10-14 MEG at PSI

µ→eee <1.0 x 10-12 <10-16 Mu3e at PSI

µN→eN (in Al) none <10-16 Mu2e /  COMET

µN→eN (in Ti) <4.3 x  10-12 <10-18 PRISM

τ→eγ <1.1 x 10-7 <10-9 - 10-10 super KEKB/B

τ→eee <3.6 x 10-8 <10-9 - 10-10 super KEKB/B

τ→µγ <4.5 x 10-8 <10-9 - 10-10 super KEKB/B

τ→µµµ <3.2 x 10-8 <10-9 - 10-10 super KEKB/B



Present Limits and 
Future Projection

process present limit futurefuture

µ→eγ <2.4 x 10-12 <10-14 MEG at PSI

µ→eee <1.0 x 10-12 <10-16 Mu3e at PSI

µN→eN (in Al) none <10-16 Mu2e /  COMET

µN→eN (in Ti) <4.3 x  10-12 <10-18 PRISM

τ→eγ <1.1 x 10-7 <10-9 - 10-10 super KEKB/B

τ→eee <3.6 x 10-8 <10-9 - 10-10 super KEKB/B

τ→µγ <4.5 x 10-8 <10-9 - 10-10 super KEKB/B

τ→µµµ <3.2 x 10-8 <10-9 - 10-10 super KEKB/B

Best because of no limitation from 
accidental background



LFV,Why ?
LFV,Why ?

µ→e conve
rsion

in 

a muonic 
atom 



What is Muon to Electron Conversion?

1s state in a muonic atom

nucleus

µ−

muon decay in orbit

nuclear muon capture

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

Neutrino-less muon 
nuclear capture

µ− + (A, Z)→ e− + (A,Z )
nucleus

Event Signature : 
a single mono-energetic 
electron of 100 MeV
Backgrounds:
(1) physics backgrounds 

ex. muon decay in orbit (DIO)
(2) beam-related backgrounds 

ex. radiative pion capture, 
muon decay in flight,

(3) cosmic rays, false tracking



Effective theory

Electromagnetic vertex

µ e
�

q q

?

Often gives large Br(µ! e�)

Contact interaction:

May be no µ! e� signal

Relative rates of conversion and µ! e� are model dependent
Handle to discriminate New Physics models

Parametrization: L
CLFV

=
mµ

(1 + ) ⇤2 µ̄
R

�µ⌫e

L

F

µ⌫ +


(1 + ) ⇤2 µ̄
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�µe

L

(ū
L

�µ
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L
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L

)

⇤: mass scale, : importance of contact term
Andrei Gaponenko 6 CIPANP-2012
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Physics Sensitivity: μ→eγ vs. μ-e conversion 
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)
B(µ# e$)>10

-13

B(µ# e$)>10
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B(µ# e conv in 
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B(µ# e conv in 
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EXCLUDED

LCLFV =
1

1 + �

mµ

�2
µ̄R�µ�eLFµ� +

�

1 + �

1
�2

(µ̄L�µeL)(q̄L�µqL)

Photonic (dipole) 
interaction

Contact 
interaction

B(µN → eN)

B(µ → eγ)
=

G2
F m4

µ

96π3α
× 3 × 1012B(A, Z)

∼
B(A, Z)

428

if photonic contribution dominates,

• for aluminum, about 1/390~0.003
• for titanium, about 1/230

tree levels

constructive



Previous Measurements
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@ PSI
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vacuum wall
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outer drift chamber

superconducting coil

helium bath

magnet yokeSINDRUM II

Final result on mu - e 
conversion on Gold 

target is being prepared 
for publication

< 7 x 10-13 90%CL

@ PSI

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

Published Results (2004)

B(µ� + Au⇥ e� + Au) < 7� 10�13
SINDRUM-II (PSI)



COMET at J-PARC



Improvements for Signal Sensitivity

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

1011 muons/sec (with 107 sec running)
whereas the current highest intensity is 108/sec at PSI.

Pion Capture and 
Muon Transport by 
Superconducting 
Solenoid System

(1011 muons for 50 
kW beam power)

Guide π’s until decay to μ’s

Suppress high-P particles

•μ’s : pμ< 75 MeV/c

•e’s : pe < 100 MeV/c



Improvements for Background Rejection

 base on the MELC proposal at Moscow Meson Factory

Beam-related 
backgrounds

Beam pulsing with 
separation of 1μsec

measured 
between beam 
pulses

Muon DIO 
background

low-mass trackers in 
vacuum & thin target

improve
electron energy 
resolution

curved solenoids for 
momentum selection

Muon DIF
background

eliminate 
energetic muons 
(>75 MeV/c)

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



J-PARC at Tokai, Japan
93
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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

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

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

2.6

6

Experimental Goal of COMET

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

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

• Stage-1 approved in 2009.

Electron transport with curved 
solenoid would make momentum 

and charge selection.
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Charged Particle Trajectory 
in Curved Solenoid

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

• This can be used for charge 
and momentum selection.

• This drift can be compensated 
by an auxiliary field parallel to 
the drift direction given byDrift in a Curved Solenoid

D =
p

qB
θbend

1

2

(

cos θ +
1

cos θ

)

D : drift distance

B : Solenoid field

θbend : Bending angle of the solenoid channel

p : Momentum of the particle

q : Charge of the particle

θ : atan(PT/PL)

Bcomp =
p

qr

1

2

(

cos θ +
1

cos θ

)

Vertical Compensation Magnetic Field

p : Momentum of the particle

q : Charge of the particle

r : Major radius of the solenoid

θ : atan(PT/PL)
上流カーブドソレノイドの補正磁場

Tilt angle=1.43 deg.
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Selection of 
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momentum 
muons

eliminate 
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muon decay 
in flight

eliminate low energy events to make the detector quiet.
Selection of 

100 MeV electrons

eliminate protons from nuclear muon capture.
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COMET Phase-I (staged scenario)
- from J-PARC PAC report, March 2012
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The plan has been discussed by the nuclear and particle physics communities and the 

proponents of the various experiments at J-PARC. The plan was also shown at the 

J-PARC International Advisory Committee (IAC) meeting held on February 27-28.  

After the PAC’s assessment, the plan will be formulated to the final proposal and then 

budget negotiations with KEK and then with MEXT will start. 

The accelerator upgrade plan will be discussed in detail later in this report but a 

summary of key points is given here. The expected beam power after the summer 2014 

shutdown is to be greater than 300kW for the fast extraction (FX) and 50kW for the 

slow extraction (SX). In order to reach the design value of 750kW for FX further 

improvements will be necessary and higher repetition operation appears to be a realistic 

approach. This higher repetition rate will require new power supplies for the main ring 

(MR) magnets and a new RF system. R&D on these devices will be pursued. 

The high-p line has been in the hadron hall plan since the beginning but not yet funded. 

One experiment (E16) on the measurement of the electron-positron decay channel of 

vector mesons in the nuclear medium was proposed at the first PAC meeting in 2006 

and was granted stage-1 approval. There are other proposals and letters of intent to use 

the beam line. The construction of the beam line has been ranked as the top priority by 

the Japanese nuclear physics community. Recently, the Research Center of Nuclear 

Physics (RCNP) at Osaka University has expressed its interest to co-host the design and 

construction of the beam line to improve the momentum resolution. A memorandum of 

understanding has been set up among RCNP, IPNS and J-PARC groups for general 

cooperation associated with nuclear and particle physics studies. Since the construction 

of the beam line and its operation will be a long time project, cooperation based on 

MOU will ensure the firm base for the development of the research. 

Reflecting the PAC’s high evaluation of the physics associated with the COMET 

experiment and the positive results in the report recently published by a sub-committee 

of Japanese Association on High Energy Physics (JAHEP) on the future high energy 

physics projects, the COMET experiment is a high priority component for the J-PARC 

program. Considering that this high-priority experiment needs a large investment in 

infrastructure and hence a long time to realize, it is important to start the construction of 

the COMET beam line in the next 5 years.  

The IPNS proposes, as the first priority item in the next five-year plan, that the upstream 

part of the high-p beam line be constructed and co-used by the COMET experiment and 

that the first half of the muon capture solenoid be constructed simultaneously. 

A consequence of this plan is that the K1.1BR beam line will not be usable after the 

installation of the production target of COMET.  This conflict, as was pointed out by 
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the PAC in the last meeting, will have a serious impact on the TREK experiments (E06 
and P36).  The PAC is requested to consider and comment on this in its evaluation 
during the meeting. 
There are various other proposals, which are as yet not submitted or at pre-conceptual 
stages.  Such proposals include the g-2, the neutron edm measurements and R&D  
programs for large-scale neutrino detectors. It is expected that the R&D for these 
experiments will also be supported as part of this five-year plan. 
Another mandate request for this meeting was to provide advice on the beam time 
assignment for the current April-June running period. It was tentatively assigned at the 
previous PAC that the MR FX runs would be during April and May followed by SX 
operation in June. The recent news that the non-zero T13 value, first reported by T2K in 
2011, has been confirmed by the Daya Bay reactor experiment, gives more importance 
for an early re-confirmation by the T2K experiment. The T2K group has requested 
continuous data taking now until the end of June. The IPNS plans to re-evaluate the 
beam-time allocation for this period and seeks input and recommendations from the 
PAC. 
The PAC took note of the Director’s mandates for this meeting and developed a 
discussion plan to address all the issues. 
 
 

3. REPORT ON THE J-PARC ACCELERATORS 
T. Koseki reported the status of the accelerators and the beam and intensity prospects 
for the near term running. The long term plan will be described in section 5. 
After a successful recovery from the earthquake, three runs were performed from 
December till March 2nd. The current run (Run 42) started on March 4th and will 
continue till March 31st in the FX mode. 
In the last three runs, the total assigned user run time was 610 hours and the actual 
delivered beam time was 566 hours yielding 93% operation efficiency.  The total beam 
time for the neutrino beam line and hadron hall was 12 and 392 hours, respectively. The 
main cause for the down time was trips of the RFQ, which happened 50-60 times a day. 
Based on past experience, the situation is expected to become better after conditioning. 
The second major beam loss was for trips in the SDT-LINAC. Here conditionings with 
higher voltage should lead to improvements. 
The beam was delivered to the hadron hall from January 28th to February 21st . The 
installed solenoids around the RF excitors were proven to suppress the multipactoring 

COMET Phase-I (staged scenario)
- from J-PARC PAC report, March 2012
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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



Goals of COMET Phase-I

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

1 Background Study for COMET Phase-II

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

2 Search for µ-e conversion



Search for µ-e conversion at
Intermediate Sensitivity (CDC)

cylindrical drift chamber (CDC) •CDC design is based on 
Belle II CDC (small cell part)

•Design difference (from LOI)
•He:C2H6 (=50:50) gas
•trigger counters at the 

both ends (smaller 
acceptance)

•no proton absorber
•CDC hit rates
•40 kHz/wire at the 
innermost layer by proton 
emission from muon 
capture (0.15 per capture)

•CDC trigger rate
•270 Hz from DIO

Design Philosophy
by keeping an open end in a solenoid 

geometry, beam particles continue 
downstream and escape the detector.
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geometry, beam particles continue 
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IHEP (readout)
which needs funds from China!



• 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.

Signal Event Sensitivity (SES) 
for COMET Phase-I CDC

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



CHAPTER 8. SIGNAL SENSITIVITY AND BACKGROUNDS 107

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.

Background Estimation for 
COMET Phase-I CDC

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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with proton extinction factor of 3x10-11

studied by a IHEP student
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Comparison of COMET Phase-I / Phase-II 
and Mu2e



Comparison of COMET Phase-I / Phase-II 
and Mu2e

S.E.
sensitivity

BG events
at aimed
sensitivity

running
time (sec) Year Comments

COMET
Phase-I 3x10-15 0.03 1.5x106 ~2016

from 
Proposal
(2012)

COMET
Phase-II 3x10-17 0.34 2x107 ~2020 from CDR

(2009)

Mu2e 3x10-17 0.4 3x
(2x107) ~2020

J. Miller’s 
talk at 

SSP2012

 90% C.L. upper limit is 7x10-13 (SINDRUM)



MuSIC 
- Highly Intense Muon Source



RCNP has two cyclotrons. A proton beam with 392MeV, 1μA is provided  
from the Ring Cyclotron (up to 5μA in near future).
The MuSIC is in the largest experimental hall, the west experimental hall. 

Ring Cyclotron
AVF Cyclotron

Research Center of Nuclear Physics (RCNP), 
Osaka University, Japan

MuSIC

West Experimental  Hall

MuSIC@RCNP, Osaka University

RCNP has two cyclotrons. A proton beam with 392MeV, 1μA is provided
from the Ring Cyclotron (up to 5μA in near future).

The MuSIC is in the largest experimental hall, the west experimental hall.
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MuSIC Present Layout



MuSIC＠RCNP-West Hall（~2012 Feb）
MuSIC at RCNP, Osaka University
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µ-e conversion with B<10-19



µ-e conversion at S.E. sensitivity of 3x10-19 
PRISM/PRIME  (with muon storage ring)

PRISM
beamline

PRISM-FFAG
muon storage ring

momentum slit

extract kickers

injection kickers

matching section

 curved solenoid 
(short)

SC solenoid /
pulsed horns

PRIME 
detector

MW beam
(such as Project-X)



PRISM-FFAG (6 sectors) in RCNP, Osaka

Ready to demo. phase rotation

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

Phase rotation has been demonstrated.
PRISM Task Force (UK&Japan) is active for desgn.



Neutrino Source based on
Muon Storage Ring



European Strategy for Particle Physics: Krakόw, September 2012 Caren Hagner, Hamburg University 

EUROnu: Conclusion 
Input for CERN Strategy Review: 
 
EUROnu has made a physics performance and cost comparison between  
a 4 MW CERN to Frejus Super Beam,  
a 10 GeV Neutrino Factory  
and a γ=100 Beta Beam, all based at CERN.  
 
The physics comparison has demonstrated that the Neutrino Factory  
has the best physics reach for CP-violation and the mass hierarchy,  
while a combination of the Super Beam and Beta Beam is required to be competitive. 
 
Although far advanced, the cost comparison is not yet at the stage where it can be 
made public. Nevertheless, it has been demonstrated that there is not a significant cost 
advantage in building the Super Beam and Beta Beam combination, rather than the 
Neutrino Factory.  
 
As a result, the recommendation of EUROnu is the construction and 
operation of a 10 GeV Neutrino Factory as soon as possible,  
implemented using  a staged approach. 
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International Design Study for a Neutrino Factory (IDS-NF) 

• Targeting a Reference Design Report on 2013 timescale 

Updated  baseline design: 
10GeV muons,  
100kt MIND @ 2000km, 
1021 useful decays/y 

*)   RLA: recirculating linear accelerator 
**) FFAG: fixed-field alternating gradient accelerator 

* 

** 



νSTORM
• A new LoI of a short-baseline neutrino 

experiment has been submitted to 
FNAL-PAC. 

• Physics:
• study of sterile neutrinos
• precise measurement of neutrino-

nucleon scattering cross sections.
• A production of neutrino beams from a 

muon storage ring without any cooling 
section.

• For the decay ring,
• large transverse acceptance
• large momentum acceptance

•  are required to increase the intensity 
of the ν beam.

• Two candidates
• FODO racetrack
• FFAG racetrack Figure 1. Schematic of the facility

can provide the first precision measurements of ⌫e and ⌫̄e cross sections which are important
for future long-baseline experiments. A far detector at ' 2000 m would study neutrino
oscillation physics and would be capable of performing searches in both appearance and
disappearance channels. The experiment will take advantage of the “golden channel” of
oscillation appearance ⌫e ! ⌫µ, where the resulting final state has a muon of the wrong-sign
from interactions of the ⌫̄µ in the beam. In the case of µ+s stored in the ring, this would mean
the observation of an event with a µ�. This detector would need to be magnetized for the
wrong-sign muon appearance channel, as is the case for the current baseline Neutrino Factory
detector [4]. A number of possibilities for the far detector exist. However, a magnetized iron
detector similar to that used in MINOS is likely to be the most straight forward approach for
the far detector design. We believe that it will meet the performance requirements needed
to reach our physics goals. For the purposes of the ⌫STORM oscillation physics, a detector
inspired by MINOS, but with thinner plates and much larger excitation current (larger B
field) is assumed.

II. THEORETICAL AND EXPERIMENTAL MOTI-

VATIONS

A. Sterile neutrinos in extensions of the Standard Model

Sterile neutrinos, fermions that are uncharged under the SU(3)⇥SU(2)⇥U(1) gauge group,
arise naturally in many extensions to the Standard Model. Even where they are not an
integral part of a model, they can usually be easily accommodated. A detailed overview of

3

pµ=3.8GeV/c

Eν =2GeV

pπ =5GeV/c

Near detector

Far detector
~1.5km



Study of Racetrack FFAGs for νSTORM
• J.B.Lagrange and Y.Mori proposed two racetrack FFAG for the decay ring.
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Figure 7: Tune diagram for muons from pmin to pmax (±16% in momentum around 2.1 GeV/c).
Integer (red), half-integer (green), third integer (blue) and fourth integer (purple) normal resonances

are plotted. Structural resonances are in bold.











        












Figure 8: Top view of the racetrack FFAG lattice. p0, pmin, and pmax muon closed orbits are shown
in red. Effective field boundaries with collimators are shown in black.

vertical Poincarre map of the beam after the 60 turns are presented in Fig. 20 and Fig. 21,
respectively. The distribution in horizontal angle of the particles are shown in Fig. 22.
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Figure 8: Top view of the racetrack FFAG lattice (bottom left scheme). The top left scheme shows a
zoom on the straight section and the right scheme a zoom on the arc section. p0, pmin, and pmax

muon closed orbits are shown in red. Effective field boundaries with collimators are shown in black.

spectively. The same procedure has been done for pmin (see Figs. poincarrex-single-pmin and
poincarrez-single-pmin) and pmax (see Figs. poincarrex-single-pmax and poincarrez-single-
pmax), the results are comparable. The unnormalized maximum emittance is more than
1000.π mm.mrad.

Multi-particle beam tracking in 6-D phase space has been carried out for the beam with
∆p/p0 = ±16%. Figures 18 and 19 show the results of the beam tracking simulation in hori-
zontal and vertical directions, respectively. The normalized emittance of 14,000π mm.mrad

5

pµ=3.8GeV/c, Δp/p0=±16% in the νSTORM LoI

• They studied performance of these FFAGs by their original tracking code, 
which cannot  study decay of muon.

•

fromA. Sato talk at NuFACT2012

from A. Sato talk at NuFACT2012
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5

pµ=3.8GeV/c, Δp/p0=±16% in the νSTORM LoI

• They studied performance of these FFAGs by their original tracking code, 
which cannot  study decay of muon.

•

fromA. Sato talk at NuFACT2012

from A. Sato talk at NuFACT2012



Comparison with JB’s tracking results
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Figure 15: Horizontal (plain red) and vertical (dotted purple) periodic betafunctions for pmax in half
of the ring. The plot in centered on the arc part.
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Figure 16: Horizontal Poincarre map showing the
maximum amplitude for a stable motion over 100 turns

for p0.
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Figure 17: Vertical Poincarre map showing the maximum
amplitude for a stable motion over 100 turns for p0.
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Figure 17: Vertical Poincarre map showing the maximum
amplitude for a stable motion over 100 turns for p0.

10

g4beamline

JB’s original tracking codeNeutrino beam at the monitor : Eµ=2.0GeV ± 0%
LS=108 m, LD=26 m

13 sec/event on icore7

neutrino beam distribution

muon beam emittance in the storage ring

preliminary



Summary

• CLFV would give the best opportunity to 
search for BSM. (So far, no BSM signals at 
the LHC.)

• µ-e conversion would be the best.
• Staged COMET will start in 2013.
• COMET Phase-I : <10-(14-15) (2016/17), and 

COMET Phase-II : <10-16 (~2021), 
• R&D on PRISM/PRIME for <10-18 is 

underway.
• MuSIC@Osaka ~108 µ/s with 400 W 

demonstrated.
• Neutrino sources based on muon storage 

ring would become important.
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New collaborators to COMET are welcome.


