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μ-e Conversion Search
Two experiments are going to start to search for the μ-e conversion process: 
COMET@J-PARC and Mu2e@FNAL. 
These are stopped muon experiments. When a μ- in stopped in a material, ...
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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
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Fates of the μ- within the SM

Beyond the SM
μ-e 

conversion
Forbidden by the SM, because
the lepton flavor is changed to μ-flavor to e-flavor. 

a single mono-energetic electron of 100MeV
Event signature :

in the SM + ν masses
μ-e conversion can be occur via ν-mixing, but 
expected rate is well below the experimentally 
accessible range. Rate ~O(10-54)

Discovery of the μ-e conversion is 
a clear evidence of new physics 
beyond the SM.

in the SM + new physics
A wide variety of proposed extensions to the 
SM predict observable μ-e conversion rate.
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μ-e Conversion Predictions
Various beyond the SM models predict sizable μ-e conversion.
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R.Sawada NEUTRINO 2012

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

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

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

contribution to R(µTi ! eTi).

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

yields the dominant contribution to Br(µ� ! e�e+e�) [92, 93]. It is clear from Fig. 11

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

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

its discovery will provide important information on µ� ! e�e+e� within the model in

question.

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

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

than the one between µ ! e� and µ� ! e�e+e�. Consequently, the ratio of these

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

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

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

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

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

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

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

of fine-tuning �
BG

defined in (5.1) indicates the sensitivity of a particular observable

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

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

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

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

B. Scan for the bulk Higgs field scenario

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

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

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

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

FIG. 7 (color online). Scan of the !! "$ and !! e$ pre-
dictions for MKK # 3 TeV and # # 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.
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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
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with gc2"x; y$ defined as fc2"x; y$ in terms of
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It is then straightforward to deduce the relation
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To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get

 

B"‘i ! ‘j!$ '
# !a"

20& 10#10

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

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

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

contribution to R(µTi ! eTi).

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

yields the dominant contribution to Br(µ� ! e�e+e�) [92, 93]. It is clear from Fig. 11

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

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

its discovery will provide important information on µ� ! e�e+e� within the model in

question.

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

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

than the one between µ ! e� and µ� ! e�e+e�. Consequently, the ratio of these

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

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

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

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

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

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

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

of fine-tuning �
BG

defined in (5.1) indicates the sensitivity of a particular observable

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

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

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

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

B. Scan for the bulk Higgs field scenario

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

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

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

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

FIG. 7 (color online). Scan of the !! "$ and !! e$ pre-
dictions for MKK # 3 TeV and # # 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.
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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
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with gc2"x; y$ defined as fc2"x; y$ in terms of
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It is then straightforward to deduce the relation
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To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get
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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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André de Gouvêa Northwestern

 1e-07

 1e-06

 1e-05

 1e-04

 0.001

 0.01

 0.1

 1

 10

 100

 1000

 0  200  400  600  800  1000  1200  1400  1600

y

x

title10

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 CLFV.

R.Sawada NEUTRINO 2012

New physics models and cLFV

4

JHEP11(2006)090

 10-15

 10-14

 10-13

 10-12

 10-11

 10-10

 10-9

 10-8

 10-14  10-13  10-12  10-11  10-10  10-9  10-8  10-7

B
R

 (
µ

→
 e

 γ
)

BR (τ → µ γ)

SPS 1a

mN1 = 1010 GeV, mN2 = 1011 GeV

mν1 = 10-5 eV
0 ≤ |θ1| ≤ π/4

0 ≤ |θ2| ≤ π/4

θ3 = 0

mN3 = 1012 GeV

mN3 = 1013 GeV

mN3 = 1014 GeV

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

mN3 = 1012 GeV

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

of e.cm):

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

(4.4)

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

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

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

– 29 –

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

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

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

contribution to R(µTi ! eTi).

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

yields the dominant contribution to Br(µ� ! e�e+e�) [92, 93]. It is clear from Fig. 11

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

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

its discovery will provide important information on µ� ! e�e+e� within the model in

question.

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

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

than the one between µ ! e� and µ� ! e�e+e�. Consequently, the ratio of these

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

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

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

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

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

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

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

of fine-tuning �
BG

defined in (5.1) indicates the sensitivity of a particular observable

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

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

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

a particular parameter configuration. No more than that the BG fine-tuning indicates

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
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Akira SATO: COMET at J-PARC

COMET Phase-I
 has a strong endorsement from J-PARC 

”COMET is a high priority component for the J-PARC program.” (KEK/J-PARC-PAC March/2012)
The IPNS proposed, as the first priority item in the next 5-year plan, to construct a proton beam line and the 1st half of 
solenoid magnets for COMET Phase-I. The PAC endorsed the laboratory plan.

Proposal has been submitted to J-PARC PAC (July 2012)
Construction will be started from 2013.

COMET Phase-II  
Stage-1 approved by J-PARC PAC in 2009.

5

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)<6x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years
 *2x90deg. S-shape bend solenoid, 
  straw tracker+calorimeter

Chapter 1: Executive Summary 

Mu2e Conceptual Design Report 

1-3 

• Design and construct a facility to house the Mu2e detector and the associated 
infrastructure (see Figure 1.2). This includes an underground detector enclosure 
and a surface building to house necessary equipment and infrastructure that can be 
accessed while beam is being delivered to the detector. 

 

 
Figure 1.1. The Mu2e Detector.  The cosmic ray veto, surrounding the Detector Solenoid is not 
shown. 

 
Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.   

Mu2e is integrated into Fermilab’s overall science program that includes many 
experiments that use the same machines and facilities, though often in different ways.  
Because of the overlapping needs of several experimental programs, the scope of work 
described above will be accomplished through a variety of mechanisms.  The NOvA and 
g-2 Projects both include upgrades to the Recycler Ring that will be used by Mu2e. In 
addition, there is infrastructure required by both Mu2e and g-2 that will be funded as 
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a factor of 10,000 better sensitivity than the current upper limit (SINDRUM II)
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Status of COMET project
We have submitted a LOI of a staging plan and ap roposal of Phase-I to the J-PARC PAC.

COMET Phase-I: A proposal has been submitted (July 2012)
B(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: Stage-1 approved (2009)

B(μ+Al→e+Al)<6x10-17 @ 90%CL
8GeV-56kW proton beam, 2 years
180deg. bend solenoid, bend spectrometer, transverse tracker+calorimeter 

After a discussion in the last PAC meeting (16-17, March, 2012), We got a strong recommendation from 
the J-PARC-PAC.

”COMET is a high priority component for the J-PARC program.” (KEK/J-PARC-PAC March/2012)
The IPNS proposed, as the first priority item in the next 5-year plan, to construct a proton beam line 
and the 1st half of solenoid magnets for COMET Phase-I. The PAC endorsed the laboratory plan.

J-PARC plans to submit a budget request to the Ministry of Education, Culture, Sports, Science 
and Technology, the budget includes 20M-USD(1USD=100JPY) for the COMET-phase1.
The construction will be started from 2013.

6
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COMET Collaboration
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COMET Collaboration

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

COMET Phase-I
Proto-collaboration
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• 25 institutes
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Key Points of COMET(S.E.S 10-17)
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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 

Intense Pulsed Proton Beam
 8GeV-56kW (2x107 sec)
 width~100ns, separation>1μs
 Extinction level < 109

Pion Capture Solenoid
 5T superconducting

Long Transport Solenoid
 L >10m
 Curved 180deg Solenoid

Thin Stopping Target
 Al 200μm x 17

Electron Spectrometer 
 Curved Solenoid

Low-mass Tracker 
 Straw chamber 
 in Vacuum

eliminate 
energetic μ  (>75 MeV/c)
and pions

reduce beam related BG

1011 μ-/sec

reduce detector hit rate

improve
e- energy resolution

improve
e- energy resolution

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

 Details in 
a NuFact09 talk by A. Sato
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Key Points of COMET(S.E.S 10-17)

9

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.

Intense Pulsed Proton Beam
 8GeV-3.2kW (12 days)
 width~100ns, separation>1μs
 Extinction level < 109

Pion Capture Solenoid
 5T superconducting

Long Transport Solenoid
 L >10m
 Curved 90deg Solenoid

Thin Stopping Target
 Al 200μm x 17

Electron Spectrometer 
 Curved Solenoid

Low-mass Tracker 
 Cylindrical drift chamber

eliminate 
energetic μ  (>75 MeV/c)
and pions

reduce beam related BG

1011 μ-/sec

improve
e- energy resolution

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



Akira SATO, “Muon beam line simulation for COMET Phase-I”                                                                    COMET-CM8@London, 28-29 June, 2012 

Magnetic Fields
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Collimator Stopping 
targetDrift 

chamber

90deg curved
solenoid

This region was 
simulated

by comet_g4 

This region was 
simulated

by comet_g4 
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COMET Phase-I
Overview



Akira SATO: COMET at J-PARC

Goal of COMET Phase-I
Background Study for COMET Phase-II

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

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

12

COMET Phase-I Muon Beam

• Muons
• muons/proton almost same

• Pions
• shorter beamline
• Phase-I   6.9x10-5/proton
• Phase-II  3.5x10-7/proton

• Neutrons
• x103 neutrons (only 90 degree bend)

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

���������������!�
���������������
�������������

��
���������

���������������

���� 
������

����������
��������

��������������
��	��

�������������
��	��

��������
������������
������

�������	��
���
����

����
����
��
����
�������

Background Studies

• measure almost all background 
sources
• muons, pions, electrons, 

neutrons, antiprotons, photons
• same detector technology used in 

COMET Phase-II
• SC spectrometer solenoid
• straw tube transverse tracker
• crystal calorimeter

• particle ID with dE/dX and E/P

schematic layout

aim to know the known BG &
aim to know the unknown BG

Detector for μ-e search Detector for BG study
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Background Study
measure almost all background 
schematic layout
sources

muons, pions, electrons, 
neutrons, antiprotons, 
photons

same detector technology used 
in COMET Phase-II

SC spectrometer solenoid
straw tube transverse tracker
crystal calorimeter 

particle ID with dE/dX and E/P 
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Background Studies

• measure almost all background 
sources
• muons, pions, electrons, 

neutrons, antiprotons, photons
• same detector technology used in 

COMET Phase-II
• SC spectrometer solenoid
• straw tube transverse tracker
• crystal calorimeter

• particle ID with dE/dX and E/P

schematic layout

aim to know the known BG &
aim to know the unknown BG

end of the 
90 deg solenoid
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Search for μ-e conversion 
at Intermediate Sensitivity (CDC case)

14

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

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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S.E.S. for COMET Phase-I
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.
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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.

Signal Event Sensitivity (SES) 
for COMET Phase-I

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

• 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

B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

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

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

• 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

B(µ− + Al → e− + Al) ∼
1

Nµ · fcap · Ae

,

B(µ� + Al⇥ e� + Al) = 3.3� 10�17
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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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Backgrounds for COMET Phase-I

16

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

DIO

signal

Expected BG events are about 0.03 at S.E.S. of 3x10-15.

CHAPTER 8. SIGNAL SENSITIVITY AND BACKGROUNDS 99

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



R&D for COMET
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R&Ds
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COMET
Magnet
Design target

station

experimental
hall

proton beam

Concrete

CryostatCryostat--11

CryostatCryostat--22

CryostatCryostat--33

The magnet system is 
separated in 3 parts:

Cryostat-1: CS+UpstreamTS
Cryostat-2: DownstreamTS
Cryostat-3: ST+SS+DS

Purpose of separation:
• At concrete wall

• Different radiation control level
• Movable Cryostat-2 for install / maintainance
• Vac. separation window / antip absorber at mid. of TS
• Beam monitors

• At stopping target
• inject electron beam into ST
• Muon beam monitor

LHeLHe ControlControl
DewarDewar

LHeLHe Transfer TubeTransfer Tube
outside Iron Yokeoutside Iron Yoke

ROESTI&Prototype&I

• Specifica<ons

Front>end:ASD
&&&&&&&&(Developed&for&Belle)
&&&&・1pC&→&1V

&&&&・&8ch/1chip

Analog&Memory&(Wave&Form&Sampling):&DRS4
・1024&Switching&capacitor&array&

・0.7>5&GSPS

・8ch/1chip

ADC(AD9222)
・12bit&reso

・&8ch/1chip

FPGA
・Spartan>6

(LX100>2fgg676)

Ether&Net
・1G&bit/sec

・SiTCP

Signal&from&
Straw

Ethernet

16ch/board

…

…

4

13

２つのfront-end読み出しモード
Mode - A Mode - B

Front-End Electronics is placed 
in a manifold

Front-End Electronics is placed 
in vacuum 

(outside manifold)

Sketch%of%the%optical%photons%distribution%
inside%of%the%COMET%calorimeter%prototype,%
as%simulation%of%Geant4%

The%Simulation%of%Calorimeter%

Geometry%of%real%calorimeter%prototype
%(1224%crystals)%

The%simulated%optical%photons%
spectrum%of%LYSO(Ce:1%)%calorimeter%
prototype%when%105%MeV%electrons%
source%located%in%the%center

The%simulated%optical%photons%
spectrum%of%GSO(Ce:1%)%calorimeter%
prototype%when%105%MeV%electrons%
source%located%in%the%center

8

2期R&Dで作ったprototype



Extinction Measurements 
at J-PARC MR
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Pulsed Proton Beam at J-PARC
A pulsed proton beam is needed to 
reject beam-related prompt 
background. 
Time structure required for proton 
beams:

Pulse separation is ~ 1μsec or 
more (muon lifetime). 
Narrow pulse width (<100 nsec) 

Pulsed beam from slow extraction.
fill every other RF buckets with 
protons and make slow 
extraction applying the RF.
spill length (flat top) ~ 0.7

Extinction level is very important!
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• A pulsed proton beam is 
needed to reject beam-related 
prompt background. 

• Time structure required for 
proton beams.
• Pulse separation is ~ 1μsec 

or more (muon lifetime).
• Narrow pulse width (<100 

nsec)

• Pulsed beam from slow 
extraction.
• fill every other rf buckets 

with protons and make slow 
extraction

• spill length (flat top) ~ 0.7 
sec
• good to be shorter for 

cosmic-ray backgrounds.

Proton Beam at J-PARC

1.17 µs (584 ns x 2)

0.7 second beam spill

3.64 second accelerator cycle

100 ns

filled�

fil
le
d�

filled
�

filled�

MR'
h=9'

4'filled'and'5'empty�

filled�

RCS'
h=2'

1.2µsec�

Bucket'B�

Bucket'A�

A�

B�

• A pulsed proton beam is 
needed to reject beam-related 
prompt background. 

• Time structure required for 
proton beams.
• Pulse separation is ~ 1μsec 

or more (muon lifetime).
• Narrow pulse width (<100 

nsec)

• Pulsed beam from slow 
extraction.
• fill every other rf buckets 

with protons and make slow 
extraction

• spill length (flat top) ~ 0.7 
sec
• good to be shorter for 

cosmic-ray backgrounds.

Proton Beam at J-PARC

1.17 µs (584 ns x 2)

0.7 second beam spill

3.64 second accelerator cycle

100 ns
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1.2µsec�
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Available Two Measurements
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5

Available Two Measurements

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ FX : Fast Extraction for Neutrino beam
✤ Abort monitor is installed in front of 

the beam dump to measure extinction
✤ SX : Slow Extraction for Hadron hall

✤ By measuring the secondary beam, 
extinction at hadron hall is measured

FX

SX

•Last measurement

•2010-Dec., @ FX abort line

•Result:

              Ext. <~ O(-7)

•In addition, double kick 
injection method was 
demonstrated to achieve the 
required extinction level.

COMET R&D Status
• Proton beam study (Extinction 

Measurement)

• Measurement at MR abort line 
(Fast Extraction) and Secondary 
beam line (Slow Extraction)

• Both provided consistent result

• Extinction: (5.4 ± 0.6)!10-7

• Further improvement expected (O
(10-6)) by double injection kicking

• External extinction device 
improves even more (O(10-6))

• US-Japan cooperative 
research program
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•Last measurement

•2010-Oct., @ SX

•Result:

         Ext. < 5.4×10-7 

•w/o any treatment 
to improve extinction

• Consistent with 
measurement at abort.

LINAC
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Injection from RCS to the MR
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“Miss Kick” Injection Method

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

for injection for cleaning

residual 
protons

✤ Double kick injection ✤ Miss kick injection

for injection

residual 
protons

598ns shifted at 
primary injection

✤ Residual protons are swept away by the 
secondary kicking which is shifted by 
1/2 phase (598ns).

✤ Not realistic, Need big modification on 
accelerator (RCS kicker, Injector for MR)

✤ By shifting the kicker timing 598ns 
forward/backward, residual protons are 
originally not injected into MR.

✤ Completely empty bucket should be 
realized !

Single bunch kick injection New
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Results

23

New Measurement of Proton 
Extinction Factor - June, 2012

11

Miss-Kick Test (1) 

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ test-(1)
✤ “all chop”, w/o kicker-timing shift

shot#313855

(!) macro pulse width is 
0.5ms, thus number of 
residual protons are 5 
times more than before.

12

Miss-Kick Test (2) 

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ test-(2)
✤ all chop, kicker shifted by 1/2 backward

shot#313852

Injection
Acceleration

Test with 1011 protons/bunch

Extraction
17

Kicker timing further shifted...

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ test-(6)
✤ Kicker timing is shifted by 1.8!sec ( ≈1.5 phase)

shot#313883

Residuals are 
distributed uniformly as 
long as kicker is excited.

22

Kicker timing further shifted...

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

✤ test-(11)
✤ Kicker timing is shifted by 1.8!sec ( ≈1.5 phase) again.

shot#313892

Three protons are 
remained.

Limit of Extinction

proton leakage after acceleration

RF=16kV

many proton 
leakage

RF=260kV

only 3 protons 
observed
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Injecting the Beam...
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✤ test-(4)
✤ 1.7×1010 proton, kicker is shifted by 1/2-phase backward

shot#313876

something 
appeared before 
the main pulse,

leakage proton ???
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Kicker timing further shifted...
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✤ test-(6)
✤ Kicker timing is shifted by 1.8!sec ( ≈1.5 phase)

shot#313883

Residuals are 
distributed uniformly as 
long as kicker is excited.
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Kicker timing further shifted...
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✤ test-(6)
✤ Kicker timing is shifted by 1.8!sec ( ≈1.5 phase)

shot#313883

Residuals are 
distributed uniformly as 
long as kicker is excited.

Double bunch kick

Single bunch kick

Single bunch kick

All beam chopped at LINAC with filled buckets

chopper
kicker
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Results of Extinction Measurement

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

Beam Condition Tuned Intensity Abort Monitor 
Output

# of Residual Protons 
(between bunches) Extinction

shot#313883
macro pulse 0.1ms, chop 

width 25ns, thinner 
3/32, kicker delayed 

1.8#s, RF 16kV

1.7×1010 protons 142.3±19 8.4×10-9 

shot#313884
macro pulse 0.1ms, chop 

width 25ns, thinner 
3/32, kicker delayed 

1.8#s, RF 80kV

1.7×1010 protons 38.8±21 2.3×10-9 

shot#313887
macro pulse 0.1ms, chop 

width 25ns, thinner 
32/32, kicker delayed 

0.6#s, RF 160kV

1.0×1011 protons 10±0.3 1.0×10-10 

shot#313892
macro pulse 0.1ms, chop 

width 25ns, thinner 
32/32, kicker delayed 

1.8#s, RF 256kV

1.0×1011 protons 1.5±0.3 1.5×10-11 

(Estimated error is very preliminary, need DCCT calibration and systematics estimation)
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Results of Extinction Measurement (June, 2012)

proton extinction factor of 1.5 x10-11 has been achieved.
 at MR abort line after acceleration up to 30GeV.

Next step: measurements at SX line.

25

New Measurement of Proton 
Extinction Factor - June, 2012

proton extinction factor of 3 x 10-11 has been achieved.

25

Measured Extinction as a function of RF voltage

Hajime NISHIGUCHI (KEK)                                                 Extinction Study                                                    COMET-CM8 28-29/Jun./2012

preliminary
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Facility Construction
Design work is in progress

Primary proton beam area, 
and beam line
Experimental area

Ground floor for service/power 
supply/refrigerator
Compressor will be installed in 
a separate building
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Akira SATO: COMET at J-PARC

Schedule of COMET and Mu2e
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Summary
COMET is preparing the staging approach for the μ-e conversion search 
at J-PARC with strong endorsements and supports from KEK/J-PARC.

COMET Phase-I: Construction start from 2013
B(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
 transverse tracker+calorimeter 

COMET Phase-II: Stage-1 approved (2009)
B(μ+Al→e+Al)<6x10-17 @ 90%CL

8GeV-56kW proton beam, 2 years
180deg. bend solenoid, bend spectrometer, transverse tracker
+calorimeter 

28
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Akira SATO, “Muon beam line simulation for COMET Phase-I”                                                                    COMET-CM8@London, 28-29 June, 2012 

Collimator

30

250mm

200mm

75mm

Length = 1000mm

Material : Tungsten



Akira SATO, “Muon beam line simulation for COMET Phase-I”                                                                    COMET-CM8@London, 28-29 June, 2012 

Muons before/after the collimeter
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Pions before/after the collimeter
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Outline

33

Configura0on
• Muon#stopping#target#:#11#points#along#the#beam#
• Proton#degrader;#500#um,#polystyrene
• Cu#Beam#Blocker;#200#mm#radius,#100mm#length
• Two#Proton#stopping#wedges#made#of#Cu,#20#mm#thick
• 3#planes#of#virtual#detectors#and#calorimeter#

absorbeｒ

Wedge

calorimeter
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Key Points of COMET

34
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COMET Phase-I / Phase-II and Mu2e

35

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

Proposal
(2012)

COMET
Phase-II 3x10-17 0.34 2x107 ~2019

CDR
(2009)

Mu2e 3x10-17 0.4
3x

(2x107)
~2019

J. Miller’s 
talk at 

SSP2012

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



Effective theory

Electromagnetic vertex
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Contact interaction:

May be no µ! e� signal
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Physics Sensitivity: μ→eγ vs. μ-e conversion 
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428

if photonic contribution dominates,

• for aluminum, about 1/390~0.003

• for titanium, about 1/230

tree levels

constructive
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Example: Sensitivity to Energy Scale of NP
Loop contribution in SUSY models
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8π2
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2
t VtdVtsln

MGUT

MRsslepton mixing 
(from RGE)

SUSY-GUT model

SUSY neutrino 
seesaw model
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example diagram for SUSY (~TeV)

Physics at about 1016 GeV 

Example: Sensitivity to Energy Scale of NP
Loop contribution in SUSY models

y =
g2

16�2
�µe

Effective Lagrangian for 

•If          , 

•If                    , 

BR(µ⇥ e�) = 1� 10�11 �
�

2TeV
�

⇥4 �
⇥µe

10�2
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y =
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(if the operator is induced at tree level）

(if the operator is generated at loop level）

The search is sensitive to new physics 
with TeV scale and LFV!

example: large extra dimension 

example: SUSY

:new physics scale

Is the LFV searches sensitive to TeV scale physics?

9

 For loop diagrams,

> sensitive to TeV energy scale with reasonable mixing

✴ anomaly in muon g-2 (?)

Hagiwara et al: hep-ph/0611102
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CLFV in the SM with Massive ν  
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Observation of CLFV would indicate a clear signal of 
physics beyond the SM with massive neutrinos.

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 in the SM with Massive Neutrinos

BR~O(10-54)


