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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [257]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

European strategy update (2019)
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operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

European strategy update (2019)
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(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
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compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [257]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [258–261]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.
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energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
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   CLFV would explore scales way beyond the energies 
that our present and future colliders can directly reach. 
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Model dependent CLFV Predictions

6

COMET experiment 
aims at BR~O(10-18).

νsνsνs and cLFV: radiative and 3 body decays

! Radiative decays: ℓi → ℓjγℓi → ℓjγℓi → ℓjγ
“3+1” toy model

! Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

! For m4 " 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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! Three-body decays ℓi → 3ℓjℓi → 3ℓjℓi → 3ℓj (###) and conversion in Nuclei µ− eµ− eµ− e (###)
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! For sterile states above EW scale, strongly

dominated by ZZZ penguin contributions
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● Extra-dimensional models

“Anarchic” Randall-Sundrum model

Agashe, Blechman, Petriello

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

extra dimension model

R.Sawada NEUTRINO 2012

New physics models and cLFV

4

JHEP11(2006)090
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θ3 = 0
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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
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this experiment are included in Fig. 5. Both the !! 3"
and !! 3e modes at a super-B factory will constrain the
anarchic RS parameter space. The LHC also has sensitivity
to rare ! decays [30]; however, the projected sensitivities
are slightly weaker than the current B-factory constraints,
and have not been included. The expected sensitivities to
rare ! decays at a future linear collider are also weaker than
the limits set by the B-factories. Although the MKK !
1 TeV scales probed with !! l1 !l2l3 decays are lower
than those constrained by "" e conversion and "! 3e,
we stress that different model parameters are tested by each
set of processes.

B. Scan for the bulk Higgs field scenario

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

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

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

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

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

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

053011-12

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

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

 !a" ! #
#2

4$
m2
"

!
"M2

m2
L

"g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

"M2
2 #"2$ tan%;

(17)

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

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

"a# 1$3 : (18)

It is then straightforward to deduce the relation
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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

$
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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Model dependent CLFV Predictions

6

COMET experiment 
aims at BR~O(10-18).

νsνsνs and cLFV: radiative and 3 body decays

! Radiative decays: ℓi → ℓjγℓi → ℓjγℓi → ℓjγ
“3+1” toy model

! Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

! For m4 " 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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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
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!
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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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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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µ! e conversion is at least as sensitive as µ! e�
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experimental bound
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   Many BSM models predict sizable CLFV rates.3
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μ→e Conversion in a muonic atom

1s state in a muonic atom
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μ→e Conversion in a muonic atom

1s state in a muonic atom
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Z CR limit
sulphur 16 <7 x 10-11

titanium 22 <4.3 x 10-12

copper 39 <1.6 x 10-8

gold 79 <7 x 10-13

lead 82 <4.6 x 10-11

µ− + (A, Z)→ e− + (A,Z )

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

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

∝ Z5
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Backgrounds for µ-e conversion
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beam-related 
backgrounds

Radiative pion capture (RPC)

Beam electrons

Muon decay in flights

Neutron background

Antiproton induced background

intrinsic physics 
backgrounds

Muon decay in orbit (DIO)

Radiative muon capture (RMC)

neutrons from muon nuclear capture

Protons from muon nuclear capture

cosmic-ray and other 
backgrounds

Cosmic-ray induced background

False tracking
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2x1011 stopped muons/s
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•Single event sensitivity : 1.4x10-17 
•90% CL limit : < 3.2x10-17 
•x10000 from SINDRUM-II 
•Total background: 0.32 events 
•Running time: 2/3 years (2x107sec)

Proton beam, 8 GeV, 56kW  
2x1011 stopped muons/s

COMET = COherent Muon to Electron Transition
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•Single event sensitivity : 1.4x10-17 
•90% CL limit : < 3.2x10-17 
•x10000 from SINDRUM-II 
•Total background: 0.32 events 
•Running time: 2/3 years (2x107sec)

Proton beam, 8 GeV, 56kW  
2x1011 stopped muons/s

pion capture  
system
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COMET = COherent Muon to Electron Transition
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Improvements for Signal Sensitivity

Pion capture and 
muon transport by 
high field 
superconducting 
solenoid system: 
1011 /s for 50 kW 
proton beam power
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Improvements for Signal Sensitivity

Pion capture and 
muon transport by 
high field 
superconducting 
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Muon DIO 
background

Low-mass trackers in 
vacuum & thin target

improve 
electron energy 
resolution

Curved solenoids for 
momentum selection

Decay in flight 
background

eliminate 
energetic muons 
(>75 MeV/c)

Beam-related 
backgrounds

Beam pulsing with 
separation of 1μsec

measured 
between beam 
pulses

proton extinction = #protons between pulses/#protons in a pulse < 10-10
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• Background rate needs to be low in order 
to achieve sensitivity of <10-16.

• Extinction is very important.  

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

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

Proton Beam for COMET

                     

1.17µs

Aluminum muon 
target ( muonic 
atom lifetime of 
864 ns is good for 
this repetition.)
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atom lifetime of 
864 ns is good for 
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Bent solenoids + Dipole
A correcting dipole field allows us to select the 

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

Stopping Target Electron Spectrometer Detector

No 

Dipole

-0.08 T 

Dipole

-0.22 T 

Dipole

Y
Z X

no 
dipole

-0.08T 
dipole

-0.22T 
dipole

simulations
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The Mu2e experiment
Muon to electron conversion at Fermilab

Andrei Gaponenko

Fermilab

CIPANP-2012

http://mu2e.fnal.gov

proton beam power = 8 kW

Mu2e Detector 

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

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

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

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

Sensitivity : <6x10-17 (90% CL)

Run time: 3 years (2x107sec/year) 
commissioning in 2026

a factor of 10,000 improvement

aluminium target
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proton beam power = 8 kW

Mu2e Detector 

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

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

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

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

Sensitivity : <6x10-17 (90% CL)

Run time: 3 years (2x107sec/year) 
commissioning in 2026

a factor of 10,000 improvement •800 MeV, 100 kW from PIP-II 
•aim at O(10-18) with 3 years

Mu2e-II

a factor of 10 from Mu2e

aluminium target

6x1010 muons/s from 8 kW, 8 GeV proton beam
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(opposite direction)
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(same direction)

electron  
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Proton beam, 8 GeV, 3.2kW 
2x109 stopped muons/s

•Single event sensitivity : 2x10-15 
•90% CL limit : < 5x10-15 
•x100 from SINDRUM-II 
•Total background: 0.32 events 
•Running time: 0.4 years (1.2x107sec)
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• Construct the first 90 degree of the muon transport solenoid
• Perform the μ-e conversion search with a sensitivity of 10

-15
 using CyDet

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

CyDet

Cylindrical Drift Chamber

Trigger Hodoscope

Muon Stopping Target

CyDet

StrECAL

an apparatus to 
search for µ-e 
conversion at 

Phase-I

an apparatus to 
measure a muon 
beam at Phase-I  

and a prototype for 
Phase-II
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COMET Facility at J-PARC 

• COMET experimental hall building, completed in 2015 
• Cryogenic system, will completed in 2021 
• Proton C line, will complete in 2022

25

COMET FacilityCOMET Facility

22

COMET Experimental Hall
Constructed in 2015

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

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

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

2 magnets will be moved to Hadron Hall

Installation Yard in 2015

55

  

Plan View of B1F

stairs from
installation yard

• COMET experimental hall building, completed in 2015 
• Cryogenic system, completed in 2021 
• New proton C line, completed in 2022
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Data taking stared in full setup
16

• We have taken 10M events of cosmic-ray data, 
in the standard setup as the first step.


• Considering the next step in parallel with 
analysis progress.

Standard setup: 
   RECBE Suppressed/Raw mode 
   CDC HV = 1800 V 
   Threshold = 3500 mV <- a little high 
   Trigger rate ~ 33 Hz
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CDC constructed at 
Osaka University. 
CDC readouts 
constructed at 
IHEP, China.

CyDet
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COMET Phase α

19

A series of different measurements were carried out by the collaboration among different 
international groups.COMET proton beam commissioning
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• A demonstration of the muon 
beamline with the transport 
solenoid but without the capture 
solenoid, so-called “Phase-alpha”, 
was carried out from February to 
March in 2023.
• A low beam-intensity (0.26 

kW) run to study the muon 
beam, with 1 mm thick 
graphite target.

• For the first time, the proton 
beam arrived at the COMET 
experimental hall, and muons 
were observed!

Observation of the first muon  
beam on February 11th, 2023
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COMET Phase α

18

• A demonstration of the muon 
beamline with the transport 
solenoid but without the capture 
solenoid, so-called “Phase-alpha”, 
was carried out from February to 
March in 2023.
• A low beam-intensity (0.26 

kW) run to study the muon 
beam, with 1 mm thick 
graphite target.

• For the first time, the proton 
beam arrived at the COMET 
experimental hall, and muons 
were observed!

Observation of the first muon  
beam on February 11th, 2023

COMET Phase-I is planned to 
start in JFY2025.
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μ → ea
 is a light, invisible, neutral particle 

with LFV coupling to leptons.  
   : axion like particle (ALP) 
   : Neutral Heavy Lepton (NHL) 

: light flavour violating Z’

a

Jodidio et al. (TRIUMF) 1986

polarised muons 
  
  

TWIST (TRIUMF) 2014

Michel parameters 
  
  

Crystal Box (LAMPF) 1988

NaI(Tl) crystals 
  
  

MEG-II fwd (PSI), planned

polarized muons 
  
　 

Mu3e-online (PSI), planned

 

  
25 < ma < 90 MeV

BR(μ+ → e+a) < 2.6 × 10−6

Feμ > 1.2 × 109 GeV
BR(μ+ → e+a) < 5.8 × 10−5

Feμ > 5.5 × 109 GeV

BR(μ+ → e+aγ) < 1.1 × 10−9

Feμ > 9.8 × 108 GeV

BR(μ+ → e+a) < 10−8

BR(μ+ → e+a) < 10−7

Feμ > 109 − 1010 GeV

Feμ > 1010 GeV
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•COMET and Mu2e will use 
 beam for detector 

responce calibration runs. 
•These data set will be larger 

than the existing data by 
orders of magnitude. 
•  
•  

• It was pointed out that 
searches for  and 

 can be made.

μ+/π+

μ+ : 3 × 1013

π+ : 2 × 1012

μ+ → e+a
π+ → e+a

R.J. Hill, R. Plestid, and J. Zupan, ArXiv 2310.00043, September 2023
L. Calibbi, D. Redigolo, R. Ziegler and J. Zupan, JHEP09 (2021) 173
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Figure 8. The impact of present and future µ → ea searches compared to other light ALP
DM searches, taking EUV = 1, 0 as two representative examples. The green solid line shows the
current best bound on the isotropic LFV ALP [9], the (dark) orange thin line gives our MEGII-fwd
projection assuming F = 100 focusing enhancement (no focusing). The dark red line (overlapping
with the orange thin line) shows the sensitivity of Mu3e-online analysis [42]. In the blue region
enclosed by the solid blue line the ALP decays within the present Hubble time, while the region to the
right of the dashed blue line is excluded by the extragalactic diffuse background light measurements
for EUV = 0, 1. We also show the X-rays constraints for EUV = 0 [94, 95]. The red blob indicates
where ALP DM could explain the XENON1T anomaly [96]. The dashed gray lines denote two
scenarios where the observed DM relic abundance is due to ALPs produced trough the misalignment
mechanism. On the upper line the ALP mass is temperature independent, cf. eq. (6.17), while on
the lower line the temperature dependence is parametrically similar to the one for the QCD axion,
cf. eq. (6.18). The gray shaded regions are excluded by the star cooling bounds, and the ADMX
data [97–99]. The light green region is excluded by the S2-only analysis of XENON1T [100] and
Panda-X [101]. The purple shaded region shows the future reach of axion-magnon conversion
experiments such as QUAX [102–104]. Regarding the coupling to photons, the cyan band shows
the future sensitivity of SPHEREx estimated in ref. [105], assuming ALP decay exclusively to
two photons, while the yellow bands show the future sensitivities of resonant microwave cavities
such as ADMX [106], CAPP [107], KLASH [108], and ORGAN [109], dielectric haloscopes such as
MADMAX [110] and the reach of the dielectric stack proposal [111] is shown with light blue.
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Figure 8. The impact of present and future µ → ea searches compared to other light ALP
DM searches, taking EUV = 1, 0 as two representative examples. The green solid line shows the
current best bound on the isotropic LFV ALP [9], the (dark) orange thin line gives our MEGII-fwd
projection assuming F = 100 focusing enhancement (no focusing). The dark red line (overlapping
with the orange thin line) shows the sensitivity of Mu3e-online analysis [42]. In the blue region
enclosed by the solid blue line the ALP decays within the present Hubble time, while the region to the
right of the dashed blue line is excluded by the extragalactic diffuse background light measurements
for EUV = 0, 1. We also show the X-rays constraints for EUV = 0 [94, 95]. The red blob indicates
where ALP DM could explain the XENON1T anomaly [96]. The dashed gray lines denote two
scenarios where the observed DM relic abundance is due to ALPs produced trough the misalignment
mechanism. On the upper line the ALP mass is temperature independent, cf. eq. (6.17), while on
the lower line the temperature dependence is parametrically similar to the one for the QCD axion,
cf. eq. (6.18). The gray shaded regions are excluded by the star cooling bounds, and the ADMX
data [97–99]. The light green region is excluded by the S2-only analysis of XENON1T [100] and
Panda-X [101]. The purple shaded region shows the future reach of axion-magnon conversion
experiments such as QUAX [102–104]. Regarding the coupling to photons, the cyan band shows
the future sensitivity of SPHEREx estimated in ref. [105], assuming ALP decay exclusively to
two photons, while the yellow bands show the future sensitivities of resonant microwave cavities
such as ADMX [106], CAPP [107], KLASH [108], and ORGAN [109], dielectric haloscopes such as
MADMAX [110] and the reach of the dielectric stack proposal [111] is shown with light blue.
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a𝝁− → 𝒆−𝑿 in a muonic atom

Advantages over free muon decay

1. less background

2. more information : “spectrum”, “dependence on nucleus”, …

Disadvantages

 non-monochromatic signal  shorter life time of muonic atom

𝐸𝑒 [MeV]

• different peak positions of signal & BG

: 𝜇+ → 𝑒+𝑋 (free)

: 𝜇− → 𝑒−𝜈𝑒𝜈𝜇 (𝜇-gold)

electron spectra (normalized by rate)

𝑚𝜇/2

: 𝜇− → 𝑒−𝑋 (𝜇-gold)

cf. X. G. i Tormo et al., PRD 84, 113010 (2011).
& H. Natori, Talk at 73th JPS meeting (2018).

( 𝑚𝑋 = 0 )

: 𝜇+ → 𝑒+𝜈𝑒𝜈𝜇 (free)

5/15

3. huge # of muonic atoms in coming experiments (COMET, Mu2e, DeeMe)

signals in red, 
normal muon 
decays in black 
bound µ- decay 
in solid lines 
and free µ+ 
decays in 
dashed lines

𝒆− spectrum (𝒎𝑿 = 𝟎)
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 Spectrum does not strongly depend on properties of 𝑋.

12/15

 The sharper peak is obtained for the lighter nucleus.Y. Uesaka, Phys. Rev. D102, 095007 (2020)
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For , a signal peak is not 
on Michel edge. 
Spectrum depends on Z of a 
target, systematic control, 
possible. 

Disadvantage 
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Advantage 
For , a signal peak is not 
on Michel edge. 
Spectrum depends on Z of a 
target, systematic control, 
possible. 

Disadvantage 
Not mono-energetic.

mX ∼ 0
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a𝝁− → 𝒆−𝑿 in a muonic atom

Advantages over free muon decay

1. less background

2. more information : “spectrum”, “dependence on nucleus”, …

Disadvantages

 non-monochromatic signal  shorter life time of muonic atom

𝐸𝑒 [MeV]

• different peak positions of signal & BG

: 𝜇+ → 𝑒+𝑋 (free)

: 𝜇− → 𝑒−𝜈𝑒𝜈𝜇 (𝜇-gold)

electron spectra (normalized by rate)

𝑚𝜇/2

: 𝜇− → 𝑒−𝑋 (𝜇-gold)

cf. X. G. i Tormo et al., PRD 84, 113010 (2011).
& H. Natori, Talk at 73th JPS meeting (2018).
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T. Xing, C. Wu, H. Miao, H.B. Li, W. Li, Y. 
Yuan, Y. Zhang, Chine. Physics C, 47 (2023) 
013108

Preliminary COMET study was made. 
Phase-I,   
Phase-II,  

B(μ− → e−a) < O(10−5)
B(μ− → e−a) < O(10−(8−9))

fa > 1010−11 GeV
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Conclusion

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

• Current limits probe BSM at 104 TeV, and the 
upcoming experiment will do at 105 TeV. 

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

• COMET has a potential to search for exotics. 

• COMET will start in 2025/2026.

μ → e
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my dog, IKU

my dog, IKU

Thank you!


