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The Standard Model

The Standard 
Model is 
considered to be 
incomplete. 
ex.  
mass and mixing,  
strong CP, 
dark matter, 
baryogenesis, 
dark energy
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Sensitivity for BSM with CLFV

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

ℒeff = ℒSM + ∑
d>4

C(d)

Λd−4
𝒪(d)

Effective Field Theory (EFT) Approach
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|Ca| [⇤ = 1 TeV] ⇤ (TeV) [|Ca| = 1] CLFV Process

Cµe
e� 2.1⇥ 10�10 6.8⇥ 104 µ ! e�

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

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

Cµe
e� 4.0⇥ 10�9 1.6⇥ 104 µ ! eee

Cµeee
``,ee 2.3⇥ 10�5 207 µ ! eee

Cµeee,eeµe
`e 3.3⇥ 10�5 174 µ ! eee

Cµe
e� 5.2⇥ 10�9 1.4⇥ 104 µ�Au ! e�Au

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

Ceµ
eq 9.2⇥ 10�7 1.0⇥ 103 µ�Au ! e�Au

Ceµ
`u,eu 2.0⇥ 10�6 707 µ�Au ! e�Au

C⌧µ
e� 2.7⇥ 10�6 610 ⌧ ! µ�

C⌧e
e� 2.4⇥ 10�6 650 ⌧ ! e�

Cµ⌧µµ
``,ee 7.8⇥ 10�3 11.3 ⌧ ! µµµ

Cµ⌧µµ,µµµ⌧
`e 1.1⇥ 10�2 9.5 ⌧ ! µµµ

Ce⌧ee
``,ee 9.2⇥ 10�3 10.4 ⌧ ! eee

Ce⌧ee,eee⌧
`e 1.3⇥ 10�2 8.8 ⌧ ! eee

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

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

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

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

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

from BR(µ→eγ)<4.2x10-13 

C6

Λ2
𝒪6 →

C6

Λ2
ēLσρνμRΦFρν

Λ ∼ 𝒪(104) TeV
cf . : εK



Probing NP with FCNC

𝒊𝒋 𝚲 [TeV]  CPC 𝚲 [TeV]  CPV Observables

𝑠𝑑 9.8 ൈ 102 1.6 ൈ 104 Δ𝑚𝐾; 𝜖𝐾
𝑏𝑑 6.6 ൈ 102 9.3 ൈ 102 Δ𝑚𝐵; 𝑆ట𝐾
𝑏𝑠 1.4 ൈ 102 2.5 ൈ 102 Δ𝑚𝐵ೞ; 𝑆ట𝜙

Lower bounds on the NP scale in 1
Λ2

ሺ𝑞௅𝑖𝛾𝜇𝑞௅𝑗ሻሺ𝑞௅𝑖𝛾𝜇𝑞௅𝑗ሻ

from presentation by Yossi Nir (Weizmann Institute) at EPPSU, Granada 2019
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that our present and future colliders can directly reach. 1



Future Sensitivity for BSM with CLFV

Future planned experiments expecting improvements of 
>10,000 or more (will be described later) would probe ….

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

Λ ∼ 𝒪(105) TeV
R � 1

�4

7

CLFV would explore scales way beyond the energies 
that our present and future colliders can directly reach. 1
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S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340
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Note:   LFV in SM with massive neutrinos

µ e

�

� very tiny!

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

W

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

BR(µ� e�) ⇥ (⇥m2
�)2 < 10�54
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SM with massive neutrinos (Dirac) BSM

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

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

(SM background FREE)

�7

 oscillations
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Charged lepton flavour violation search: Motivation
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Current upper limits on Bi
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New particles
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SM Contributions to 
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S. T. Petcov, Sov. J. Nucl. Phys. 25, 340 (1977).

Results

Decay channel Our Result Petcov’s Result⇤ Our Result Petcov’s Result⇤

µ
� ! e

�
e
+
e
� 9,5 · 10�55 1,0 · 10�53 2,1 · 10�56 2,6 · 10�53

⌧
� ! e

�
e
+
e
� 5,0 · 10�56 1,8 · 10�54 3,6 · 10�57 4,5 · 10�54

⌧
� ! µ

�
µ
+
µ
� 1,0 · 10�54 3,7 · 10�53 7,6 · 10�56 9,7 · 10�53

⌧
� ! e

�
µ
+
µ
� 2,9 · 10�56 1,0 · 10�54 1,7 · 10�57 2,2 · 10�54

⌧
� ! µ

�
e
+
e
� 7,3 · 10�55 2,5 · 10�53 4,0 · 10�56 5,0 · 10�53

Decay channel Our Result Petcov’s Result⇤

µ
� ! e

�
e
+
e
� 7,4 · 10�55 8,5 · 10�54

⌧
� ! e

�
e
+
e
� 3,2 · 10�56 1,4 · 10�54

⌧
� ! µ

�
µ
+
µ
� 6,4 · 10�55 3,2 · 10�53

⌧
� ! e

�
µ
+
µ
� 2,1 · 10�56 9,4 · 10�55

⌧
� ! µ

�
e
+
e
� 5,2 · 10�55 2,1 · 10�53

Individual penguin contributions

Box contributions

Total contributions

⇤ We considered the state of the art best fit values of the three neutrino oscillation
parameters.

Box diagrams

Total

G. Hernandez-Tome, G. Lopez-Castro and P. Roig. ArXiv:1807.0605

Contributions to L� ! `�`0�`0+ LFV decays

L�(P ) `�(p)

Z(q)

W

`0+(p2)

`0�(p1)

⌫j

`�(p)L�(P )

`0�(p1) `0+(p2)

WW

⌫j

⌫i

⌫j
L�

W

`�
Z, �

`0+

`0�

⌫j
L�

Z, �

`0+

`0�

`�

W

L� ⌫j

Z, �
`0+

`0�

`�

W

Feynman diagrams for the L
� ! `

�
`
0�

`
0+ decays, in the presence of lepton

mixing.

Penguin diagrams

L− → ℓ−ℓ′ +ℓ′ −
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μ−N → e−N

μ+ → e+γ

μ+ → e+e+e−

10



“Golden” μ→e CLFV Transition Processes
20 LORENZO CALIBBI and GIOVANNI SIGNORELLI

Figure 4. – Schematic representation of the contribution to processes such as `i ! `j`k`k and
µ ! e conversion arising from a flavour-violating dipole operator and, conversely, to `i ! `j�
from 4-fermion operators.

by more than two orders of magnitudes, in order to provide a more stringent constraint
than the one currently given by µ ! e�. This is due to the fact that, if the dipole
operator dominates, the rates of µ ! eee and µ N ! e N are suppressed by a factor of
order ↵ with respect to µ ! e� [121], as it can be intuitively understood from Figure
4(12):

BR(µ ! eee) '
↵

3⇡

✓
log

m2
µ

m2
e

� 3

◆
⇥ BR(µ ! e�) ,(40)

CR(µ N ! e N) ' ↵ ⇥ BR(µ ! e�) .(41)

Therefore the MEG bound on BR(µ ! e�) translates – within this scenario – to a
limit to the above observables at the 10�15 level. Conversely, a measurement of the
rates of µ ! eee and µ N ! e N much above that value would clearly signal that the
source of CLFV is not the dipole operator Qe� , rather some of the 4-fermion operators
listed in Table IV(13). This would rule out large classes of models, such as the typical
supersymmetric frameworks that we will discuss in section 5. A graphical representation
of present and forecast limits on the coe�cient of the dipole operators from µ ! e
observables is shown in Figure 5.

The above considerations are based on the rather unrealistic hypothesis that new
physics e↵ects are encoded in a single operator. Although this can be approximately true
in certain scenarios, yet the coe�cients of the operators in Table IV are in general not
independent due to radiative e↵ects. Such e↵ects – summarised by the renormalisation

(12) For full calculations of the µ ! e conversion rates in di↵erent nuclei, see [109, 122, 123].
(13) As a matter of fact, there are several new physics models where such operators arise at the
tree level, thus with much larger coe�cients than the dipoles that can only be loop induced.
Some examples will be mentioned in section 6.

µ� e�
γ

dipole interaction

μ−N → e−N

μ+ → e+γ

μ+ → e+e+e−

10
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contact interaction 

e
e�
e�

µ�

e�
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EFT at high physics scale

Experimental bounds and Leff

! Despite its generality, caution in taking “näıve limits”!

- limits assume dominance of one operator; NP leads to several (interference...)

- contributions from higher order operators may be non-negligible if ΛΛΛ is low...

- multiple “NP” scales: Leff = LSM+
C5O5
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(mν)+

C6O6

Λ2
LFVΛ2
LFVΛ2
LFV

(!i ↔ !j) + ...+
C9O9

Λ′5
LNVΛ′5
LNVΛ′5
LNV

(0ν2β) + ...

! Full analyses! threshold & RGE effects; correlations, higher-order contributions...

! Recent reviews of effective approach of µ− e transitions (RGE improved) [Crivellin et al, ’16-’17]
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SM + NHL (neutral heavy lepton) 
large extra dimensions 
extended Higgs sector 
additional vector boson (Z’) 
leptoquark 
SUSY-GUT and SUSY seesaw 
R-parity violating SUSY 
low-energy seesaw 
etc. etc.

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

Model Dependence

0.14 ppm

0.54 ppm

LITTLE HIGGS MODEL

SUSY: HEAVY RH NEUTRINO Type-I SEESAW

extra dimension 

νsνsνs and cLFV: radiative and 3 body decays

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

! Consider µ→ eγµ→ eγµ→ eγ MEG

W � γ

µ eνi

! For m4 " 10 GeV sizable νs contributions excluded

.. but precluded by other cLFV observables
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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)
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Given that both ‘i ! ‘j! and !a" ! "g" # gSM
" $=2 are

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

 !a" ! #
#2

4$
m2
"

!
"M2

m2
L

"g2c"M2
2=M

2
~‘
;"2=M2

~‘
$

"M2
2 #"2$ tan%;

(17)

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

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

"a# 1$3 : (18)

It is then straightforward to deduce the relation
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(19)

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

B"‘i ! ‘j!$ '
# !a"

20& 10#10

$
2

&
% 1& 10#4j'12

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

LLj2 ((! "):
(20)

A more detailed analysis of the stringent correlation be-

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

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

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

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

LLj ! 10#4 and j'23
LLj !

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

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

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

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

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

115019-9

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

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

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

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

SUSY-Seesaw
SUSY-GUT

Little Higgs
Extra dimensions

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

  

● Extra-dimensional models

“Anarchic” Randall-Sundrum model

Agashe, Blechman, Petriello

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

extra dimension model

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

PRIME

CKM
MNS

M1/2(GeV)

B(µTi! eTi)⇥ 1012 tan � = 10

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

SO(10) inspired model.

remember B scales with y2.

B(µ! e�) /M2
R[ln(MPl/MR)]2

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

October 14, 2009 CLFV

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

experiment projection
BR~<6x10-17

experimental bound
BR~10-12
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flavour violating component of the BSM dipole operator

flavour conserving component of the BSM dipole operator

 muon CLFV (μ→eγ etc.)

 muon g-2 anomaly



Muon g-2 Anomaly and Muon CLFV
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If the Muon g-2 anomaly is confirmed, it will establish 
the presence of a BSM muon interaction which may 
induce sizable effects of muon CLFV. 

M. Lindner, M. Platscher, and F.S. Queiroz,  arXiv:161006587

flavour violating component of the BSM dipole operator

flavour conserving component of the BSM dipole operator

 muon CLFV (μ→eγ etc.)

 muon g-2 anomaly
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Many discussions on the relation between LFUV and CLFV. If 
confirmed, it might introduce CLFV. in particular, models such as Z’ 
and Leptoquarks.
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∙ μ+ → e+γ
∙ μ+ → e+e+e−

∙ μ− + N(A, Z) → e− + N(A, Z)
∙ μ− + N(A, Z) → e+ + N(A, Z − 2)

∙ μ−e− → e−e−

∙ μ− + N(A, Z) → μ+ + N(A, Z − 2)

∙ μ + N → τ + X

∙ μ → ea

∙ μ+e− → μ−e+

∙ νμ + N → τ+ + X
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cLFV searches with muons: Status and prospects

�9

• In the near future impressive sensitivities: 

• Strong complementarities among channels: The only way to reveal the mechanism responsible for cLFV  

µ ! e�

µN ! eN 0

A. Crivellin et al. 
arXiv:1702.03020v2
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Figure 4. – Schematic representation of the contribution to processes such as `i ! `j`k`k and
µ ! e conversion arising from a flavour-violating dipole operator and, conversely, to `i ! `j�
from 4-fermion operators.

by more than two orders of magnitudes, in order to provide a more stringent constraint
than the one currently given by µ ! e�. This is due to the fact that, if the dipole
operator dominates, the rates of µ ! eee and µ N ! e N are suppressed by a factor of
order ↵ with respect to µ ! e� [121], as it can be intuitively understood from Figure
4(12):

BR(µ ! eee) '
↵

3⇡

✓
log

m2
µ

m2
e

� 3

◆
⇥ BR(µ ! e�) ,(40)

CR(µ N ! e N) ' ↵ ⇥ BR(µ ! e�) .(41)

Therefore the MEG bound on BR(µ ! e�) translates – within this scenario – to a
limit to the above observables at the 10�15 level. Conversely, a measurement of the
rates of µ ! eee and µ N ! e N much above that value would clearly signal that the
source of CLFV is not the dipole operator Qe� , rather some of the 4-fermion operators
listed in Table IV(13). This would rule out large classes of models, such as the typical
supersymmetric frameworks that we will discuss in section 5. A graphical representation
of present and forecast limits on the coe�cient of the dipole operators from µ ! e
observables is shown in Figure 5.

The above considerations are based on the rather unrealistic hypothesis that new
physics e↵ects are encoded in a single operator. Although this can be approximately true
in certain scenarios, yet the coe�cients of the operators in Table IV are in general not
independent due to radiative e↵ects. Such e↵ects – summarised by the renormalisation

(12) For full calculations of the µ ! e conversion rates in di↵erent nuclei, see [109, 122, 123].
(13) As a matter of fact, there are several new physics models where such operators arise at the
tree level, thus with much larger coe�cients than the dipoles that can only be loop induced.
Some examples will be mentioned in section 6.
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with each other. Section 4 is a toy model of two observables that depend on a sum of theoretical parameters,
which illustrates the impact of theoretical uncertainties on the determination of operator coefficients. It is well-
known, since the study of Kitano, Koike and Okada (KKO) [16], that different target nuclei have different relative
sensitivity to the various operator coefficients. In Section 5, using the notion of targets as vectors in the space of
operator coefficients introduced in Reference [11], we explore which current experimental bounds can give independent
constraints on operator coefficients, given the current theoretical uncertainties. Section 6 discusses the prospects of
future experiments, and section 8 is the summary.

2 µ→e conversion

µ→ e conversion is the process where an incident µ− is captured by a nucleus, and tumbles down to the 1s state.
The muon can then interact with the nucleus, by exchanging a photon or via a contact interaction, and turn into
an electron which escapes with an energy ∼ mµ. This process has been searched for in the past with various target
materials, as summarised in table 1; the best existing bound is BR < 7× 10−13 on Gold (Z = 79) from SINDRUM-II
[17].

The interaction of the muon with the nucleus can be parametrised at the experimental scale in Effective Field
Theory, via dipole operators and a variety of 2-nucleon operators :

LµA→eA(Λexpt) = −
4GF√

2

∑

N=p,n

[
mµ

(
CDLeRσ

αβµLFαβ + CDReLσ
αβµRFαβ

)

+
(
C̃(NN)

SL ePLµ+ C̃(NN)
SR ePRµ

)
NN

+
(
C̃(NN)

P,L ePLµ+ C̃(NN)
P,R ePRµ

)
Nγ5N

+
(
C̃(NN)

V L eγαPLµ+ C̃(NN)
V R eγαPRµ

)
NγαN

+
(
C̃(NN)

A,L eγαPLµ+ C̃(NN)
A,R eγαPRµ

)
Nγαγ5N

+
(
C̃(NN)

Der,Leγ
αPLµ+ C̃(NN)

Der,Reγ
αPRµ

)
i(N

↔
∂α γ5N)

+
(
C̃(NN)

T,L eσαβPLµ+ C̃(NN)
T,R eσαβPRµ

)
NσαβN + h.c.

]
. (1)

Since the electron is relativistic, and the nucleons not, it is convenient to use a chiral basis for the lepton current, but
not for the nucleons.

This basis of nucleon operators is chosen because it represents the minimal set onto which two-lepton-two-quark,
and two-lepton-two-gluon operators can be matched at the leading order in χPT ¶. This explains the presence of the

derivative operators Õ(NN)
Der,X , which represent pion exchange between the leptons and nucleons at finite momentum

transfer. They give a contribution to Spin-Dependent µ → e conversion that is comparable to the Õ(NN)
A,X operators

[11]. We do not count the coefficients of the derivative operators as independent parameters, because their effects
could be included as a momentum-transfer-dependence of the GN,q

A factors that relate quark to nucleon axial operators
[11].

Like in WIMP scattering on nuclei, the muon can interact coherently with the charge or mass distribution of the
nucleus, called the “Spin Independent” (SI) process, or it can have Spin-Dependent (SD) interactions[19] with the
nucleus at a rate that does not benefit from the atomic-number-squared enhancement of the SI rate. The Dipole,
Scalar and Vector operators will contribute to the SI rate (with a small admixture of the Tensor, see eqn 3), and the
Axial, Tensor and Pseudoscalar operators contribute to the SD rate.

The spin-Independent contribution to the branching ratio for µ→ e conversion on the nucleus A, was calculated
by Kitano, Koike and Okada (KKO) [16], to be

BRSI(Aµ → Ae) =
32G2

Fm
5
µ

Γcap

[∣∣C̃pp
V,RV

(p) + C̃pp′

S,LS
(p) + C̃nn

V,RV
(n) + C̃nn′

S,LS
(n) + CD,L

D

4

∣∣2 + {L ↔ R}
]

(2)

where Γcapt is the rate for the muon to transform to a neutrino by capture on the nucleus [16, 20], ≈ 0.7054× 106/sec

in Aluminium. The nucleus (A) and nucleon(N ∈ {n, p})-dependent “overlap integrals” DA, S(p)
A , V (p)

A , S(n)
A , V (n)

A ,
correspond to the integral over the nucleus of the lepton wavefunctions and the appropriate nucleon density. These
overlap integrals will play a central role in our analysis, and are given in KKO [16]. The primed scalar coefficient

¶At higher order in χPT, additional operators can appear, sometimes involving more than two nucleons [18].

2

scalar

vector
axial-vector

tensor
(derivative)

pseudo-scalar

dipole

two-lepton and two-nucleon operators and dipole operators
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scalar interaction

dipole interaction

vector interaction

(with Z boson)

vector interaction

(with photon 
-charge radius)

C. Target dependence of ! ! e conversion

In principle, any single-operator model can be tested
with two conversion rates, even if! ! e" is not observed.
To illustrate this point, we update the analysis of Ref. [6]
and plot in Fig. 3 the conversion rate (normalized to the
rate in aluminum) as a function of the Z of the target
nucleus, for the four classes of single-operator models
defined above. Compared to Ref. [6], the novelty here is
the inclusion of a second vector model (VðZÞ).

The results of Fig. 3 show some noteworthy features.
First, we note the quite different target dependence of the
conversion rate in the two vector models considered. This
can be understood as follows: In the case of the Vð"Þ model,
the behavior in Fig. 3 simply traces the Z dependence of

VðpÞ (the photon only couples to the protons in the nu-
cleus). On the other hand, in the case of the VðZÞ model, the
Z boson couples predominantly to the neutrons in the

nucleus and the target dependence of the ratio VðnÞ=VðpÞ #
ðA$ ZÞ=Z generates the behavior observed in Fig. 3.
Next, let us focus on the actual discriminating power of

the Z dependence. Clearly, the plot shows that the model
discriminating power tends to increase with Z. This is a
simple reflection of the fact that the whole effect is of
relativistic origin and increases in heavy nuclei. So in an
ideal world, in order to maximize the chance to discrimi-
nate among underlying models, one would like to measure
the conversion rate in a light nucleus, say aluminum or
titanium, as well as in a large-Z nucleus, like lead or gold.
This simplified view, however, has to be confronted both
with theoretical uncertainties and the actual experimental
feasibility. Concerning the uncertainties, a simple analysis
shows that the dominant uncertainty coming from the
scalar matrix elements almost entirely cancels when taking
ratios of conversion rates (even using the conservative
range y2 ½0;0:4& for the strange scalar density matrix
element). Moreover, in the large-Z tail of the plot, some
residual uncertainty arises from the input on the neutron
density profile. When polarized proton scattering data ex-
ists, the uncertainty on the ratios of conversion rates be-
comes negligible. This point is illustrated by Table I, where
we report the detailed breakdown of uncertainties in the
ratios B!!eðTiÞ=B!!eðAlÞ and B!!eðPbÞ=B!!eðAlÞ. For
other targets, the uncertainty induced by neutron densities
never exceeds 5% [6]. The conclusions of this exercise are
that
(i) The theoretical uncertainties (scalar matrix elements

and neutron densities) largely cancel when we take a
ratio.

(ii) As evident from Fig. 3, a realistic discrimination
among models requires a measure of B!!eðTiÞ=
B!!eðAlÞ at the level of 5% or better, or alternatively
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FIG. 3 (color online). Target dependence of the ! ! e con-
version rate in different single-operator dominance models. We
plot the conversion rates normalized to the rate in aluminum
(Z ¼ 13) versus the atomic number Z for the four theoretical
models described in the text: D (blue), S (red), Vð"Þ (magenta),
VðZÞ (green). The vertical lines correspond to Z ¼ 13ðAlÞ, Z ¼
22ðTiÞ, and Z ¼ 83ðPbÞ.

TABLE I. Ratios of conversion rates in titanium and lead over
aluminum, in each of the four single-operator models: scalar (S),
dipole (D), vector 1 (photon coupling to the quarks), and vector 2
(Z boson coupling to the quarks). In the scalar model, the scalar
form factor induces a negligible uncertainty in the ratios involv-
ing two targets (denoted by the subscript y). In the case of lead
over aluminum, the small uncertainty is dominated by the
neutron density input (denoted by the subscript #n).

S D Vð"Þ VðZÞ

Bð!!e;TiÞ
Bð!!e;AlÞ 1:70( 0:005y 1.55 1.65 2.0

Bð!!e;PbÞ
Bð!!e;AlÞ 0:69( 0:02#n

1.04 1.41 2:67( 0:06#n
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FIG. 2 (color online). Ratio RðZÞ of ! ! e conversion over
Bð! ! e"Þ versus Z in the case of the dipole-dominance model.
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∙ μ− + N(A, Z) → e+ + N(A, Z − 2)
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∙ μ− + N(A, Z) → μ+ + N(A, Z − 2)

∙ μ + N → τ + X

∙ μ → ea

∙ μ+e− → μ−e+

∙ νμ + N → τ+ + X
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μ− + N(A, Z) → e+ + N(A, Z − 2)

backgrounds

Lepton number violation (LNV) and 
Lepton flavour violation (LFV)
Final can be the ground or excited states.

signal signature

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

• radiative muon nuclear capture (RMC)

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

μ− + N(A, Z) → N(A, Z − 1) + ν + γ
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previous measurements at PSI

Various theoretical models predict experimentally ac-
cessible rates. One is the minimum supersymmetric
model (MSSM) with R-parity violation, which allows the
predicted branching ratio of !!!e" conversion of the
level of 10!12, since the relevant " and "! parameters
are not constrained (Babu and Mohapatra, 1995). Left-
right symmetric models with a low-mass WR also predict
a !!!e"-conversion branching ratio of 10!14, a value
estimated by the same authors.

2. Event signature and backgrounds

The energy of the positron from !!!e" conversion is
given by

E!e"#m!!B!!Erec!#Z!2

$m!!B!!#Z!2 , (148)

where #Z!2 is the difference in the nuclear binding en-
ergy between the (A ,Z) and (A ,Z!2) nuclei, with the
excitation energy in the final nucleus taken into account.
Usually, it is assumed that a large fraction of the final
nucleus could be in the giant-dipole-resonance state,
which has a mean energy of 20 MeV and a width of 20
MeV. Therefore the e" from !!!e" conversion would

have a broad momentum distribution corresponding to
the width of giant-dipole-resonance excitation.

The principal background is radiative muon capture
or radiative pion capture, followed by asymmetric e"e!

conversion of the photon. For some nuclei, the end point
of the radiative-muon-capture background in Eq. (142)
can be selected to be well separated from the signal. The
background from radiative pion capture must be re-
duced by the rejection of pions in the beam.

3. Experimental status of !!!e" conversion

The SINDRUM II Collaboration at PSI has reported
a search for the charge-changing process !!"Ti→e"

"Ca in muonic atoms (Kaulard et al. 1998). It was car-
ried out simultaneously with a measurement of !!"Ti
→e!"Ti. The e" momentum spectrum is shown in Fig.
32. The results are given separately for the transition to
the ground state and that to the giant dipole resonance.
They are summarized in Table XIII, together with the
previous results.

E. Muonium to antimuonium conversion

A muonium atom is a hydrogenlike bound state of !"

and e!. The spontaneous conversion (or oscillation) of a
muonium atom (!"e! or Mu) to its antiatom, antimuo-
nium atom (!!e" or Mu,) is another interesting class of
muon LFV process. In this Mu!Mu conversion, the or-
dinary additive law of conservation of muon and elec-
tron numbers is violated by two units (#Le/!#$2),
whereas muon or electron number is conserved multipli-
catively (Feinberg and Weinberg, 1961). This possibility
was suggested by Pontecorvo in 1957 (Pontecorvo,
1957), even before the muonium atom was observed for
the first time at the Nevis cyclotron of Columbia Univer-
sity (Hughes et al., 1960).

1. Phenomenology of Mu!Mu conversion

Various interactions could induce !#Li!#2 processes,
such as Mu!Mu conversion, as discussed in Sec. III.E.
To discuss the phenomenology of the Mu!Mu conver-
sion, we take as an example the effective four-fermion

FIG. 32. Positron energy spectra of the !!"Ti→e""Ca re-
action; !!e"(gs) and !!e"(gr) are the expected signals for
the transitions to the ground state and to the giant-dipole-
resonance states, respectively. The assumed branching ratios
for gs and gr are 2.2%10!11 and 4.5%10!10 (provided by P.
Wintz).

TABLE XIII. Historical progress and summary of !!!e" conversion in various nuclei; gs and ex,
respectively, denote the transitions to the ground state and excited states (mostly giant-dipole-
resonance states), respectively.

Process 90%-C.L. upper limit Place Year Reference

!!"Cu→e""Co 2.6%10!8 SREL 1972 Bryman et al. (1972)
!!"S→e""Si 9%10!10 SIN 1982 Badertsher et al. (1982)
!!"Ti→e""Ca(gs) 9%10!12 TRIUMF 1988 Ahmad et al. (1988)
!!"Ti→e""Ca(ex) 1.7%10!10 TRIUMF 1988 Ahmad et al. (1988)
!!"Ti→e""Ca(gs) 4.3%10!12 PSI 1993 Dohmen et al. (1993)
!!"Ti→e""Ca(ex) 8.9%10!11 PSI 1993 Dohmen et al. (1993)
!!"Ti→e""Ca(gs) 1.7%10!12 PSI 1998 Kaulard et al. (1998)
!!"Ti→e""Ca(ex) 3.6%10!11 PSI 1998 Kaulard et al. (1998)

191Y. Kuno and Y. Okada: Muon decay and physics beyond the standard model

Rev. Mod. Phys., Vol. 73, No. 1, January 2001

2017-04-19 KPS Meeting 4

Current Upper Limit of 𝜇− → 𝑒+

Year Process Upper limit

1972 𝜇− + Cu → e+ + Co 2.6 × 10−8

1980 𝜇− + I → e+ + Sb∗ 3.0 × 10−10

1982 𝜇− + S → e+ + Si∗ 9.0 × 10−10

1998 𝜇− + Ti → e+ + Ca
𝜇− + Ti → e+ + Ca∗

1.7 × 10−12
3.6 × 10−11

The nucleus after 𝜇− → 𝑒+ conversion can                                                    

▶ The upper limit has been measured separately for each case

(1) stay at ground state
(2) enter the excited states

(∗) is for the excited state

▶ In this presentation, 
case of the ground state is studied.

SINDRUM2 exp. for 𝜇− → 𝑒+ conversion (1998)μ− + Ti → e+ + Ca(gs) ≤ 1.7 × 10−12

μ− + Ti → e+ + Ca(ex) ≤ 3.6 × 10−11

J. Kaulard et al. (SINDRUM-II)

Phys. Lett. B422 (1998) 334.
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Eμe+ > ERMC M(A, Z − 1) < M(A, Z − 2)
Requirement on targets

Aluminum (for COMET & Mu2e) is not good.
B. Yeo, YK, M. Lee and K. Zuber, Phys. Rev. D96 (2017) 075027
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TABLE II. Stopping-target nucleus candidates whose Eµ�e+

is higher than, or comparable to, Eend
RMC . If more than two

isotopes satisfy the criteria, only one isotope with the highest
natural abundance (N.A.) is listed. Nuclear masses required
for the calculations are referred from AME2016 data [33].
Aluminum, which is the counterexample, is listed because
it is considered the muon-stopping target nucleus in the
upcoming CLFV experiments.

Atom Eµ�e+ Eµ�e� Eend
RMC N.A. fcap ⌧µ� AT

(MeV) (MeV) (MeV) (%) (%) (ns)
27Al 92.30 104.97 101.34 100 61.0 864 0.191
32S 101.80 104.76 102.03 95.0 75.0 555 0.142

40Ca 103.55 104.39 102.06 96.9 85.1 333 0.078
48Ti 98.89 104.18 99.17 73.7 85.3 329 0.076
50Cr 104.06 103.92 101.86 4.4 89.4 234 0.038
54Fe 103.30 103.65 101.93 5.9 90.9 206 0.027
58Ni 104.25 103.36 101.95 68.1 93.1 152 0.009
64Zn 103.10 103.04 101.43 48.3 93.0 159 0.011
70Ge 100.67 102.70 100.02 20.8 92.7 167 0.013

both conversions is desired, two mass relations between
nuclei are required to avoid the RMC background: (1)
M(A,Z � 2) < M(A,Z � 1) for the µ�

� e+ conversion,
and (2) M(A,Z) < M(A,Z � 1) for the µ�

� e� con-
version. The latter requirement is generally satisfied for
most of the stable nuclei, but the number of nuclei satis-
fying the former is limited because the daughter nucleus
of the µ�

� e+ conversion is usually less stable than that
of RMC. However, this tendency can be reversed when
even-even nuclei are used as the target material since the
nucleons in the daughter nucleus of the µ�

� e+ conver-
sion, which is an even-even nucleus again, can bind more
tightly due to the nuclear pairing force, whereas this is
not the case for RMC with the odd-odd daughter nucleus.
This consideration is similar to the target selection in the
0⌫�� decay experiments which require the mass relations
of M(A,Z) > M(A,Z + 2) and M(A,Z) < M(A,Z + 1)
to enable the double beta decay, and forbid the single
beta decay, respectively.

B. Search for the target nucleus candidates

Table II lists the candidate target nuclei with atomic
mass  70 that satisfy the requirements. Heavier nu-
clei were not considered due to their shorter lifetimes
of muonic atoms, leading to lower e�ciencies in the fi-
nite time window of measurements, as explained in the
next paragraph. In the present calculation of each en-
ergy value, Bµ was obtained by assuming a point-like
nucleus while this may not hold for heavier nuclei due to
the larger size of the nucleus, and further corrections are
required [34]. In Table II, Eend

RMC
from Eq. (2) assumes

RMC without an additional nucleon emission. RMC with
nucleon emission can also generate backgrounds if its end-
point energy is higher than Eµ�e+ or Eµ�e� . However,

this process does not generate additional backgrounds
in most cases because the binding energy per nucleon is
around 7–9 MeV for the stable nuclei, which means that
the endpoint energy is lowered by a similar amount.
There are other requirements from an experimental

point of view. For example, the muon capture rate (fcap)
and the muonic-atom lifetime (⌧µ�) of each nucleus listed
[35, 36] in Table II should be taken into account because
fcap is proportional to the number of signal events, and
⌧µ� is an important factor to determine the event accep-
tance in the time window of measurement (AT ). The
values of AT in Table II were calculated with a mathe-
matical toy model with following assumptions: the bunch
period (tB) of the muon beam of 1 µs, the timing window
([t1, t2]) from 700 ns to 1 µs, and the uniform time dis-
tribution of muons with the bunch size of 100 ns. Then,
AT is Ntime/Ntotal, where Ntotal is the number of stopped
muons in the target with the single muon bunch, and
Ntime is the number of decaying muons during the tim-

ing window. Ntime is given by
P1

n=1

R
t2+tB(n�1)
t1+tB(n�1) N(t)dt,

where N(t) is the time distribution of exponential decays
of muons convoluted by the uniform time distribution of
muons.
Natural abundance is another important characteristic

in the target selection for two reasons. First, the back-
ground from other isotopes can contaminate the signal.
Second, the signal itself can be dispersed into a broader
spectrum unless the natural abundance of the candidate
isotope is high enough. Considering these requirements,
32S and 40Ca may be the most promising candidates be-
cause of their relatively high natural abundances and AT ,
while the other candidate isotopes still can be considered
by appropriate enrichment techniques.

III. EXPERIMENTAL SENSITIVITIES OF
TARGET NUCLEUS CANDIDATES

In this section, the experimental sensitivities of tar-
get nucleus candidates are estimated assuming that the
positron events only occur by the µ�

� e+ conversion
and RMC. The number of accepted positrons from the
µ�

� e+ conversions (Nµ�e+) can be estimated by

Nµ�e+ ⇠ Nµ�stop ⇥ fcap ⇥Br(µ�
� e+)⇥ E , (3)

where Nµ�stop is the total number of the stopped muons
in the target, Br(µ�

� e+) is the branching ratio of the
µ�

� e+ conversion, in which daughter nucleus stays in
the ground state, and E is the net acceptance of signal
positrons in the detector. E is assumed to be the same
for the µ�

� e+ conversion and RMC positrons.
The energy spectrum of RMC photons can be repre-

sented by [37]

P (x) ' C(1� 2x+ 2x2)x(1� x)2, x =
E�

Eend
�

, (4)

where C is the normalization constant determined from
the results of previous experiments [38–40], and Eend

�
is

μ− + N(A, Z) → e+ + N(A, Z − 2)
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𝜇ି → 𝑒ା sensitivity estimation for each case
1) Theoretical 𝐸௘௡ௗ

ఊ ൌ 101.9 MeV 2) Experimental 𝐸௘௡ௗ
ఊ ൌ 92 MeV

1) When 𝐸௘௡ௗ
ఊ ൌ 101.85 MeV

3𝜎 signal excess is found when Brሺ𝜇ି → 𝑒ାሻ is 2.1 ൈ 10ିଵଶ
(worse than the current limit: 1.7 ൈ 10ିଵଶ)

2) When 𝐸௘௡ௗ
ఊ ൌ 92 MeV : Almost background-free

Single event sensitivity is 1.36 ൈ 10ିଵସ → Two orders improvement
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FIG. 3. Fitting result of the energy distributions of the µ� � e+ signal (short dashed red line) stacked on the RMC photon
background (long dashed blue line) from 32S, 40Ca, 48Ti, and 50Cr muon-stopping target when Br(µ� � e+) = 1.0 ⇥ 10�14

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

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

�e+

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

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

For this purpose, we introduced a new requirement of

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

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

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

27Al
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 is a light, invisible, new 

particle with FV coupling to 
leptons. It could be 
   : (pseudo)scalar, like  
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BR(μ+ → e+a) < 2.6 × 10−6

•Jodidio et al. (TRIUMF) 1986 
• polarised muons 
•  
•  

•TWIST (TRIUMF) 2014 
• Michel Parameters 
•  
•  

•Crystal Box (LAMPF) 1988 
• NaI(Tl) crystals 
•  
•  

•Mu3e plan at PSI ( ) 
•  

25 < ma < 90 MeV

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



Bound  in a muonic atomμ− → e−a

29

Advantages 
background less 
spectrum shape 

nucleus dependence 
many µ-,s as parasite !!! 

Disadvantage 
not monochromatic

Muon decay with light boson emission in muon atoms

30th Aug., NuFact2019

𝜇ି

൅𝑍𝑒

𝑒ି

𝑋

Yuichi Uesaka (Saitama U.)

This work is supported by
the Sasakawa Scientific Research Grant from The Japan Science Society.

a

bound μ → ea



Bound  in a muonic atomμ− → e−a

29

𝝁ି → 𝒆ି𝑿 in a muonic atom

Advantages over free muon decay

1. less background

2. more infoUmaWion : ³VpecWUXm´, ³dependence on nXcleXV´, «

Disadvantages

9 non-monochromatic signal 9 shorter life time of muonic atom

𝐸௘ [MeV]

� different peak positions of signal & BG

: 𝜇ା → 𝑒ା𝑋 (free)

: 𝜇ି → 𝑒ି𝜈௘𝜈ఓ (𝜇-gold)

electron spectra (normalized by rate)

𝑚ఓ/2

: 𝜇ି → 𝑒ି𝑋 (𝜇-gold)

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

( 𝑚௑ ൌ 0 )

: 𝜇ା → 𝑒ା𝜈௘𝜈ఓ (free)

5/15

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

Advantages 
background less 
spectrum shape 

nucleus dependence 
many µ-,s as parasite !!! 

Disadvantage 
not monochromatic

Muon decay with light boson emission in muon atoms

30th Aug., NuFact2019

𝜇ି

൅𝑍𝑒

𝑒ି

𝑋

Yuichi Uesaka (Saitama U.)

This work is supported by
the Sasakawa Scientific Research Grant from The Japan Science Society.

a

bound μ → ea
free 
decay in 
dashed 
bound 
decay in 
solid

𝒆ି spectrum (𝒎𝑿 ൌ 𝟎)

𝐸௘ [MeV]

[1
/M

eV
]

BG

1ଽ଻Au

Yukawa
Derivative
Dipole

1
Γ
𝑑Γ
𝑑𝐸௘

𝐸௘ [MeV]

[1
/M

eV
]

BG

Yukawa
Derivative
Dipole

2଻Al

¾ Spectrum does not strongly depend on properties of 𝑋.

12/15

¾ The sharper peak is obtained for the lighter nucleus.

Y. Uesaka, at NuFACT2019
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Previous work X. G. i Tormo et al., PRD 84, 113010 (2011).

ℒூ ൌ 𝑔 𝜇𝑒 𝑋
¾ assuming that massless 𝑋 has yukawa-type CLFV interaction

9 The result of the past 𝜇-𝑒 conv. corresponds to Br 𝜇ା → 𝑒ା𝑋 ൏ 3 ൈ 10ି3.

9 Sensitivity of COMET & Mu2e : Br 𝜇ା → 𝑒ା𝑋 ∼ 2 ൈ 10ି5

same level as the current limit of free 𝜇ା search (∼ 10ି5)

electron spectrum of 𝜇ି → 𝑒ି𝑋 (gold)

( 𝑔 : coupling )

DIO spectrum (ൈ 1/333 )

7/15

Spectrum near the end-point  
µ-e conversion signal region 
signal bound  
DIO background  

Past analysis (X.G. i Tormo et al.) 
use the past µ-e conversion data 

μ− → e−a ∝ ΔE3

∝ ΔE5

BR(μ− → e−a) < 3 × 10−3

X.G. i Tormo, D. Bryman, A. Czarnecki, M. Dowling. Phys. Rev. D84 113010 (2011)
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“Preliminary” estimation at 
the spectrum at the end 
point (80 - 105 MeV/c) in 
COMET Phase-I 

  
dedicated measurement at 
lower energy ?

BR(μ− → e−a) < 3 × 10−6



CLFV of  
Muon Bound States 



Muon CLFV Processes

32

∙ μ+ → e+γ
∙ μ+ → e+e+e−

∙ μ− + N(A, Z) → e− + N(A, Z)
∙ μ− + N(A, Z) → e+ + N(A, Z − 2)

∙ μ−; e− → e− + e−

∙ μ− + N(A, Z) → μ+ + N(A, Z − 2)

∙ μ + N → τ + X

∙ μ → ea

∙ μ+ + e− → μ− + e+

∙ νμ + N → τ+ + X
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Muonium to Antimuonium Conversion

Mu (µ+e-) →anti-Mu (µ-e+)

data

• new proposal at CSNS 
• later in this 

workshop 
• new attempt at MUSE/

J-PARC ?

Future prospects: 



Muonium to Antimuonium Conversion

Mu (µ+e-) →anti-Mu (µ-e+)

data

μ+ + e− → μ− + e+
simulation

GMuMu < 3 × 10−3GF

an average kinetic energy of 13.5 eV. This corresponds
to the binding energy of the 1s state of a muonium
atom.

The sensitivity to Mu!Mu conversion is known to be
suppressed when the muonium atom is in matter. This
occurs because a negative muon in antimuonium is eas-
ily captured by surrounding atoms. Therefore recent ex-
periments have been performed by using muonium at-
oms in a vacuum.

There are two major backgrounds. One is the coinci-
dence of a low-energy e" and an energetic e! which are
produced by Bhabha scattering of e" from !" decay in
a muonium atom. The second is the physics (prompt)
background from the decay !"→e""e"̄!e"e! (whose
branching ratio is 3.4#10!5), when the e! becomes en-
ergetic and only one of the two e"’s is detected.

3. Experimental status of Mu!Mu conversion

The historical progress in the searches for Mu!Mu
conversion is listed in Table XIV. A recent experiment
was carried out at PSI (Willmann et al., 1999). The ex-
periment fully utilized the powerful techniques devel-
oped at the previous experiment at LANL (Matthias
et al., 1991), which requires the coincidence identifica-
tion of both particles in the antimuonium decay. Its ex-
perimental setup is shown in Fig. 35. Muonium atoms
were produced by stopping surface muons in a

SiO2-powder target, where some fraction diffused out
through the target surface with thermal energy in a
vacuum. To detect e! from !! decay, a magnetic spec-
trometer was used. It consisted of five concentric multi-
wire proportional chambers with 64 segmented hodo-
scopes at a 0.1-T magnetic field. The e" with an average
kinetic energy of 13.5 eV was detected by microchannel
plate detectors after electrostatic acceleration to 8 keV.

TABLE XIV. Historical progress and summary of Mu-Mu conversion.

Place Year GMuMu /GF Reference

TRIUMF 1982 $42 Marshall et al. (1982)
TRIUMF 1986 $20 Beer et al. (1986)
TRIUMF 1990 $0.29 Huber et al. (1990)
LANL 1991 $0.16 Matthias et al. (1991)
LANL 1993 $6.9 Ni et al. (1993)
PSI 1996 $0.018 Abela et al. (1996)
JINR 1997 $0.14 Gordeev et al. (1997)
PSI 1999 $0.003 Willmann et al. (1999)

FIG. 35. Schematic layout of the detector for muonium-
antimuonium conversion at PSI. From Willmann et al., 1999.

FIG. 36. Distribution of the distance of closest approach be-
tween the e" and e! trajectories vs their timing difference in
the experiment to search for Mu!Mu conversion: (a) Monte
Carlo data; (b) experimental data. From Willmann et al., 1999.

193Y. Kuno and Y. Okada: Muon decay and physics beyond the standard model

Rev. Mod. Phys., Vol. 73, No. 1, January 2001

an average kinetic energy of 13.5 eV. This corresponds
to the binding energy of the 1s state of a muonium
atom.

The sensitivity to Mu!Mu conversion is known to be
suppressed when the muonium atom is in matter. This
occurs because a negative muon in antimuonium is eas-
ily captured by surrounding atoms. Therefore recent ex-
periments have been performed by using muonium at-
oms in a vacuum.

There are two major backgrounds. One is the coinci-
dence of a low-energy e" and an energetic e! which are
produced by Bhabha scattering of e" from !" decay in
a muonium atom. The second is the physics (prompt)
background from the decay !"→e""e"̄!e"e! (whose
branching ratio is 3.4#10!5), when the e! becomes en-
ergetic and only one of the two e"’s is detected.

3. Experimental status of Mu!Mu conversion

The historical progress in the searches for Mu!Mu
conversion is listed in Table XIV. A recent experiment
was carried out at PSI (Willmann et al., 1999). The ex-
periment fully utilized the powerful techniques devel-
oped at the previous experiment at LANL (Matthias
et al., 1991), which requires the coincidence identifica-
tion of both particles in the antimuonium decay. Its ex-
perimental setup is shown in Fig. 35. Muonium atoms
were produced by stopping surface muons in a

SiO2-powder target, where some fraction diffused out
through the target surface with thermal energy in a
vacuum. To detect e! from !! decay, a magnetic spec-
trometer was used. It consisted of five concentric multi-
wire proportional chambers with 64 segmented hodo-
scopes at a 0.1-T magnetic field. The e" with an average
kinetic energy of 13.5 eV was detected by microchannel
plate detectors after electrostatic acceleration to 8 keV.

TABLE XIV. Historical progress and summary of Mu-Mu conversion.

Place Year GMuMu /GF Reference

TRIUMF 1982 $42 Marshall et al. (1982)
TRIUMF 1986 $20 Beer et al. (1986)
TRIUMF 1990 $0.29 Huber et al. (1990)
LANL 1991 $0.16 Matthias et al. (1991)
LANL 1993 $6.9 Ni et al. (1993)
PSI 1996 $0.018 Abela et al. (1996)
JINR 1997 $0.14 Gordeev et al. (1997)
PSI 1999 $0.003 Willmann et al. (1999)

FIG. 35. Schematic layout of the detector for muonium-
antimuonium conversion at PSI. From Willmann et al., 1999.

FIG. 36. Distribution of the distance of closest approach be-
tween the e" and e! trajectories vs their timing difference in
the experiment to search for Mu!Mu conversion: (a) Monte
Carlo data; (b) experimental data. From Willmann et al., 1999.

193Y. Kuno and Y. Okada: Muon decay and physics beyond the standard model

Rev. Mod. Phys., Vol. 73, No. 1, January 2001

previous experiment 
at PSI (1999)|ΔLμ/e | = 2

• muonium production in 
vacuum

• doubly-charged Higgs 
model etc.

• new proposal at CSNS 
• later in this 

workshop 
• new attempt at MUSE/

J-PARC ?

Future prospects: 
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∙ μ+ → e+γ
∙ μ+ → e+e+e−

∙ μ− + N(A, Z) → e− + N(A, Z)
∙ μ− + N(A, Z) → e+ + N(A, Z − 2)

∙ μ− + e− → e− + e−

∙ μ− + N(A, Z) → μ+ + N(A, Z − 2)
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∙ νμ + N → τ+ + X
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Muonium CLFV Decay
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μ+e− → γγ μ+e− → νμνe



Muonium CLFV Decay

35

μ+ + e− → e+ + e−

• similar to μ→eee 
• may be useful to distinguish different couplings 
• 2 body final state 

• disadvantage  
• poor-wave function overlap between μ and e 

• Coulomb bound state

μ+e− → γγ μ+e− → νμνe



Muonium CLFV Decay

35

μ+ + e− → e+ + e−

• similar to μ→eee 
• may be useful to distinguish different couplings 
• 2 body final state 

• disadvantage  
• poor-wave function overlap between μ and e 

• Coulomb bound state

• no experiments so far 
• muonium production in 

MUSEUM at MUSE @ J-PARC 
• measurement of hyperfine 

splitting  
• 1015 for 2x107 sec 

Museum detector 
@J-PARC

Future prospects: 

μ+e− → γγ μ+e− → νμνe



in muonic atom

electron 1S orbit

muon 1S orbit

m e ee

LFV vertex

－ － － －

M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010) 
Original idea

µ- + e- →e- + e-  in a muonic atom

36

μ− + e− → e− + e−

not only 1s but also other electrons (2s…)
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electron 1S orbit

muon 1S orbit

m e ee

LFV vertex

－ － － －

µ- + e- →e- + e-  in a muonic atom

37

μ− + e− → e− + e−

µ-e-→e-e- has the 
overwrap of µ- and e- 
which is proportional 
to Z3. For instance, 
Z=80, enhancement 
of 5x105.

Experimentally 
measurement of a pair 
of e- and e- in the final 
state is easier (larger 
phase space).

Z3

M. Koike, YK, J. Sato and M. Yamanaka, Phys. Rev. Lett. 105 (2010) 
Original idea



µ- + e- →e- + e-  in a muonic atom :

Z dependence for model discrimination

38

8

consider four simplified models: (i) contact interaction, where the electrons are emitted with the same chirality.

g1 != 0, AL/R = 0, and gj !=1 = 0, (33)

(ii) contact interaction, where the electrons are emitted with opposite chirality.

g5 != 0, AL/R = 0, and gj !=5 = 0, (34)

(iii) photonic interaction

AL != 0, AR = 0, and gi = 0. (35)

(iv) both of contact and photonic interactions

g1 = 100AL != 0, AR = 0, and gj !=1 = 0. (36)

We have chosen g1/AL = 100 in the model (iv), while g1/AL ∼ 270 using the current upper limits of AL and g1.
The Z dependence of µ−e− → e−e− is shown in Fig. 5. The ratios of the models (i) (in a solid line) and (ii) (in a
dashed line) strongly increase as Z. One would need precise measurements to discriminate the model (i) from (ii).
On the other hand, the model (iii) exhibits a moderately increase as Z. We may expect the contribution from both
the photonic and the contact interactions in the model (iv) and the Z dependence is drawn as a dotted line in Fig. 5.
Thus, we can distinguish the CLFV interactions and their dominance by the Z dependence of µ−e− → e−e− .

FIG. 5. Z dependence of µ−e− → e−e− generated by four different models. They are normalized by the rate for Z = 20. A
solid red line shows the case of model (i), a dashed black line shows that of model (ii), a dash-dotted green one shows that of
model (iii), and a dotted orange one shows that of model (iv).

The energy and angular distributions of the emitted electrons also depend on the mechanism of the CLFV interac-
tion. The differential rate of the photonic interaction (model (iii)) and the contact interaction (model (i)) are shown
in Fig. 6 and Fig. 7, respectively. The tail distributions of backward electrons for the contact interaction are more
frequent than for the photonic interaction. The difference between the model (i) and (ii) appears only when the two
electrons are ejected in the same direction (cos θ ∼ 1), where the Pauli principle is most effective, as discussed in [9].
The distribution of the emitted electrons and the Z dependence of the rate would be useful to identify the mechanism
of the CLFV interactions contributing to µ−e− → e−e− .

IV. SUMMARY

We have analyzed the µ−e− → e−e− CLFV process in muonic atoms. Together with our previous analysis [9]
for the contact interaction and the present work for the photonic interaction, we find that the relativistic treatment
of the emitted electrons and bound leptons is essentially important for their qualitative understanding the rate, in
particular the atomic number Z dependence of the rate and the angular and energy distribution of electrons. The
Z dependence of the µ−e− → e−e− rate and the distributions of emitted electrons would be useful to distinguish
between the photonic and the four Fermi contact CLFV interactions. So far one cannot distinguish the g1 term from
the g2 term by using these observables. Therefore the chiral structure of the CLFV interaction should be explored
and it would be discussed in our future works.

μ− + e− → e− + e− (1) solid red line : 
contact int. with the 
same chirality 

(2) a dashed black line : 
contact int. with 
opposite chirality 

(3) a dash-dotted green 
line : photonic int. 

(4) a dotted orange 
line : mix of contact 
and photonic int.

normalized at Z=20

Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D93 (2016) 076006 

Y. Uesaka, YK, J. Sato, T. Sato and M. Yamanaka, Phys. Rev. D97 (2018) 015017 
Study of long-distance dipole interaction with different Z targets

Study of contact interaction with different Z targets



Heavy Neutral Lepton (HNL) Models for 

µ- + e- →e- + e-  in a muonic atom

39

 (3+1) model

Abada and Teixeira Heavy Neutral Leptons and High-Intensity Observables

FIGURE 2 | Contributions to the muon EDM in a “3+ 2” model as a function of θ24 (left panel); blue and black lines respectively denote the current upper bounds

and future experimental sensitivity. From [21], reproduced with permission from the Authors. On the (right), BR(µ → eγ ) as a function of m4; gray points correspond

to the violation of at least one experimental bound and the horizontal line the current MEG bound.

FIGURE 3 | On the (left), predictions for CR(µ − e, Al) and BR(µ → eee) as a function of m4; the former is displayed in dark blue (left axis), while the latter is depicted

in cyan (right axis). A thick (thin) solid horizontal line denotes the current experimental bound on the CR(µ − e, Au) [29] (µ → eee decays [27]), while dashed lines

correspond to future sensitivities to CR(µ− e, Al) [31, 33, 34]. On the (right), BR(µ−e− → e−e−) (cyan, left axis) and CR(µ− e, Al) (dark blue, right axis) as a function

of m4; dashed horizontal lines denote the (expected) future sensitivity of COMET to both observables. Both figures were obtained in the “3+1” model, and in both

panels gray points correspond to the violation of at least one experimental bound (from [42], reproduced with permission from the Authors).

The light neutrino masses are given in terms of the Yukawa
couplings and of the RH neutrino mass matrix by the “seesaw
relation”, mν ∼ −v2Y†

νM
−1
R Yν . The low-scale seesaw (and

its different variants) consists in a realisation of a type I
seesaw in which the (comparatively light) heavy mediators
have non-negligible mixings with the active neutrinos, and do
not decouple. Just as in the case of the simple “toy-models”
described in the previous section, the modification of the leptonic
currents can lead to contributions to numerous observables [41,
73]. One such example - concerning contributions to cLFV
muon radiative and 3-body decays, as well as µ − e
conversion in nuclei—can be found in the left panel of
Figure 5, in which the contributions to the distinct observables
(and the associated experimental bounds/future sensitivities)
are displayed as a function of the average seesaw mediator
mass.

The νMSM consists in a specific low-energy realisation
of a type I seesaw, which aims at simultaneously addressing
the problems of neutrino mass generation, the BAU and
providing a viable dark matter candidate [104–107]. The
νMSM spectrum contains the three light (mostly active)
neutrinos, with masses given by a type I seesaw relation,
as well as three heavy states (with masses mν4−6 ). In view
of the model’s goal to comply with the above requirements,
the couplings and masses of the new states are severely
constrained. In particular, and due to the smallness of the
active-sterile mixings, the expected contributions of the νMSM
in what concerns cLFV observables are found to lie beyond
experimental sensitivity. This has been discussed in [42,
54].

Other than extending the SM by RH neutrinos, the Inverse
Seesaw [17, 18, 101] calls upon the introduction of additional
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)
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∣
) for Mu - Mu conversion as a function of m4 (within the framework of a simple “3+1 model”). Dark blue

points are in agreement will all available bounds (the horizontal lines denote the evolution of the experimental bounds and constraints); from [42], reproduced with

permission from the Authors. On the (right), correlation of cLFV in-flight σ (µ → τ ) vs. BR(Z → τµ) in the “3+1 model”; blue (gray) points denote allowed (excluded)

regimes, vertical green lines denote the future sensitivities; from [54], reproduced with permission from the Authors. In both panels, gray points correspond to the
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FIGURE 5 | On the (left), maximal allowed cLFV rates compatible with current searches in a low-scale seesaw; horizontal full (dashed) lines denote present (future)

experimental sensitivity. From [41], reproduced with permission from the Authors. On the (right), logarithm of BR(µ−e− → e−e−, Al), displayed on (|Uµ5|2,m5)

parameter space of a (3,3) ISS realisation; the shaded surfaces correspond to the exclusion from BBN (rose) or from the violation of at least one experimental bound

(gray), while solid lines delimit the expected sensitivity of several facilities (from [42], reproduced with permission from the Authors).

sterile fermion8 states, X. In the case of 3 generations of
each, the spectrum of the (3,3) ISS realisation contains 6
heavy neutral fermions, which form 3 pseudo-Dirac pairs; the
smallness of the light (active) neutrino masses is explained
by the suppresion due to the only source of LNV in the
model (µX), as given by the following modified seesaw relation:

mν ≈ (Yνv)2

(Yνv)2+M2
R
µX . This allows for a theoretically natural

model, in which one can have sizeable Yukawa couplings
for a comparatively light seesaw scale. On the right panel of

8The minimal realisations of the Inverse Seesaw mechanism have ben discussed in
[108].

Figure 5 we illustrate the (3,3) ISS contributions to a muonic
atom observable: the Coulomb enhanced decay into a pair
of electrons, displaying the predictions for the corresponding
BR in terms of the mass of the lightest sterile state (m5)
and |Uµ5|2. As can be seen, the contributions for these
observables can be sizeable, well within experimental reach.
Particularly interesting is the fact that these HNL states are
within reach of future facilities such as DUNE, FCC-ee and
SHiP. Likewise, one expects important contributions to other
observables [42].

Another low-scale seesaw mechanism relying on an
approximate conservation of lepton number is the Linear
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FIG. 1: Cross section of the µ−N → τ−X DIS process as
a function of the muon energy for the Higgs mediated in-
teraction. It is assumed that the initial muons are purely
left-handed. CTEQ6L is used for the PDF.

The largest values of ChH
L and CA

L can be realized with
mSUSY ∼ O(1) TeV and the Higgsino mass µ ∼ O(10)
TeV [6]. It should be noted that in such a situation, the
gauge boson mediated couplings are strongly suppressed.
We evaluate the cross sections of the µN → τX re-

action in the DIS region for the Higgs-mediated interac-
tion with the maximally allowed values of the effective
couplings in Eq.(4) as a reference. They are plotted in
Fig.1 for different quark contributions as a function of
the muon beam energy in the laboratory frame. For the
PDF, we used CTEQ6L [17] in our analysis. The tar-
get N is assumed to be a proton. For a nucleus target,
the cross section would be higher, approximately by the
number of nucleons in the target.
The cross section sharply increases aboveEµ ∼ 50 GeV

in Fig.1. This enhancement comes from a consequence of
the b-quark contribution in addition to the d and s-quark
contributions. The coupling for the b-quark is enhanced
by a factor of mb/ms over the s-quark contribution as
given by

(
∣

∣CA
L

∣

∣

2
)b =

(

mb

ms

)2

(
∣

∣CA
L

∣

∣

2
)s. (5)

The cross section is enhanced by one order of magnitude
when the muon energy changes from 50 GeV to 100 GeV.
Typically, for Eµ = 100 GeV and Eµ = 300 GeV, the
cross section is 10−4 fb and 10−3 fb, respectively. In our
analysis, we used mb = 4.3 GeV and ms = 120 MeV.
Next we study the case where the gauge-boson me-

diated interaction is dominant, for instance, that with
mSUSY ∼ O(100) GeV [5]. The differential cross sections
for µN → τX with the tensor couplings AT

L,R and the

vector couplings AV
L,R are calculated as

d2σ

dxdy

∣

∣

∣

∣

tensor

=
∑

q

xfq(x)
{(

|AT
R|

2 + |AT
L |

2
)

+Pµ

(

|AT
R|

2 − |AT
L |

2
)}

q

m2
τ

8π

1

xy
(1− y), (6)

d2σ

dxdy

∣

∣

∣

∣

vector

=
∑

q

xfq(x)
{(

|AV
R |

2 + |AV
L |

2
)

+Pµ

(

|AV
R |

2 − |AV
L |

2
)}

q

s

16π

{

1 + (1 − y)2
}

,

(7)

respectively. The effective tensor couplings are strongly
constrained by the τ → µγ process [9], as

(

∣

∣AT
R

∣

∣

2
+
∣

∣AT
L

∣

∣

2
)

d,s,b
! 6.4× 10−14[GeV−4]× Br(τ → µγ)

(8)

and
(

∣

∣AT
R

∣

∣

2
+
∣

∣AT
L

∣

∣

2
)

u,c
= 4×

(

∣

∣AT
R

∣

∣

2
+
∣

∣AT
L

∣

∣

2
)

d,s,b
. (9)

Since Br(τ → µγ) < 3.1 × 10−7 [9], the contribution
from the tensor interaction is found to be smaller than
that from the Higgs boson mediation by about five orders
of magnitude. On the other hand, the vector and axial-
vector interactions are suppressed at the same level as the
pseudo-scalar interaction [14]. Therefore, their contribu-
tions can be as large as those for the Higgs boson medi-
ation, if Eµ is less than than 50 GeV [13]. For instance,
the cross section from the vector (or axial vector) inter-
action can be of the order of 10−4 fb for Eµ = 50 GeV.
At higher energies, the cross section for the gauge boson
mediation are much smaller than those for the Higgs bo-
son mediation because of no enhancement by the b-quark
sub-process.
It is concluded that the DIS process µN → τX can be

more useful to search the Higgs mediated LFV interac-
tion in the MSSM for higher energy muon beams.

III. THE µN → τX PHENOMENOLOGY

With the intensity of 1020 muons per year and the
target mass of 100 g/cm2, about 104 (102) events could
be expected for σ(µN → τX) = 10−3 (10−5) fb, which
corresponds to Eµ = 300 (50) GeV from Fig. 1. This
would provide good potential to improve the sensitivity
by four (two) orders of magnitude from the present limit
from τ → µη decay, respectively. Such a muon intensity
could be available at a future muon collider (MC) [18]
and a neutrino factory (NF) [19].
We have studied the signal events of the µN → τX re-

action. In the Higgs boson mediated interaction, the tau
leptons in the µN → τX reaction are emitted at a rel-
atively large angle with respect to the beam direction.

M. Sher and I. Turan, Phys. Rev. D 69, 017302 (2004).

μ + N (e + N) → τ + X

M. Takeuchi, Y. Uesaka, M. Yamanaka, Phys. Lett. B772 (2017) 279

Minimum supersymmetric model 
(MSSM) with Higgs mediated LFV 
coupling

Upper limits from tau decays is given.
τ → μη

σ<10-5 fb for 50 GeV 
muons.
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να + N → ℓ+
β + X LNV LFV charged current (LNV-CC) interaction

measurement can be made at a neutrino near detector with a magnetic 
field to identify an electric charge of the charged leptons 
at production like 
at detector

376 S. Kanemura et al. / Physics Letters B 719 (2013) 373–377

Fig. 3. Cross-sections of LNV-CC neutrino–proton scattering process (“LNV total” solid curve) with three different values of tanβ ∈ {1,10,50}. The contributions from individual
quarks are also shown (“q-quarks”). For comparison, we plot also the cross-section (times 10−10) of the neutrino–proton scattering process through the standard model
charged current (“σCC × 10−10” gray thick curve).

Finally, we would like to mention a phenomenology which is
complementary to the LNV-CC process to identify the origin of
the neutrino mass generation mechanism, which is, Lepton Flavour
Violating (LFV) processes. As mentioned, a sizable LNV-CC signal
implies the anti-symmetric combination of the lepton doublets
in the effective interactions Eqs. (6) and (7), which are realized
by an introduction of the fundamental interaction Eq. (10) into a
model. This Zee-singlet-type interaction induces the LFV processes
#β → #αγ through a one-loop diagram mediated by Zee singlet
and neutrino [34]. This inevitable contribution to LFV is evaluated
as4

Γ (#β → #αγ ) = αem

4
m5

#β

∣∣∣∣
1

(4π)2

4( f ∗)βγ f γ α

M2
S

F
(m2

νγ

M2
S

)∣∣∣∣
2

, (20)

where the loop-integral function is defined as

F (x) ≡ 2x2 + 5x − 1
12(x − 1)3 − x2 ln x

2(x − 1)4 . (21)

The bounds on the LFV processes give strong constraints on the
combinations of the LNV coupling f and the scalar mass M S . It
might be worth to pay attention to the fact that the LFV ampli-
tude depends on a product of two of the LNV couplings, on the
other hand, the amplitude of the LNV-CC process is proportional
to a LNV coupling linearly. When one discusses the parameter
constraints from the LFV processes in a concrete model, the full
contributions to the LFV processes must be taken into account. In
many classes of the models, there are more contributions apart
from the inevitable one shown in Eq. (20). For example, in a SUSY
version [24] of the Babu–Zee model [22,23], there are four contri-
butions to #β → #αγ : (i) the contribution of Eq. (20), (ii) the super
partner diagram of (i), (iii) a one-loop diagram with a doubly-
charged scalar and a charged lepton, and (iv) the super partner
diagram of (iii). Therefore, the total LFV rate in this model strongly

4 If the model contains a charged scalar field other than S± and they have a
mixing term, the LFV decay rate Eq. (20) is modified. The inside of the absolute-
value bracket in Eq. (20) is replaced with

1
(4π)2 U1i

(
U∗)

1i

4( f ∗)βγ f γα

M2
Si

F
(m2

νγ

M2
Si

)
,

where the elements U1i of the mixing matrix represent the mixing between Zee
singlet and the i-th mass eigenstate of the charged scalar.

depends on the choice of the SUSY parameters. In Ref. [24], the
authors provide a full set of their model parameters, which repro-
duces Br(µ → eγ ) = 1.1 × 10−11, and our reference values of the
parameters are inspired by this choice.

In this Letter, we have proposed, for the first time, novel mea-
surements of LNV-CC processes, which could be only the processes
providing experimental opportunity to discriminate the mecha-
nism responsible for the origin of neutrino mass. The rates of
LNV-CC processes have been calculated and they are sizable so as
to be detectable in future highly intense neutrino beam facility, in
particular at a short-baseline near detector.
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τ± → ℓ±γ
• Event Signature


• energy  

• mass
 Mℓγ ∼ Mτ

Eℓγ ∼ s /2

BR(τ → eγ) ≤ 3.3 × 10−8

BR(τ → μγ) ≤ 4.4 × 10−8

Rare lepton processes: cLFV tau decays

! Radiative decay: τ± → "± γτ± → "± γτ± → "± γ

! Event signature: Efinal −
√
s/2 = ∆E ∼ 0;

Mfinal = M!γ ∼ mτ

! Current status: BR(τ → eγτ → eγτ → eγ)" 3.3× 10−8" 3.3× 10−8" 3.3× 10−8; BR(τ → µγτ → µγτ → µγ)" 4.4× 10−8" 4.4× 10−8" 4.4× 10−8
[BaBar, ’10]

! 3-body decays: τ± → "±i "∓j "
±
kτ± → "±i "∓j "
±
kτ± → "±i "∓j "
±
k

! Event signature: E3! −
√
s/2 ∼ 0;

M3! ∼ mτ

! Current status:

3! final state BR (BaBar) BR (Belle)

e−e+e−e−e+e−e−e+e− 2.9× 10
−8

2.7× 10
−8

2.7× 10
−8

2.7× 10
−8

µ−e+e− 2.2× 10
−8

1.8× 10
−8

µ−e−e− 1.8× 10
−8

1.5× 10
−8

e+µ−µ−
2.6× 10

−8
1.7× 10

−8

e−µ+µ−
3.2× 10

−8
2.7× 10

−8

µ−µ+µ−µ−µ+µ−µ−µ+µ−
3.3× 10

−8
2.1× 10

−8
2.1× 10

−8
2.1× 10

−8

! Future experimental prospects:

SuperB (Belle II) and/or Tau-Charm factories

BR(τ → "γ) ≤ 1− 3× 10−9(τ → "γ) ≤ 1− 3× 10−9(τ → "γ) ≤ 1− 3× 10−9 BR(τ → 3") ≤ 1− 2× 10−10(τ → 3") ≤ 1− 2× 10−10(τ → 3") ≤ 1− 2× 10−10

τ± → ℓ±
i ℓ±

j ℓ∓
k

• Event Signature

• energy  

• mass
 M3ℓ ∼ Mτ

E3ℓ ∼ s /2
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3! final state BR (BaBar) BR (Belle)

e−e+e−e−e+e−e−e+e− 2.9× 10
−8

2.7× 10
−8

2.7× 10
−8

2.7× 10
−8

µ−e+e− 2.2× 10
−8

1.8× 10
−8

µ−e−e− 1.8× 10
−8

1.5× 10
−8

e+µ−µ−
2.6× 10

−8
1.7× 10

−8

e−µ+µ−
3.2× 10

−8
2.7× 10

−8

µ−µ+µ−µ−µ+µ−µ−µ+µ−
3.3× 10

−8
2.1× 10

−8
2.1× 10

−8
2.1× 10

−8

! Future experimental prospects:

SuperB (Belle II) and/or Tau-Charm factories

BR(τ → "γ) ≤ 1− 3× 10−9(τ → "γ) ≤ 1− 3× 10−9(τ → "γ) ≤ 1− 3× 10−9 BR(τ → 3") ≤ 1− 2× 10−10(τ → 3") ≤ 1− 2× 10−10(τ → 3") ≤ 1− 2× 10−10

τ± → ℓ±
i ℓ±

j ℓ∓
k

• Event Signature

• energy  

• mass
 M3ℓ ∼ Mτ

E3ℓ ∼ s /2

Future prospects at Super KEK-B, Tau-charm factory, LHCb, HL-LHC

BR(τ → ℓγ) ≤ (1 − 3) × 10−9 BR(τ → 3ℓ) ≤ (1 − 2) × 10−10
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Rare processes: (semi)leptonic decays

cLFV tau decays into mesons: “large” τ mass ⇒ possible to have semi-leptonic decays

! Meson(s) & charged lepton: τ → "h0 ;τ → "h0 ;τ → "h0 ; τ → "hi hjτ → "hi hjτ → "hi hj ... and “exotic” modes...

●

H FLAV
S pring  2017
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9
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2
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0

e
− φ

µ
− φ

e
− f 0

(9
8

0
)

µ
− f 0

(9
8

0
)

e
− e

e
−

e
− µ
µ
−

µ
− e
µ
−

µ
− e

e
−

e
− µ

e
−

µ
− µ
µ
−

e
− π
π
−

e
π
− π
−

µ
− π
π
−

µ
π
− π
−

e
− π

K
−

e
− K
π
−

e
π
− K

−
e
− K S

0 K S
0

e
− K

K
−

e
K

− K
−

µ
− π

K
−

µ
− K
π
−

µ
π
− K

−
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− K S

0 K S
0

µ
− K

K
−

µ
K
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−

π
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π
− Λ

p
µ
− µ

−

p
µ
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● ATLA S B aB ar B e lle C LE O LH C b

90%  C L upper lim its  on  τ LFV  decays

Meson decays: excellent testing grounds for lepton flavour dynamics - cLFV

! KKK, DDD and BBB meson decays: abundant data [LHCb, BNL, KTeV, BaBar, Cleo, Belle, ...]

BR(KL → µeKL → µeKL → µe) < 4.7× 10−124.7× 10−124.7× 10−12; BR(K+ → π+µ+e−K+ → π+µ+e−K+ → π+µ+e−) < 2.1× 10−112.1× 10−112.1× 10−11

BR(D0 → µeD0 → µeD0 → µe) < 1.5× 10−81.5× 10−81.5× 10−8; BR(B → µeB → µeB → µe) < 2.8× 10−92.8× 10−92.8× 10−9, ....

τ → ℓh0 τ → ℓhihj

10-8

10-6

Heavy Flavor Averaging Group 
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Z0 → ℓiℓj
BR(Z0 → eμ) ≤ 7.5 × 10−7

BR(Z0 → μτ) ≤ 1.2 × 10−5

BR(Z0 → eτ) ≤ 9.8 × 10−6

ATLAS, CMS

BR(Z0 → eμ) ≤ 10−13(note : indirect limit from low energy

LEP, (ATLAS, CMS)
LEP, (ATLAS, CMS)
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H0 → ℓiℓj

BR(H0 → μτ) ≤ 0.25 %
BR(H0 → eτ) ≤ 0.37 %

CMS (2012)

CMS (2016)
BR(H0 → eμ) ≤ 0.035 %

CMS (2016)
(note : not confirm the CMS 2012 excess)

Z0 → ℓiℓj
BR(Z0 → eμ) ≤ 7.5 × 10−7

BR(Z0 → μτ) ≤ 1.2 × 10−5

BR(Z0 → eτ) ≤ 9.8 × 10−6

ATLAS, CMS

BR(Z0 → eμ) ≤ 10−13(note : indirect limit from low energy

LEP, (ATLAS, CMS)
LEP, (ATLAS, CMS)
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H0 → ℓiℓj

BR(H0 → μτ) ≤ 0.25 %
BR(H0 → eτ) ≤ 0.37 %

CMS (2012)

CMS (2016)
BR(H0 → eμ) ≤ 0.035 %

CMS (2016)
(note : not confirm the CMS 2012 excess)

X0 → ℓiℓj
new massive BSM resonance 
• limits are model-dependent 
• R-parity violating SUSY particle or QBH

Z0 → ℓiℓj
BR(Z0 → eμ) ≤ 7.5 × 10−7

BR(Z0 → μτ) ≤ 1.2 × 10−5

BR(Z0 → eτ) ≤ 9.8 × 10−6

ATLAS, CMS

BR(Z0 → eμ) ≤ 10−13(note : indirect limit from low energy

LEP, (ATLAS, CMS)
LEP, (ATLAS, CMS)
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H0 → ℓiℓj

BR(H0 → μτ) ≤ 0.25 %
BR(H0 → eτ) ≤ 0.37 %

CMS (2012)

CMS (2016)
BR(H0 → eμ) ≤ 0.035 %

CMS (2016)
(note : not confirm the CMS 2012 excess)

X0 → ℓiℓj
new massive BSM resonance 
• limits are model-dependent 
• R-parity violating SUSY particle or QBH

Future Prospects HL-LHC, ILC, FCC-ee, CEPC and others

Z0 → ℓiℓj
BR(Z0 → eμ) ≤ 7.5 × 10−7

BR(Z0 → μτ) ≤ 1.2 × 10−5

BR(Z0 → eτ) ≤ 9.8 × 10−6

ATLAS, CMS

BR(Z0 → eμ) ≤ 10−13(note : indirect limit from low energy

LEP, (ATLAS, CMS)
LEP, (ATLAS, CMS)
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K+ → π+μ−e+ : BR < 5.2 × 10−10

K+ → π+μ+e− : BR < 1.3 × 10−11

K0 → μ±e∓ : BR < 4.7 × 10−12

• Lepton flavour violating K decays
BNL E865
BNL E777/E865
BNL E871

K+ → π−μ+μ+ : BR < 1.1 × 10−9

K+ → π−μ+e+ : BR < 1.1 × 10−9

K+ → π−e+e+ : BR < 1.1 × 10−9

• Lepton number violating K decays
NA48/2
BNL E865
BNL E865
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Future Prospects NA62 ~O(10-11)

K+ → π+μ−e+ : BR < 5.2 × 10−10

K+ → π+μ+e− : BR < 1.3 × 10−11

K0 → μ±e∓ : BR < 4.7 × 10−12

• Lepton flavour violating K decays
BNL E865
BNL E777/E865
BNL E871

K+ → π−μ+μ+ : BR < 1.1 × 10−9

K+ → π−μ+e+ : BR < 1.1 × 10−9

K+ → π−e+e+ : BR < 1.1 × 10−9

• Lepton number violating K decays
NA48/2
BNL E865
BNL E865
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Summary

• CLFV processes provide a unique discovery 
potential for physics beyond the Standard Model 
(BSM), exploring new physics parameter space 
in a manner complementary to the collider, dark 
matter, dark energy, and neutrino physics 
programs. 

• CLFV experimental programs are rich, being 
covered by low energy to high energy 
measurements.  

• In particular, the muon CLFV programs are 
expecting significant progress owing to 
improvement of the muon sources in coming 
years.
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Thank you!

谢谢

ありがとう!

my dog, IKU


