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Search for  
New Physics



The Standard Model

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

New Physics is needed.
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High Energy Frontier and

High Intensity Frontier
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The Energy Frontier exploits Einstein’s mass-energy relation,
E=mc2.  The Intensity Frontier exploits Heisenberg’s

uncertainty principle, !E!t ≳  ħ/2

E=mc2

appearance of realreal
new particles

!E!t ≳ ħ
appearance of virtualvirtual

new particles

Feymann’s tools

Slide Courtesy of Professor C. Dukes, UVa4 R. Tschirhart- IPAC Meeting New Orleans- May 23rd, 2012

High Energy Frontier High Intensity Frontier



Flavour Transitions
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Quark  
transition 
observed

Quarks

�
�������	

Neutrino  
transition 
observed

Leptons

Charged lepton  
transition  

not observed.



New Physics Energy Scale of CLFV Search

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

ℒeff = ℒSM + ∑
d>4

C(d)

Λd−4

Effective Field Theory (EFT) Approach
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F. Feruglio, P. Paradisi and A. Pattori,  Eur. Phys. J. C 75  (2015) no.12, 579
G. M. Pruna and A. Signer, JHEP 1410  (2014) 014

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 21

|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; 𝑆𝜓𝐾
𝑏𝑠 1.4 × 102 2.5 × 102 Δ𝑚𝐵𝑠; 𝑆𝜓𝜙

Lower bounds on the NP scale in 1
Λ2

(𝑞𝐿𝑖𝛾𝜇𝑞𝐿𝑗)(𝑞𝐿𝑖𝛾𝜇𝑞𝐿𝑗)

from presentation by Yossi Nir (Weizmann Institute) at EPPSU, Granada 2019



New Physics Energy Scale of CLFV Search

Future

Future planned experiments expecting improvements by an 
additional factor 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

�8

CLFV would explore scales way beyond the energies 
that our present and future colliders can directly reach. 1



“Golden” μ→e CLFV Transition Processes
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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.

q
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q
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Operator Mixing via RGE
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A. Crivellin, S. Davidson, G.M. Pruna and A. Signer, JHEP 117 (2017) no.5
A. Crivellin, S. Davidson, G.M. Pruna and A. Signer, arXiv:1611.03409

S. Davidson, Eur. Phys. J. C76 (2016) 370

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

ΛLNVΛLNVΛLNV
(mν)+

C6O6

Λ2
LFVΛ2
LFVΛ2
LFV

(ℓi ↔ ℓj) + ...+
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]

[1702.03020]

Γ(µ− e,N) =
m5

µ

4Λ4
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The operators are 
mixed in RGE at  
the experiment 
scale

µ ! e�

C
D

L/R
(mµ) ⌘ (Ce�)21

µe

�

CD
L/R

Br (µ! e�) ' ↵em
5
µ

⇣��CD

L

��2 +
��CD
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��2
⌘

CS LL
`` , CT LL

hh CV RR
xx , CV RL

xx

C
D

L
(mmu) C

S LL

``
(mW ), CV RL

xx
(mW ) . . .q q

µ� e�

All processes are equally important (not competing). 2



Model dependent CLFV
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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: 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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! For sterile states above EW scale, strongly

dominated by ZZZ penguin contributions
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SUSY:Heavy RH Neutrino

R.Sawada NEUTRINO 2012

New physics models and cLFV
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JHEP11(2006)090
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Figure 14: Correlation between BR(µ → e γ) and BR(τ → µ γ) as a function of mN3
, for SPS

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

of e.cm):

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

(4.4)

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

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

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

– 29 –

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

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

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

contribution to R(µTi ! eTi).

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

yields the dominant contribution to Br(µ�
! e

�
e
+
e
�) [92, 93]. It is clear from Fig. 11

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

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

its discovery will provide important information on µ
�
! e

�
e
+
e
� within the model in

question.

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

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

than the one between µ ! e� and µ
�

! e
�
e
+
e
�. Consequently, the ratio of these

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

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

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

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

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

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

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

of fine-tuning �BG defined in (5.1) indicates the sensitivity of a particular observable

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

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

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

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

B. Scan for the bulk Higgs field scenario

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

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

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

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

FIG. 7 (color online). Scan of the !! "$ and !! e$ pre-
dictions for MKK # 3 TeV and # # 0. The solid and dashed
lines are the current B-factory and projected super-B factory
limits, respectively.
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Given that both ‘i ! ‘j! and !a" ! "g" # gSM
" $=2 are

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

 !a" ! #
#2

4$
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2=M
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(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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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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Lepton Mixing in the Standard Model
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Neutral lepton flavour violation has been observed.
Lepton mixing in the SM has been known.



Charged-current Interaction in the SM
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Or not both as some superpositions of mass eigenstates? After all, charged-current weak

interactions are completely symmetric with respect to neutrinos and charged leptons,

LCC = −
g√
2

(ēaLγµUaiνiL) W−
µ + h.c. , (a = e, µ, τ, i = 1, 2, 3) , (3.1)

with the leptonic mixing matrix U coming from the diagonalization of the mass matrices

of both charged leptons and neutrinos, so why cannot charged leptons be created and

absorbed in weak interactions as coherent superpositions of mass eigenstates? What is the

origin of the disparity between neutrinos and charged leptons?

One might suspect that this disparity comes about because of the enormous difference

between the masses of charged leptons and neutrinos, and as we shall see, this is indeed

the case. However, it is important to understand how exactly this mass difference comes

into play.

Let us consider the problem in more detail. The question we want to address is how

do we know that a charged lepton emitted or absorbed in a weak interaction process

is either e or µ or τ but not their coherent superposition. This actually amounts to

asking why neutrinos oscillate, because it is the fact that charged leptons participate in

weak interactions as mass eigenstates that “measures” the neutrino flavor, i.e. ensures

that neutrinos are emitted and captured as well-defined coherent superpositions of mass

eigenstates.2

In the case of nuclear β decay the situation is simple: only e± can be emitted together

with a neutrino or antineutrino, because there is no energy available to produce µ± or

τ±. The same is also true for muon decays µ± → e±νν̄. Thus, in these cases the emitted

charged lepton is obviously a pure mass eigenstate.

Consider, however, decays of charged pions π± → l±ν (or similarly for charged kaons).

Here the decay energy is sufficient for the production of both electrons and muons, i.e.

l = e , µ. So how do we know that the produced charged lepton is either e or µ and not

their coherent superposition? As was already pointed out, this is actually the same as

asking how do we know that the emitted neutrino is either νe or νµ. Of course, if e.g. a µ+

produced in the pion decay is detected, than we know that the neutrino born in the same

process is νµ. But what if the charged lepton is not detected, as it is usually the case?

To illustrate the arising problem, consider a hypothetical situation when neutrinos

produced or absorbed in weak interactions are mass eigenstates ν1, ν2 and ν3, whereas the

associated charged leptons are

|e1⟩ = U1e|e⟩ + U1µ|µ⟩ + U1τ |τ⟩ ,

|e2⟩ = U2e|e⟩ + U2µ|µ⟩ + U2τ |τ⟩ ,

|e3⟩ = U3e|e⟩ + U3µ|µ⟩ + U3τ |τ⟩ , (3.2)

which are emitted or detected together with ν1, ν2 and ν3 respectively. This possibility

is perfectly consistent with the charged-current interaction Lagrangian (3.1). However, if

this were the case, then charged leptons e1, e2 and e3 would oscillate into each other, while

2Note that for charged leptons their flavor is defined to coincide with their mass.
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neutrinos would not be able to oscillate. We know that in reality neutrinos do oscillate, so

what is wrong with this apparently consistent possibility?

To make the problem look even worse, one could conceive a situation in which both

charged leptons and neutrinos participating in charged-current weak interactions are co-

herent superpositions of their respective mass eigenstates:

|eβ⟩ =
∑

a

W ∗
βa|ea⟩ , |νβ⟩ =

∑

i

V ∗
βi|νi⟩ , ea = e, µ, τ, i = 1, 2, 3, (3.3)

where W and V are 3 × 3 unitary matrices satisfying the condition

W †V = U (3.4)

but otherwise arbitrary. Eq. (3.3) defines the new quantum number of neutrinos and

charged leptons which we shall call “odor” to distinguish it from the usual leptonic flavor.

The special case W = , V = U corresponds to the standard situation where the charged

leptons participating in weak interactions are mass eigenstates, while neutrinos are the

flavor eigenstates νe, νµ and ντ , whereas the special case W = U †, V = corresponds

to the situation where the weak-eigenstate charged leptons are given by eq. (3.3), and

neutrinos are emitted and absorbed as mass eigenstates.

Had weak interactions selected the neutrino states νβ defined in eq. (3.3) as weak

eigenstates, then by detecting such a neutrino we would measure the odor of the associated

charged lepton; in this case the charged leptons states eβ could oscillate into each other.

However, these oscillations would only occur if both neutrino and charged lepton produced

in the same decay were detected, i.e. they would be a manifestation of an EPR-like corre-

lation [12]. Likewise, for neutrinos to oscillate, one would have to measure their odor by

detecting the charged lepton state emitted in the same decay. At the same time, neutrinos

are known to oscillate even when the associated charged leptons are not detected. To un-

derstand why this happens and why charged leptons do not oscillate we have to study the

coherence properties of the charged lepton states produced in weak interaction processes.

4. Coherence properties of charged lepton states

Unlike neutrinos which can be produced or detected only via weak interactions,3 charged

leptons participate also in electromagnetic interactions and are usually detected through

them. The electromagnetic interactions are, however, flavor-blind, and therefore of no

interest to us here. We shall thus concentrate on the coherence properties of charged

lepton states produced or detected in weak-interaction processes.

The energy E and momentum p of a particle produced, e.g., in some decay process

have quantum-mechanical uncertainties, σE and σp. This, in particular, means that the

particle should be described by a wave packet of the spatial size σx ∼ 1/σp rather than

by a plane wave. The knowledge of the particle’s energy and momentum and their corre-

sponding uncertainties would allow one to determine the squared mass of the particle with

an uncertainty σm2 .

3Ignoring possible new interactions responsible for the neutrino mass generation.
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neutrinos would not be able to oscillate. We know that in reality neutrinos do oscillate, so

what is wrong with this apparently consistent possibility?

To make the problem look even worse, one could conceive a situation in which both

charged leptons and neutrinos participating in charged-current weak interactions are co-

herent superpositions of their respective mass eigenstates:

|eβ⟩ =
∑

a

W ∗
βa|ea⟩ , |νβ⟩ =

∑

i

V ∗
βi|νi⟩ , ea = e, µ, τ, i = 1, 2, 3, (3.3)

where W and V are 3 × 3 unitary matrices satisfying the condition

W †V = U (3.4)

but otherwise arbitrary. Eq. (3.3) defines the new quantum number of neutrinos and

charged leptons which we shall call “odor” to distinguish it from the usual leptonic flavor.

The special case W = , V = U corresponds to the standard situation where the charged

leptons participating in weak interactions are mass eigenstates, while neutrinos are the

flavor eigenstates νe, νµ and ντ , whereas the special case W = U †, V = corresponds

to the situation where the weak-eigenstate charged leptons are given by eq. (3.3), and

neutrinos are emitted and absorbed as mass eigenstates.

Had weak interactions selected the neutrino states νβ defined in eq. (3.3) as weak

eigenstates, then by detecting such a neutrino we would measure the odor of the associated

charged lepton; in this case the charged leptons states eβ could oscillate into each other.

However, these oscillations would only occur if both neutrino and charged lepton produced

in the same decay were detected, i.e. they would be a manifestation of an EPR-like corre-

lation [12]. Likewise, for neutrinos to oscillate, one would have to measure their odor by

detecting the charged lepton state emitted in the same decay. At the same time, neutrinos

are known to oscillate even when the associated charged leptons are not detected. To un-

derstand why this happens and why charged leptons do not oscillate we have to study the

coherence properties of the charged lepton states produced in weak interaction processes.

4. Coherence properties of charged lepton states

Unlike neutrinos which can be produced or detected only via weak interactions,3 charged

leptons participate also in electromagnetic interactions and are usually detected through

them. The electromagnetic interactions are, however, flavor-blind, and therefore of no

interest to us here. We shall thus concentrate on the coherence properties of charged

lepton states produced or detected in weak-interaction processes.

The energy E and momentum p of a particle produced, e.g., in some decay process

have quantum-mechanical uncertainties, σE and σp. This, in particular, means that the

particle should be described by a wave packet of the spatial size σx ∼ 1/σp rather than

by a plane wave. The knowledge of the particle’s energy and momentum and their corre-

sponding uncertainties would allow one to determine the squared mass of the particle with

an uncertainty σm2 .

3Ignoring possible new interactions responsible for the neutrino mass generation.
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The mass eigenstates and flavour eigenstates in the 
weak interaction are misaligned, as in the quark sector.
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neutrinos would not be able to oscillate. We know that in reality neutrinos do oscillate, so

what is wrong with this apparently consistent possibility?

To make the problem look even worse, one could conceive a situation in which both

charged leptons and neutrinos participating in charged-current weak interactions are co-

herent superpositions of their respective mass eigenstates:

|eβ⟩ =
∑

a

W ∗
βa|ea⟩ , |νβ⟩ =

∑

i

V ∗
βi|νi⟩ , ea = e, µ, τ, i = 1, 2, 3, (3.3)

where W and V are 3 × 3 unitary matrices satisfying the condition

W †V = U (3.4)

but otherwise arbitrary. Eq. (3.3) defines the new quantum number of neutrinos and

charged leptons which we shall call “odor” to distinguish it from the usual leptonic flavor.

The special case W = , V = U corresponds to the standard situation where the charged

leptons participating in weak interactions are mass eigenstates, while neutrinos are the

flavor eigenstates νe, νµ and ντ , whereas the special case W = U †, V = corresponds

to the situation where the weak-eigenstate charged leptons are given by eq. (3.3), and

neutrinos are emitted and absorbed as mass eigenstates.

Had weak interactions selected the neutrino states νβ defined in eq. (3.3) as weak

eigenstates, then by detecting such a neutrino we would measure the odor of the associated

charged lepton; in this case the charged leptons states eβ could oscillate into each other.

However, these oscillations would only occur if both neutrino and charged lepton produced

in the same decay were detected, i.e. they would be a manifestation of an EPR-like corre-

lation [12]. Likewise, for neutrinos to oscillate, one would have to measure their odor by

detecting the charged lepton state emitted in the same decay. At the same time, neutrinos

are known to oscillate even when the associated charged leptons are not detected. To un-

derstand why this happens and why charged leptons do not oscillate we have to study the

coherence properties of the charged lepton states produced in weak interaction processes.

4. Coherence properties of charged lepton states

Unlike neutrinos which can be produced or detected only via weak interactions,3 charged

leptons participate also in electromagnetic interactions and are usually detected through

them. The electromagnetic interactions are, however, flavor-blind, and therefore of no

interest to us here. We shall thus concentrate on the coherence properties of charged

lepton states produced or detected in weak-interaction processes.

The energy E and momentum p of a particle produced, e.g., in some decay process

have quantum-mechanical uncertainties, σE and σp. This, in particular, means that the

particle should be described by a wave packet of the spatial size σx ∼ 1/σp rather than

by a plane wave. The knowledge of the particle’s energy and momentum and their corre-

sponding uncertainties would allow one to determine the squared mass of the particle with

an uncertainty σm2 .

3Ignoring possible new interactions responsible for the neutrino mass generation.
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BR~O(10-54)

B(µ� e⇥) =
3�

32⌅

���
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(VMNS)�µl
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m2
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M2
W

���
2

S.T. Petcov, Sov.J. Nucl. Phys. 25 (1977) 340

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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�µ � �e

SM neutrinos
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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
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Consider a particular neutrino flavour eigenstate,                              , 
created at some point in time by weak interactions, 
During the propagation, the different mass eigenstates accumulate 
“phase”, depending on their mass. 

At the detector, a particular flavour eigenstate is measured 
(disappearance, or appearance).

|να > = ∑
i

U*βi |νi >

|να > = ∑
i

exp(−pix)U*βi |νi >

P (νl → νl) = 1 − sin2(2θ) sin2(
∆m2L

4E
)

P (νl → νm) = sin2(2θ) sin2(
∆m2L

4E
)

Neutrino Oscillation Probability

Vacuum 
Oscillations:

2 flavor 
approximation:

In the past studies, 2 flavor 

approximation has been almost sufficient.

P (νl → νm) =
∣

∣

∣

∑

j

VmjV
∗

ljexp(−i
m2

jE

2E
)
∣

∣

∣

2L

Δm2
32 ∼ 10−3eV2
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neutrinos would not be able to oscillate. We know that in reality neutrinos do oscillate, so

what is wrong with this apparently consistent possibility?

To make the problem look even worse, one could conceive a situation in which both

charged leptons and neutrinos participating in charged-current weak interactions are co-

herent superpositions of their respective mass eigenstates:

|eβ⟩ =
∑

a

W ∗
βa|ea⟩ , |νβ⟩ =

∑

i

V ∗
βi|νi⟩ , ea = e, µ, τ, i = 1, 2, 3, (3.3)

where W and V are 3 × 3 unitary matrices satisfying the condition

W †V = U (3.4)

but otherwise arbitrary. Eq. (3.3) defines the new quantum number of neutrinos and

charged leptons which we shall call “odor” to distinguish it from the usual leptonic flavor.

The special case W = , V = U corresponds to the standard situation where the charged

leptons participating in weak interactions are mass eigenstates, while neutrinos are the

flavor eigenstates νe, νµ and ντ , whereas the special case W = U †, V = corresponds

to the situation where the weak-eigenstate charged leptons are given by eq. (3.3), and

neutrinos are emitted and absorbed as mass eigenstates.

Had weak interactions selected the neutrino states νβ defined in eq. (3.3) as weak

eigenstates, then by detecting such a neutrino we would measure the odor of the associated

charged lepton; in this case the charged leptons states eβ could oscillate into each other.

However, these oscillations would only occur if both neutrino and charged lepton produced

in the same decay were detected, i.e. they would be a manifestation of an EPR-like corre-

lation [12]. Likewise, for neutrinos to oscillate, one would have to measure their odor by

detecting the charged lepton state emitted in the same decay. At the same time, neutrinos

are known to oscillate even when the associated charged leptons are not detected. To un-

derstand why this happens and why charged leptons do not oscillate we have to study the

coherence properties of the charged lepton states produced in weak interaction processes.

4. Coherence properties of charged lepton states

Unlike neutrinos which can be produced or detected only via weak interactions,3 charged

leptons participate also in electromagnetic interactions and are usually detected through

them. The electromagnetic interactions are, however, flavor-blind, and therefore of no

interest to us here. We shall thus concentrate on the coherence properties of charged

lepton states produced or detected in weak-interaction processes.

The energy E and momentum p of a particle produced, e.g., in some decay process

have quantum-mechanical uncertainties, σE and σp. This, in particular, means that the

particle should be described by a wave packet of the spatial size σx ∼ 1/σp rather than

by a plane wave. The knowledge of the particle’s energy and momentum and their corre-

sponding uncertainties would allow one to determine the squared mass of the particle with

an uncertainty σm2 .

3Ignoring possible new interactions responsible for the neutrino mass generation.
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PMNS matrix (charged lepton: 
flavour eigenstate)

When neutrinos produced in weak interactions are mass eigenstates, 
the associated charged leptons are flavour eigenstates as shown 
above (like EPR) 
Then, do charged leptons oscillate among them ?

J
H
E
P
0
9
(
2
0
0
7
)
1
1
6

Or not both as some superpositions of mass eigenstates? After all, charged-current weak

interactions are completely symmetric with respect to neutrinos and charged leptons,

LCC = −
g√
2

(ēaLγµUaiνiL) W−
µ + h.c. , (a = e, µ, τ, i = 1, 2, 3) , (3.1)

with the leptonic mixing matrix U coming from the diagonalization of the mass matrices

of both charged leptons and neutrinos, so why cannot charged leptons be created and

absorbed in weak interactions as coherent superpositions of mass eigenstates? What is the

origin of the disparity between neutrinos and charged leptons?

One might suspect that this disparity comes about because of the enormous difference

between the masses of charged leptons and neutrinos, and as we shall see, this is indeed

the case. However, it is important to understand how exactly this mass difference comes

into play.

Let us consider the problem in more detail. The question we want to address is how

do we know that a charged lepton emitted or absorbed in a weak interaction process

is either e or µ or τ but not their coherent superposition. This actually amounts to

asking why neutrinos oscillate, because it is the fact that charged leptons participate in

weak interactions as mass eigenstates that “measures” the neutrino flavor, i.e. ensures

that neutrinos are emitted and captured as well-defined coherent superpositions of mass

eigenstates.2

In the case of nuclear β decay the situation is simple: only e± can be emitted together

with a neutrino or antineutrino, because there is no energy available to produce µ± or

τ±. The same is also true for muon decays µ± → e±νν̄. Thus, in these cases the emitted

charged lepton is obviously a pure mass eigenstate.

Consider, however, decays of charged pions π± → l±ν (or similarly for charged kaons).

Here the decay energy is sufficient for the production of both electrons and muons, i.e.

l = e , µ. So how do we know that the produced charged lepton is either e or µ and not

their coherent superposition? As was already pointed out, this is actually the same as

asking how do we know that the emitted neutrino is either νe or νµ. Of course, if e.g. a µ+

produced in the pion decay is detected, than we know that the neutrino born in the same

process is νµ. But what if the charged lepton is not detected, as it is usually the case?

To illustrate the arising problem, consider a hypothetical situation when neutrinos

produced or absorbed in weak interactions are mass eigenstates ν1, ν2 and ν3, whereas the

associated charged leptons are

|e1⟩ = U1e|e⟩ + U1µ|µ⟩ + U1τ |τ⟩ ,

|e2⟩ = U2e|e⟩ + U2µ|µ⟩ + U2τ |τ⟩ ,

|e3⟩ = U3e|e⟩ + U3µ|µ⟩ + U3τ |τ⟩ , (3.2)

which are emitted or detected together with ν1, ν2 and ν3 respectively. This possibility

is perfectly consistent with the charged-current interaction Lagrangian (3.1). However, if

this were the case, then charged leptons e1, e2 and e3 would oscillate into each other, while

2Note that for charged leptons their flavor is defined to coincide with their mass.

– 3 –
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Homework 1

•Consider a question of a hypothetical experiment 
(“gedanken”), what is the requirements to make “charged 
lepton oscillation” happening ? 

•Consider how can the superposition of mass eigenstates 
of charged leptons (flavour eigenstates) be created ?
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Homework 2

•Consider again a question of thought experiments 
(“gedanken”). If we can measure the neutrino mass 
eigenstate (not flavour eigenstate) at the detector, how 
would the neutrino oscillation measured be modified ?
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More CLFV



CLFV Processes
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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
∙ νμ + N → τ± + X

∙ μ+e− → μ−e+



EFT approach for μ→e conversion

µ� + q ! e� + q

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.
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contact interaction

Spin-dependent µ → e conversion (on Aluminium)

• µ− captured by Al nucleus, tumbles down to 1s. (r ∼ Zα/mµ
>
∼ rAl)

• µ converts to e (Ee ≈ mµ) via

+
g

e

g

µ µ

e

(eΓPY µ)(qΓq) , q ∈ {u, d, s}

Γ = {I, γ5, γ, γγ5,σ}

q

e

q

µ

• previously calculated for V, S nucleon currents, which sum coherently across
nucleus (⇒ A2 enhancement) Kitano,Koike,Okada

Spin-dependent µ → e conversion (on Aluminium)

• µ− captured by Al nucleus, tumbles down to 1s. (r ∼ Zα/mµ
>
∼ rAl)

• µ converts to e (Ee ≈ mµ) via

+
g

e

g

µ µ

e

(eΓPY µ)(qΓq) , q ∈ {u, d, s}

Γ = {I, γ5, γ, γγ5,σ}

q

e

q

µ

• previously calculated for V, S nucleon currents, which sum coherently across
nucleus (⇒ A2 enhancement) Kitano,Koike,Okada

S, P, V, A, T



Effective Field Theory for 

µ→e Conversion

�2622 coeff. = 2 (dipole) + 2 (left/right) x 2 (proton/neutron) x 5 (interaction)

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



Discrimination of the interactions by

different targets

�27V. Cirigliano, R. Kitano, Y. Okada, and P. Tuzon, Phys. Rev. D80 (2009) 013002

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

20 40 60 80
0

1

2

3

4

Z

B
e;

Z
B

e;
A

l

V
(Z)

V(γ)

S

D

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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WINP Searches 

Spin-Independent and Spin-dependent
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8 SUMMARY AND PROSPECTS FOR THE NEXT DECADE

detection signatures, methods for background reduction, detector calibrations, the

statistical treatment of data and the interpretation of results. The focus lies on

section 7 where various technologies aiming to directly detect dark-matter interactions

are discussed together with their current status and plans. In the following, some of

the possible interpretations of results are presented and prospects for the next years are

discussed.

WIMP interactions with the target of an experiment can be detected by a

characteristic energy spectrum, an annual modulation of the measured event rate or

by a directional dependence of interaction tracks (see section 3). Figure 15 compiles

signal indications and exclusion limits for both, low WIMP masses (left) and high

WIMP masses (right). Signal indications stated by several experiments are shown

as closed contours, whereas limits are represented by curves excluding the parameter

space above. The separation of the tested parameter space in the two WIMP-mass
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Figure 15. Overview of signal indications and exclusion limits from various
experiments for spin-independent WIMP-nucleon cross-section for low WIMP masses
(left) and high WIMP masses (left) as of early 2017. Data from dmtools [389] or private
communications.

ranges became more important in recent years, since various experiments have started

to focus on a particular mass scale to exploit the specific advantages of the individual

technology (see section 7). For experiments showing sensitivity to low WIMP masses,

the determination of the energy threshold becomes a crucial aspect. For this purpose,

dedicated measurements of the target energy scale are performed. The systematic

uncertainties in the determination of these scales can a↵ect, indeed, the results shown

in figures 15 and 16. In section 6, the calibration strategies for various detector types are

summarised.

Only a few experiments analysed the data for an annual modulation of the event

rate, mainly due to the requirement to achieve a long-term stability of the detector. The

annual modulation of the rate measured by the DAMA experiment has a significance
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an unpaired number of nucleons resulting in an non-zero spin expectation value. It

is common to derive results separately for spin couplings to neutrons and protons.

Figure 16 shows the spin-dependent results from various experiments for pure neutron-

coupling (left) and pure proton-coupling (right). To date, PandaX [359] shows the
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Figure 16. Exclusion upper-limits for spin-dependent WIMP-nucleon cross-section
assuming pure proton coupling (left) and pure neutron coupling (right) as of early
2017. Data from dmtools [389] or private communications.

strongest limit for spin-dependent interactions on neutrons due its large exposure. In

general liquid xenon detectors are most competitive in the neutron coupling channel

because 129Xe and 131Xe have a high neutron spin expectation-value. In contrast, for

spin-dependent WIMP interactions with protons, experiments using 19F have the highest

sensitivities also because of the large spin expectation-value for this isotope. Currently,

the most constraining limits are derived from technologies using superheated liquids

containing 19F as exploited by the PICO experiment [365] (solid cyan in figure 16),

despite the lower exposures. Measuring the directionality of the recoil tracks with

low-pressure gaseous detectors containing 19F enables to search also for spin-dependent

interactions. The DRIFT experiment sets one of the first limits from this technology on

spin-dependent proton interactions [370] (dashed magenta).

Note that the choice of present experimental results interpreted by spin dependent

and independent interactions with matter is given by their relative strength in

comparison to general coupling terms but are not the only possibilities. A more

generalised interpretation of dark matter interactions containing, for instance, also

velocity suppressed operators in the context of a non relativistic e↵ective field theory

is summarised in section 3.2. Although this general approach is not yet widely used, in

2015 first experimental results have been displayed in this framework [121].

Systematic uncertainties in astrophysical parameters of the dark matter halo

distribution are entirely neglected in figures 15 and 16. Even though the results are

usually derived by a common choice of astrophysical parameters using the standard
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spin-independent cross section 
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spin-dependent cross section 
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The experimental sensitivity to µ → e conversion on nuclei is expected to improve by four orders 
of magnitude in coming years. We consider the impact of µ → e flavour-changing tensor and axial-
vector four-fermion operators which couple to the spin of nucleons. Such operators, which have not 
previously been considered, contribute to µ → e conversion in three ways: in nuclei with spin they 
mediate a spin-dependent transition; in all nuclei they contribute to the coherent (A2-enhanced) spin-
independent conversion via finite recoil effects and via loop mixing with dipole, scalar, and vector 
operators. We estimate the spin-dependent rate in Aluminium (the target of the upcoming COMET and 
Mu2e experiments), show that the loop effects give the greatest sensitivity to tensor and axial-vector 
operators involving first-generation quarks, and discuss the complementarity of the spin-dependent and 
independent contributions to µ → e conversion.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

New particles and interactions beyond the Standard Model of 
particle physics are required to explain neutrino masses and mix-
ing angles. The search for traces of this New Physics (NP) is pur-
sued on many fronts. One possibility is to look directly for the new 
particles implicated in neutrino mass generation, for instance at 
the LHC [1] or SHiP [2]. A complementary approach seeks new 
interactions among known particles, such as neutrinoless double 
beta decay [3] or Charged Lepton Flavour Violation (CLFV) [4].

CLFV transitions of charged leptons are induced by the ob-
served massive neutrinos, at unobservable rates suppressed by 
(mν/mW )4 ∼ 10− 48. A detectable rate would point to the existence 
of new heavy particles, as may arise in models that generate neu-
trino masses, or that address other puzzles of the Standard Model 
such as the hierarchy problem. Observations of CLFV are therefore 
crucial to identifying the NP of the lepton sector, providing infor-
mation complementary to direct searches.

From a theoretical perspective, at energy scales well below the 
masses of the new particles, CLFV can be parametrised with effec-
tive operators (see e.g. [5]), constructed out of the kinematically 
accessible Standard Model (SM) fields, and respecting the relevant 
gauge symmetries. In this effective field theory (EFT) description, 

* Corresponding author.
E-mail address: s.davidson@ipnl.in2p3.fr (S. Davidson).

information about the underlying new dynamics is encoded in the 
operator coefficients, calculable in any given model.

The experimental sensitivity to a wide variety of CLFV pro-
cesses is systematically improving. Current bounds on branching 
ratios of τ flavour changing decays such as τ → µγ , τ → eγ and 
τ → 3ℓ [6–8] are O(10− 8), and Belle-II is expected to improve the 
sensitivity by an order of magnitude [9]. The bounds on the µ ↔ e
flavour changing processes are currently of order ∼ 10− 12 [10,11], 
with the most restrictive constraint from the MEG collaboration: 
B R(µ → eγ ) ≤ 4.2 × 10− 13 [12]. Future experimental sensitivities 
should improve by several orders of magnitude, in particular, the 
COMET [13] and Mu2e [14] experiments aim to reach a sensitivity 
to µ → e conversion on nuclei of ∼ 10− 16, and the PRISM/PRIME 
proposal [15] could reach the unprecedented level of 10− 18.

In searches for µ → e conversion, a µ− from the beam is cap-
tured by a nucleus in the target, and tumbles down to the 1s
state. The muon will be closer to the nucleus than an electron 
(r ∼ αZ/m), due to its larger mass. In the presence of a CLFV 
interaction with the quarks that compose the nucleus, or with 
its electric field, the muon can transform into an electron. This 
electron, emitted with an energy Ee ≃ mµ , is the signature of 
µ → e conversion.

Initial analytic estimates of the µ → e conversion rate were ob-
tained by Feinberg and Weinberg [16], a wider range of nuclei 
were studied numerically by Shankar [17], and relativistic effects 
relevant in heavier nuclei were included in Ref. [18]. State of the 
art conversion rates for a broad range of nuclei induced by CLFV 
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Abstract The experimental sensitivity to µ → e conver-
sion will improve by four or more orders of magnitude in
coming years, making it interesting to consider the “spin-
dependent” (SD) contribution to the rate. This process does
not benefit from the atomic-number-squared enhancement
of the spin-independent (SI) contribution, but probes dif-
ferent operators. We give details of our recent estimate of
the spin-dependent rate, expressed as a function of opera-
tor coefficients at the experimental scale. Then we explore
the prospects for distinguishing coefficients or models by
using different targets, both in an EFT perspective, where
a geometric representation of different targets as vectors in
coefficient space is introduced, and also in three leptoquark
models. It is found that comparing the rate on isotopes with
and without spin could allow one to detect spin-dependent
coefficients that are at least a factor of few larger than the
spin-independent ones. Distinguishing among the axial, ten-
sor and pseudoscalar operators that induce the SD rate would
require calculating the nuclear matrix elements for the second
two. Comparing the SD rate on nuclei with an odd proton vs.
odd neutron could allow one to distinguish operators involv-
inguquarks from those involvingdquarks; this is interesting
because the distinction is difficult to make for SI operators.

1 Introduction

Charged lepton flavour violation (CLFV) is new physics that
must exist; only the rates are unknown. In this paper, we
consider µ ↔ e flavour change, and assume that it can
be parametrised by contact interactions involving Standard
Model particles. Flavour change µ ↔ e can be probed in the
decays µ → eγ [1] and µ → eēe [2], in µ → e conversion
[3– 5] and in various meson decays such as K → µ̄e [6]. In
µ → e conversion, a beam ofµ−impinges on a target, where

a e-mail: s.davidson@ipnl.in2p3.fr

the µ is captured by a nucleus, and can convert to an electron
while in orbit. The COMET [7] and Mu2e [8] experiments,
currently under construction, plan to improve the sensitiv-
ity by four orders of magnitude, reaching a branching ratio
∼ 10−16. The PRISM/PRIME proposal [9] aims to probe
∼10−18. These exceptional improvements in experimental
sensitivity motivate our interest in subdominant contributions
to µ → e conversion.

Initial analytic estimates of the µ → e conversion rate
were performed by Feinberg and Weinberg [10], for promis-
ing operators and nuclei. A wider range of nuclei were stud-
ied numerically by Shanker [11], and estimates for many
operators and nuclei can be found in the review [12]. Rela-
tivistic effects relevant in heavier nuclei were included in
[13]. The matching of CLFV operators constructed with
quarks and gluons, onto operators constructed with nucle-
ons, was performed in [15]. The current state of the art is the
detailed numerical calculations of Kitano, Koike and Okada
(KKO) [14], who studied all the CLFV nucleon operators
that contribute coherently to µ → e conversion, for nuclei
from helium to uranium. In such processes, the amplitude for
µ → e conversion on each nucleon is coherently summed
over the whole nucleus. Like “spin-independent” (SI) dark
matter scattering, the final rate therefore is enhanced by a fac-
tor ∼A2, where A is the atomic number of the nucleus. How-
ever, other conversion processes are possible. For instance,
incoherent µ → e conversion, where the final-state nucleus
is in an excited state, has been discussed by various people
[11,16,17], and is expected to be subdominant with respect
to the coherent process.

In a previous letter [18], some of us noted that “spin-
dependent” (SD) µ → e conversion can also occur, if the
target nuclei have spin (as is the case for aluminium, the target
of the upcoming COMET and Mu2e experiments). Although
this process does not benefit from the ∼ A2 enhancement
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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

5 coeff. - dipole, scalar (p), vector (p), scalar (n), vector (n)
let us make an argument simplified…
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Table 1
Current experimental bounds on µ → e conversion (the last line gives the future sensitivity on Aluminium), and parameters 
relevant to the SD calculation. The isotope abundances are from [29]. The parameter B Z is defined in eqn. (8). The estimate 
for S Au

p is based on the Odd Group Model of [24], assuming J = 1/2. The estimated form factors S I (mµ)/S I (0) for Titanium and 
Lead are an extrapolation from [11], discussed in the Appendix.

Target Isotopes [abundance] J S A
p , S A

n S I (mµ)/S I (0) B Z BR (90% C.L.)

Sulfur Z = 16, A = 32 [95%] 0 < 7 × 10−11 [23]

Titanium Z = 22, A = 48 [74%] 0 234 < 4.3 × 10−12 [17]
Z = 22, A = 47 [7.5%] 5/2 0.0, 0.21 [24] ∼0.12
Z = 22, A = 49 [5.4%] 7/2 0.0, 0.29 [24] ∼0.12

Copper Z = 29, A = 63 [70%] 3/2 B R ≤ 1.6 × 10−8 [25]
Z = 29, A = 65 [31%] 3/2

Gold Z = 79, A = 197 [100%] 5/2 −(0.52 → 0.30),0.0 285 B R < 7 × 10−13 [17]

Lead Z = 82, A = 206 [24%] 0 B R < 4.6 × 10−11 [17]
Z = 82, A = 207 [22%] 1/2 0.0, −0.15 [24] 0.55 [28], ∼.026
Z = 82, A = 208 [52%] 0

Aluminium Z = 13, A = 27 [100%] 5/2 0.34, 0.030 [21,22] 0.29 [21,22] 132 → 10−16

and explore how many independent constraints can be obtained 
on operator coefficients.

We assume that the New Physics responsible for µ → e con-
version is heavy, and parametrise it in Effective Field Theory (EFT) 
[12–15]. Section 2 gives the µ →e conversion rate, and the effec-
tive Lagrangian at the experimental scale (∼ GeV), in terms of op-
erators that are QED invariant, labelled by their Lorentz structure, 
and constructed out of electrons, muons and nucleons (p and n). 
In Section 3 we divide the rate into pieces that do not interfere 
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 opera-
tor 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 co-
efficients introduced in Reference [11], we explore which current 
experimental bounds can give independent constraints on oper-
ator coefficients, given the current theoretical uncertainties. Sec-
tion 6 discusses the prospects of future experiments, Section 7
compares the number of operator coefficients to the number of 
constraints that could be obtained from µ →e conversion, µ → eēe
and µ → eγ , and Section 8 is the summary.

2. µ →e conversion

µ →e conversion is the process where an incident µ− is cap-
tured 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 B R(µAu → e Au) < 7 × 10−13 on Gold (Z = 79) 
from SINDRUM-II [17].

The interaction of the muon with the nucleus can be paramet-
rised at the experimental scale ("expt ) in Effective Field Theory, via 
dipole operators and a variety of 2-nucleon operators:

LµA→e A("expt)

= −4G F√
2

∑

N=p,n

[
mµ

(
C DLeRσαβµL Fαβ + C D ReLσ

αβµR Fαβ

)

+
(

C̃ (N N)
S L eP Lµ + C̃ (N N)

S R e P Rµ
)

N N

+
(

C̃ (N N)
P ,L eP Lµ + C̃ (N N)

P ,R e P Rµ
)

Nγ5N

+
(

C̃ (N N)
V L eγ α P Lµ + C̃ (N N)

V R eγ α P Rµ
)

Nγα N

+
(

C̃ (N N)
A,L eγ α P Lµ + C̃ (N N)

A,R eγ α P Rµ
)

Nγαγ5N

+
(

C̃ (N N)
Der,Leγ α P Lµ + C̃ (N N)

Der,Reγ α P Rµ
)

i(N
↔
∂α γ5N)

+
(

C̃ (N N)
T ,L eσαβ P Lµ + C̃ (N N)

T ,R eσαβ P Rµ
)

Nσαβ N + h.c.
]
. (1)

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

This basis of nucleon operators is chosen because it repre-
sents the minimal set onto which two-lepton-two-quark, and two-
lepton-two-gluon operators can be matched at the leading order 
in χPT.2 This explains the presence of the derivative operators 
Õ(N N)

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(N N)

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 G N,q

A fac-
tors that relate quark to nucleon axial operators [11].

Like in WIMP scattering on nuclei, the muon can interact co-
herently 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 SI contribution to the branching ratio for µ →e conversion
on the nucleus A (B R S I (Aµ → Ae)), was calculated by Kitano, 
Koike and Okada (KKO) [16] to be

BRS I (µA → e A) =
32G2

F m5
µ

(cap

[∣∣̃C pp
V ,R V (p) + C̃ pp′

S,L S(p) + C̃nn
V ,R V (n)

+ C̃nn′
S,L S(n) + C D,L

D
4

∣∣2 + {L ↔ R}
]

, (2)

where (capt is the rate for the muon to transform to a neutrino by 
capture on the nucleus [16,20], (= 0.7054 ×106/sec in Aluminium). 

2 At higher order in χPT, additional operators can appear, sometimes involving 
more than two nucleons [18].
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Table 1
Current experimental bounds on µ → e conversion (the last line gives the future sensitivity on Aluminium), and parameters 
relevant to the SD calculation. The isotope abundances are from [29]. The parameter B Z is defined in eqn. (8). The estimate 
for S Au

p is based on the Odd Group Model of [24], assuming J = 1/2. The estimated form factors S I (mµ)/S I (0) for Titanium and 
Lead are an extrapolation from [11], discussed in the Appendix.

Target Isotopes [abundance] J S A
p , S A

n S I (mµ)/S I (0) B Z BR (90% C.L.)

Sulfur Z = 16, A = 32 [95%] 0 < 7 × 10−11 [23]

Titanium Z = 22, A = 48 [74%] 0 234 < 4.3 × 10−12 [17]
Z = 22, A = 47 [7.5%] 5/2 0.0, 0.21 [24] ∼0.12
Z = 22, A = 49 [5.4%] 7/2 0.0, 0.29 [24] ∼0.12

Copper Z = 29, A = 63 [70%] 3/2 B R ≤ 1.6 × 10−8 [25]
Z = 29, A = 65 [31%] 3/2

Gold Z = 79, A = 197 [100%] 5/2 −(0.52 → 0.30),0.0 285 B R < 7 × 10−13 [17]

Lead Z = 82, A = 206 [24%] 0 B R < 4.6 × 10−11 [17]
Z = 82, A = 207 [22%] 1/2 0.0, −0.15 [24] 0.55 [28], ∼.026
Z = 82, A = 208 [52%] 0

Aluminium Z = 13, A = 27 [100%] 5/2 0.34, 0.030 [21,22] 0.29 [21,22] 132 → 10−16

and explore how many independent constraints can be obtained 
on operator coefficients.

We assume that the New Physics responsible for µ → e con-
version is heavy, and parametrise it in Effective Field Theory (EFT) 
[12–15]. Section 2 gives the µ →e conversion rate, and the effec-
tive Lagrangian at the experimental scale (∼ GeV), in terms of op-
erators that are QED invariant, labelled by their Lorentz structure, 
and constructed out of electrons, muons and nucleons (p and n). 
In Section 3 we divide the rate into pieces that do not interfere 
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 opera-
tor 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 co-
efficients introduced in Reference [11], we explore which current 
experimental bounds can give independent constraints on oper-
ator coefficients, given the current theoretical uncertainties. Sec-
tion 6 discusses the prospects of future experiments, Section 7
compares the number of operator coefficients to the number of 
constraints that could be obtained from µ →e conversion, µ → eēe
and µ → eγ , and Section 8 is the summary.

2. µ →e conversion

µ →e conversion is the process where an incident µ− is cap-
tured 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 B R(µAu → e Au) < 7 × 10−13 on Gold (Z = 79) 
from SINDRUM-II [17].

The interaction of the muon with the nucleus can be paramet-
rised at the experimental scale ("expt ) in Effective Field Theory, via 
dipole operators and a variety of 2-nucleon operators:

LµA→e A("expt)

= −4G F√
2

∑

N=p,n

[
mµ

(
C DLeRσαβµL Fαβ + C D ReLσ

αβµR Fαβ

)

+
(

C̃ (N N)
S L eP Lµ + C̃ (N N)

S R e P Rµ
)

N N

+
(

C̃ (N N)
P ,L eP Lµ + C̃ (N N)

P ,R e P Rµ
)

Nγ5N

+
(

C̃ (N N)
V L eγ α P Lµ + C̃ (N N)

V R eγ α P Rµ
)

Nγα N

+
(

C̃ (N N)
A,L eγ α P Lµ + C̃ (N N)

A,R eγ α P Rµ
)

Nγαγ5N

+
(

C̃ (N N)
Der,Leγ α P Lµ + C̃ (N N)

Der,Reγ α P Rµ
)

i(N
↔
∂α γ5N)

+
(

C̃ (N N)
T ,L eσαβ P Lµ + C̃ (N N)

T ,R eσαβ P Rµ
)

Nσαβ N + h.c.
]
. (1)

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

This basis of nucleon operators is chosen because it repre-
sents the minimal set onto which two-lepton-two-quark, and two-
lepton-two-gluon operators can be matched at the leading order 
in χPT.2 This explains the presence of the derivative operators 
Õ(N N)

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(N N)

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 G N,q

A fac-
tors that relate quark to nucleon axial operators [11].

Like in WIMP scattering on nuclei, the muon can interact co-
herently 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 SI contribution to the branching ratio for µ →e conversion
on the nucleus A (B R S I (Aµ → Ae)), was calculated by Kitano, 
Koike and Okada (KKO) [16] to be

BRS I (µA → e A) =
32G2

F m5
µ

(cap

[∣∣̃C pp
V ,R V (p) + C̃ pp′

S,L S(p) + C̃nn
V ,R V (n)

+ C̃nn′
S,L S(n) + C D,L

D
4

∣∣2 + {L ↔ R}
]

, (2)

where (capt is the rate for the muon to transform to a neutrino by 
capture on the nucleus [16,20], (= 0.7054 ×106/sec in Aluminium). 

2 At higher order in χPT, additional operators can appear, sometimes involving 
more than two nucleons [18].
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The nucleus (A) and nucleon (N ∈ {n, p})-dependent “overlap inte-
grals” D A , 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 nu-
cleon density. These overlap integrals will play a central role in 
our analysis, and are given in KKO [16]. The primed scalar coef-
ficient includes a small part of the tensor coefficient, because the 
tensor contributes at finite momentum transfer to the SI process 
[19 ,11]:

C̃ N N ′
S,X = C̃ N N

S,X + 2mµ

mN
C̃ N N

T ,X . (3)

The SD rate depends on the distribution of spin in the nucleus, 
and therefore requires detailed nuclear modelling. The tensor and 
axial vector contributions were estimated in References [19 ,11] for 
light (Z ! 20) nuclei, where the muon wavefunction is wider than 
the radius of the nucleus, and the electron can be approximated 
as a plane wave. In this limit, where the muon wavefunction can 
be factored out of the nuclear spin-expectation-value, the nuclear 
calculation of SD WIMP scattering on the quark axial current can 
be used for µ →e conversion. The SD branching ratio on a target A
of charge Z , with a fraction ϵI of isotope I with spin J I , can be 
estimated as

BRS D(µA → e A)

=
8G2

F m5
µ(αZ)3

#capπ2

[
∑

I

4ϵI
J I + 1

J I

∣∣∣S I
p (̃C pp

A,L + 2C̃ pp
T ,R)

+ S I
n (̃Cnn

A,L + 2C̃nn
T ,R)

∣∣∣
2 S I (mµ)

S I (0)
+ {L ↔ R}

]
(4)

where S I
p is the proton spin expectation value in isotope I at 

zero momentum transfer, and S I (mµ)/S I (0) is a finite momen-
tum transfer correction, which has been calculated for the axial 
current in some nuclei (see e.g. References [21,22] for Aluminium; 
this factor includes the derivative operators Õ(N N)

Der,X ). The targets 
which have been used for µ →e conversion searches are listed in 
Table 1, with the abundances of some spin-carrying isotopes, and 
some results for the proton and neutron spin expectation values.

3. To determine or constrain how many coefficients?

The Lagrangian of eqn. (1) contains twenty-two unknown oper-
ator coefficients (not counting the derivative operators as discussed 
after eqn. (1)). These coefficients contribute to various observables, 
so can be constrained, or measured, in different ways:

1. We neglect the two dipole coefficients, because the upcoming 
MEG II and Mu3e experiments, respectively searching for µ →
eγ and µ → eēe, have a slightly better sensitivity: if MEG II 
and Mu3e set bounds B R(µ → eγ ) < 6 × 10−14 and B R(µ →
eēe) < 10−16, this would translate to |C D,X | ≤ 2.0 × 10−9 (see 
eqn. (20)). Whereas a SI µ →e conversion branching ratio of 
10−16 on Aluminium can be sensitive to |C D,X | " 3.1 × 10−9 .

2. The remaining 20 coefficients involving nucleons can be di-
vided into two classes, labelled by the chirality/helicity of 
the outgoing (relativistic) electron. The interference between 
these classes is usually neglected (suppressed by m2

e /m2
µ), 

so an experimental upper bound on the rate simultane-
ously sets bounds on the coefficients of both chiralities. If a 
µ→e conversion signal is observed with polarised muonic 
atoms, it could be possible to identify the chirality of the op-
erator by measuring an angular distribution of the electron 

with respect to the muon spin direction.3 For simplicity, we 
will in the following only discuss the ten operators that create 
an eL .
Notice that the conventions of eqn. (1) label operator coeffi-
cients with the chirality of the muon, which is opposite to the 
electron for dipole, scalar, pseudoscalar and tensor operators.

3. Finally, the operators can also be divided into those that me-
diate SI or SD conversion. In the body of the paper, we will 
discuss the SI rate, to which contribute the dipole that we ne-
glect, and the vector and scalar on the neutron and proton. 
These appear in the amplitude weighted by overlap integrals 
(see after eqn. (2)), which are nucleus-dependent. This sug-
gests that to constrain the four operator coefficients, one just 
needs to search for µ →e conversion on four sufficiently dif-
ferent targets. (In order to measure the SI coefficients inde-
pendently from SD ones, the targets could/should be chosen 
without SD contributions.)
In the Appendix A, we make some remarks on the SD rate, 
which can be sensitive to six coefficients. However, quantita-
tive calculations would require nuclear matrix elements that 
we did not find in the literature.

4. Targets as vectors, and the problem of theoretical 
uncertainties

In a previous publication [11], a representation of targets as 
vectors in coefficient space was introduced. The targets are labelled 
by Z , and for SI transitions, the elements of the vector are the 
overlap integrals of KKO [16]:

v⃗ Z =
(

D Z

4
, V (p)

Z , S(p)
Z , V (n)

Z , S(n)
Z

)
(5)

The aim was to give a geometric, intuitive measure of different 
targets ability to distinguish coefficients. If the operator coefficients 
are lined up in a pair of vectors labelled by the chirality of the 
outgoing electron, such that for eL :

C⃗ L = (̃C D,R , C̃ pp
V ,L, C̃ pp

S,R , C̃nn
V ,L, C̃nn

S,R) (6)

(and similarly for C⃗ R ), then the SI Branching Ratio on target Z (see 
eqn. (2) can be written

B R S I = B Z

[
|v̂ Z · C⃗ L |2 + |v̂ Z · C⃗ R |2

]
, (7)

where the numerical value of the coefficient

B Z =
32G2

F m5
µ|v⃗ Z |2

#cap(Z)
(8)

is listed in Table 1 for some targets. If two target vectors are paral-
lel, they probe the same combination of couplings, and if they are 
misaligned, they could allow to distinguish among the coefficients.

To quantify how “misaligned” targets need to be, in order to 
differentiate among coefficients, we should take into account the 
theoretical uncertainties. These are a significant complication, be-
cause they make uncertain which combination of coefficients is 
constrained by which target. To illustrate the problem, we suppose 
coefficient space is two-dimensional. This allows to draw pictures.

If a first observable T1, can be computed with negligible the-
oretical uncertainty to depend on |C1|2, and a second observable 
T2, similarly can be computed to depend on |C2|2, then the values 

3 For a muonic atom with a non-zero nuclear spin, it is known that the residual 
muon spin polarisation at the 1s state is significantly reduced, but even in this case, 
it could be recovered by using a spin-polarised nuclear target [26,27].
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TABLE I. The overlap integrals in units of m!
5/2 are listed. The proton distributions in the nuclei are taken

from Ref. "20# $see also Appendix A%, and neutron distributions are assumed to be the same as those of the
protons $method 1 in Sec. III A%.

Nucleus D S (p) V (p) S (n) V (n)

2
4He 0.000625 0.000262 0.000263 0.000262 0.000263
3
7Li 0.00138 0.000581 0.000585 0.000775 0.000780
4
9Be 0.00268 0.00113 0.00114 0.00141 0.00142
5
11B 0.00472 0.00200 0.00202 0.00240 0.00242
6
12C 0.00724 0.00308 0.00312 0.00308 0.00312
7
14N 0.0103 0.0044 0.0044 0.0044 0.0044
8
16O 0.0133 0.0057 0.0058 0.0057 0.0058
9
19F 0.0166 0.0071 0.0072 0.0079 0.0081
10
20Ne 0.0205 0.0088 0.0090 0.0088 0.0090
12
24Mg 0.0312 0.0133 0.0138 0.0133 0.0138
13
27Al 0.0362 0.0155 0.0161 0.0167 0.0173
14
28Si 0.0419 0.0179 0.0187 0.0179 0.0187
15
31P 0.0468 0.0201 0.0210 0.0214 0.0224
16
32S 0.0524 0.0225 0.0236 0.0225 0.0236
17
35Cl 0.0565 0.0241 0.0254 0.0256 0.0269
18
40Ar 0.0621 0.0265 0.0281 0.0324 0.0343
19
39K 0.0699 0.0299 0.0317 0.0314 0.0334
20
40Ca 0.0761 0.0325 0.0347 0.0325 0.0347
22
48Ti 0.0864 0.0368 0.0396 0.0435 0.0468
23
51V 0.0931 0.0396 0.0428 0.0482 0.0521
24
52Cr 0.100 0.0425 0.0461 0.0496 0.0538
25
55Mn 0.107 0.0456 0.0496 0.0547 0.0596
26
56Fe 0.110 0.0467 0.0512 0.0539 0.0591
27
59Co 0.112 0.0471 0.0519 0.0558 0.0615
28
58Ni 0.125 0.0527 0.0583 0.0565 0.0625
29
63Cu 0.122 0.0514 0.0572 0.0603 0.0671
30
64Zn 0.134 0.0561 0.0627 0.0636 0.0710
32
74Ge 0.133 0.0554 0.0628 0.0727 0.0824
34
80Se 0.146 0.0602 0.0690 0.0815 0.0933
38
88Sr 0.163 0.0665 0.0778 0.0875 0.102
39
89Y 0.164 0.0670 0.0788 0.0859 0.101
40
90Zr 0.171 0.0697 0.0823 0.0872 0.103
41
93Nb 0.171 0.0692 0.0823 0.0878 0.104
42
98Mo 0.170 0.0683 0.0818 0.0911 0.109
46
110Pd 0.176 0.0695 0.0855 0.0967 0.119
48
114Cd 0.178 0.0696 0.0867 0.0958 0.119
49
115In 0.181 0.0704 0.0882 0.0948 0.119
50
120Sn 0.183 0.0707 0.0894 0.0990 0.125
51
121Sb 0.195 0.0760 0.0957 0.104 0.131
56
138Ba 0.184 0.0688 0.0911 0.101 0.133
57
139La 0.189 0.0707 0.0937 0.102 0.135
60
142Nd 0.183 0.0669 0.0909 0.0914 0.124
62
152Sm 0.175 0.0631 0.0875 0.0915 0.127
64
158Gd 0.173 0.0613 0.0865 0.0901 0.127
67
165Ho 0.177 0.0617 0.0892 0.0902 0.131
68
166Er 0.200 0.0693 0.101 0.0999 0.146
73
181Ta 0.156 0.0513 0.0792 0.0759 0.117
74
184W 0.156 0.0499 0.0794 0.0741 0.118
79
197Au 0.189 0.0614 0.0974 0.0918 0.146
80
204Hg 0.158 0.0482 0.0818 0.0746 0.127
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neutron and proton. These appear in the amplitude weighted by overlap integrals (see after eqn 2), which are
nucleus-dependent. This suggests that to constrain the four operator coefficients, one just needs to search for
µ → e conversion on four sufficiently different targets. (In order to measure the SI coefficients independently
from SD ones, the targets could/should be chosen without SD contributions.)

In the Appendix A, we make some remarks on the SD rate, which can be sensitive to six coefficients. However,
quantitative calculations would require nuclear matrix elements that we did not find in the literature.

4 Targets as vectors, and the problem of theoretical uncertainties

In a previous publication[11], a representation of targets as vectors in coefficient space was introduced. The targets
are labelled by Z, and for SI transitions, the elements of the vector are the overlap integrals of KKO [16]:

v⃗Z =

(
DZ

4
, V (p)

Z , S(p)
Z , V (n)

Z , S(n)
Z

)
(5)

The aim was to give a geometric, intuitive measure of different targets ability to distinguish coefficients. If the operator
coefficients are lined up in a pair of vectors labelled by the chirality of the outgoing electron, such that for eL:

C⃗L = (C̃D,R, C̃
pp
V,L, C̃

pp
S,R, C̃

nn
V,L, C̃

nn
S,R) (6)

(and similarly for C⃗R), then the Spin Independent Branching Ratio on target Z (see eqn (2) can be written

BR = BZ

[
|v⃗Z · C⃗L|2 + |v⃗Z · C⃗R|2

]
, (7)

where the numerical value of the coefficient BZ =
32G2

Fm5

µ|v⃗Z |2

Γcap(Z) is listed in table 1 for some targets. If two target
vectors are parrallel, they probe the same combination of couplings, and if they are misaligned, they could allow to
distinguish among the coefficients.

To quantify how “misaligned” targets need to be, in order to differentiate among coefficients, we should take
into account the theoretical uncertainties. These are a significant complication, because they make uncertain which
combination of coefficients is constrained by which target. To illustrate the problem, we suppose coefficient space is
two-dimensional. This allows to draw pictures.

If a first observable T1, can be computed with negligible theoretical uncertainty to depend on |C1|2, and a second
observable T2, similarly can be computed to depend on |C2|2, then the values of the coefficients respectively allowed
by null results in the two experiments are inside the thick lines of the top left plot in figure 1. The central stripped
(dark) region is allowed when the two experimental results are combined. In reality, the allowed region should be more
the shape of a circle, since the experimental uncertainties are (in part) statistical. However, we neglect this detail
because it is not the subject of our discussion.

Suppose now that there is some theoretical uncertainty ϵ in the calculations, such that T1 depends on |C1(1 ±
ϵ) ± ϵC2|2, and T2 depends on |C2(1 ± ϵ) ± ϵC1|2. Then provided ϵ ≪ 1 (ϵ ≃ π/32 ≃ .1 in the figure), the regions
respectively allowed by the two experiments are the bowties within the thin lines of the upper left plot in figure1. The
region allowed by the combined experiments is essentially unchanged (still the central square).

Consider next a situation more relevant to µ→ e conversion, illustrated in the upper right plot of figure 1. The
second observable T2 again depends on |C2(1± ϵ)± ϵC1|2, but T1 depends on | cos θC2 − sin θC1|, where θ ≃ π/8± ϵ.
Neglecting theoretical uncertainties, the allowed regions for the two experiments are respectively between the thick
blue lines, and thick black lines. The stripped diamond is the parameter range consistent with both experiments. But
if the theory uncertainty is taken into account, the allowed regions of the two experiments are respectively enclosed by
the thin blue and black lines. The region allowed by the combined observations is the grey diamond, which includes
the stripped one. So we see that the theoretical uncertainty changes the allowed region by factors of O(1).

Finally, in the lower two plots of figure 1, T1 depends on | cos θC2 − sin θC1|, where θ ≃ 2ϵ ± ϵ. If the theory
uncertainty is neglected, as illustrated in the lower left plot, the region allowed by the two experiments corresponds to
the stripped diamond. However, when the angle uncertainty is taken into account, both bars can be rotated towards
each other, such that they point in the same direction, and any value of C1 is allowed. This is illustrated in the lower
right plot, where the allowed region is grey, and gives no constraint on C1.

The allowed range for C1 would be finite for
θ > 2ϵ (8)

which we take as the condition that two observables constrain independent directions in coefficient space. (Recall
that θ is the angle between the two observables, represented as vectors in coefficient space, and ϵ is the theoretical
uncertainty on the calculation of θ).
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Figure 2: Angle θ between a target vector (eg dashed red = Aluminium) and other targets labelled by Z. The angle is
obtained as in eqn (9), with all the dipole coefficients set to zero. The solid lines represent the targets for which there
is currently data (see table 1). From smallest to largest value of θ at large Z, they are: thick green = Lead, thick blue
= Gold, black = Copper, thin green = Titanium, dashed red = Aluminium, and thin blue is Sulfur. We assume that
two targets can probe different coefficients if their misalignment angle is θ >∼ 0.2 radians (or 0.1).

In figure 2 are plotted the misalignment angles∥ between the targets of table 1, and the other possibilities given by
KKO, labelled by Z. The thin blue line in figure 2 (the line with largest θ at high Z) is the misalignment angle with
respect to Sulfer, and the thin green line (the solid line with the second largest θ at high Z) is the misalignment angle
with respect to Titanium. So the blue line at Z=22 (Titanium) is equal to the green line at 16 (Sulfur), and both
give θ ∼ 0.08 between Sulfur and Titanium, suggesting that these constrain the same combination of coefficients. On
the other hand, Gold probes different coefficients from the light targets (as anticipated by KKO [16]), but Gold and
Lead cannot distinguish coefficients. Also Copper and Titanium do not give independent constraints. So the current
experimental bounds on µ→e conversion constrain two combinations of the four coefficients present in C⃗L (similarly,
two combinations in C⃗R). Thus, the current experimental bounds can be taken as the SINDRUM-II constraints from
Titanium and Gold.

These two experimental bounds constrain coefficients in the two-dimensional space spanned by v̂22 and v̂79. The
bounds can be taken to apply to C⃗ · v̂22 and to C⃗ · v̂⊥, where v⃗⊥ is component of the Gold target vector orthogonal
to v̂22:

v̂⊥ ≡
v̂79 − cosφv̂22

sinφ
(10)

and φ is the angle between Gold and Titanium, so cosφ = v̂22 · v̂79, and sinφ = 0.218. The allowed values of the
coefficients satisfy

BRTi ≡ BR(µT i → eT i) = 234|C⃗ · v̂22|2 < 4.2× 10−12

BRAu ≡ BR(µAu → eAu) = 285| cosφ(C⃗ · v̂22) + sinφ(C⃗ · v̂⊥)|2 < 7.0× 10−13 . (11)

We can construct a covariance matrix V , whose diagonal elements will be the constraints on |C⃗ · v̂22| and |C⃗ · v̂⊥|, as

C⃗ · V −1 · C⃗ =
BRth(µT i → eT i)

BRexp(µT i → eT i)
+

BRth(µAu → eAu)

BRexp(µAu → eAu)
(12)

which gives

|C⃗ · v̂22|2 ≤
BRTi

BTi
= 1.8× 10−14 (13)

∥Since the current MEG bound on the dipole coefficients constrains them to be below the sensitivity of the current µ→ e conversion

bounds, the dipole overlap integral was set to zero in obtaining this figure.
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The experimental sensitivity to µ → e conversion on nuclei is set to improve by four orders of 
magnitude in coming years. However, various operator coefficients add coherently in the amplitude 
for µ → e conversion, weighted by nucleus-dependent functions, and therefore in the event of a 
detection, identifying the relevant new physics scenarios could be difficult. Using a representation of 
the nuclear targets as vectors in coefficient space, whose components are the weighting functions, we 
quantify the expectation that different nuclear targets could give different constraints. We show that 
all but two combinations of the 10 Spin-Independent (SI) coefficients could be constrained by future 
measurements, but discriminating among the axial, tensor and pseudoscalar operators that contribute 
to the Spin-Dependent (SD) process would require dedicated nuclear calculations. We anticipate that 
µ →e conversion could constrain 10 to 14 combinations of coefficients; if µ → eγ and µ → eēe constrain 
eight more, that leaves 60 to 64 “flat directions” in the basis of QED × QCD-invariant operators which 
describe µ → e flavour change below mW .

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The observation of neutrino mixing and masses implies that 
flavour cannot be conserved among charged leptons. However, de-
spite a long programme of experimental searches for various pro-
cesses, charged lepton flavour violation (CLFV) at a point has yet 
to be observed.

For µ ↔ e flavour change, the current most stringent bound 
is B R(µ → eγ ) ≤ 4.2 × 10−13 from the MEG collaboration [1] at 
PSI. This sensitivity will improve by one order of magnitude in 
coming years [2], and the Mu3e experiment [3] at PSI aims to 
reach B R(µ → eēe) ∼ 10−16. Several experiments under construc-
tion will improve the sensitivity to µ → e conversion on nuclei: 
The COMET [4] at J-PARC and the Mu2e [5 ] at FNAL plan to reach 
branching ratios of B R(µAl → e Al) ∼ 10−16. The PRISM/PRIME 
proposal [6] aims to probe ∼ 10−18, and at the same time enables 
to use heavy µ → e conversion targets with shorter lifetimes of 
their muonic atoms, thanks to its designed pure muon beam with 

* Corresponding author.
E-mail addresses: s.davidson@lupm.in2p3.fr (S. Davidson), 

kuno@phys.sci.osaka-u.ac.jp (Y. Kuno), yamanaka@ip.kyusan-u.ac.jp (M. Yamanaka).

no pion contamination.1 This enhanced sensitivity and broader se-
lection of µ →e conversion targets motivate our interest in low-
energy µ ↔ e flavour change.

In the coming years, irrespective of whether CLFV is observed 
or further constrained, it is important to maximise the amount of 
information that experiments can obtain about the New Physics 
responsible for CLFV. This is especially challenging for the opera-
tors involving nucleons or quarks, because in µ → e conversion, 
the contributing coefficients add in the amplitude. So in this pa-
per, we consider µ → e conversion on nuclei, and present a recipe 
for selecting targets such that they constrain or measure differ-
ent CLFV parameters. Reference [10] is an earlier discussion of the 
prospects of distinguishing models with µ →e conversion. A more 
recent publication [11] about Spin-Dependent µ → e conversion 
studied what could be learned about models or operator coeffi-
cients, from targets with and without spin. In this letter, we follow 
the perspective of [11], focusing on the Spin Independent process, 

1 Another interesting observable at these experiments is the µ−e− → e−e− in 
a muonic atom. This process could have not only photonic dipole but also contact 
interactions, and the atomic number dependence of its reaction rate makes possible 
to discriminate the type of relevant CLFV interactions [7–9].

https://doi.org/10.1016/j.physletb.2019.01.042
0370-2693/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Mu2e-II is an upgrade that will:
• Use ~100 kW of PIP-II protons 

@800 MeV
• Achieve an order of magnitude 

improvement in sensitivity 
– probe Rµe ~ 10-18 level,
– extend LNP reach by x2

Mu2e-II – A next generation µàe conversion experiment
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• 130 Signatories, 36 Institutions

PAC:		“physics	case	is	compelling”		“endorse	request	for	R&D	funding”
Status:	Pursuing	high	priority	R&D.	Data	taking	~2030	timescale. �41



COMET Phase-II : J-PARC E21
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proton beam power = 56 kW

Single event sensitivity : 2.6x10-17

Running time: 1 years (2x107sec)
a factor of 10,000 improvementPhase-II

proton 
beam
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Running time: 1 years (2x107sec)

Single event sensitivity : O(10-18)
a factor of 100,000 improvement

Running time: 1 years (3x107sec)

(Contribution 36)
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PRISM-FFAG 
muon storage ring

MW beam

PRISM (=Phase Rotated Intense Slow Muon source)

stopped muons  
~O(1020)/year

PRIME detector

a few MW proton 
beam



CLFV Processes
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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
∙ νμ + N → τ+ + X

∙ μ+e− → μ−e+



μ-  to e+ conversion in muonic atom
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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

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.



μ-  to e+ conversion :

Target Selection
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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

3

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)

1018 muons, signal~1x10-12 

Signal
RMC

Signal
RMC

2017-04-19 KPS Meeting 9

𝜇− → 𝑒+ sensitivity estimation for each case
1) Theoretical 𝐸𝑒𝑛𝑑

𝛾 = 101.9 MeV 2) Experimental 𝐸𝑒𝑛𝑑
𝛾 = 92 MeV

1) When 𝐸𝑒𝑛𝑑
𝛾 = 101.85 MeV

3𝜎 signal excess is found when Br(𝜇− → 𝑒+) is 2.1 × 10−12
(worse than the current limit: 1.7 × 10−12)

2) When 𝐸𝑒𝑛𝑑
𝛾 = 92 MeV : Almost background-free

Single event sensitivity is 1.36 × 10−14 → 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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CLFV Processes
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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
∙ νμ + N → τ+ + X

∙ μ+e− → μ−e+



Muonium to Antimuonium Conversion

Mu (µ+e-) →anti-Mu (µ-e+)
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μ+ + e− → μ− + e+

|ΔLμ/e | = 2

• muonium production in vacuum 
• SiO2 powder 

• antimuonium detection 
• high energy e-  in μ−→e−νν 
• low energy e+ annihilation

• models : doubly-
charged Higgs etc.

• effective theory with contact 
interaction

interaction of the (V!A)(V!A) type (Feinberg and
Weinberg, 1961). It is given by Eq. (93).

In the absence of an external magnetic field, the muo-
nium and the antimuonium atoms have the same
ground-state energy levels. The possible new interaction
in Eq. (93) would cause a splitting of their energy levels
of

!"2#M̄!HMuMu!M$"
8GF

&n2%a0
3 " GMuMu

GF
# , (149)

where n is the principal quantum number of the muo-
nium atom, and a0 is the Bohr radius of the muonium
atom. For the ground state of the muonium atom (n
"1),

!"1.5#10!12•" GMuMu

GF
# &eV'. (150)

The Mu!Mu conversion is analogous to K0!K0 mix-
ing. If a muonium atom is formed at t"0 in a vacuum
under no external electromagnetic field, it could oscil-
late into an antimuonium atom with time. For a small !
value, the probability (pMuMu) is approximately given by
(Willmann and Jungmann, 1997)

pMuMu&t'"sin2" !t
2 # •()e!()t*" !t

2 # 2

•()e!()t,

(151)

where ()"1/+)("2.996#10!10 eV) is the muon decay
width. The maximum probability of antimuonium decay
occurs at tmax"2+) . Figure 33 shows the oscillation pat-
tern as a function of time. The total conversion probabil-
ity after integration over time (PMuMu

0 ) in a zero mag-
netic field is

PMuMu
0 "$

0

,

pMuMu&t'dt"
!!!2

2&!!!2$!()!2'

"2.56#10!5•" GMuMu

GF
# 2

. (152)

The experimental limit constrains the maximum allowed
value of GMuMu . The limit of GMuMu is improved by the
square root of the conversion probability.

The presence of an external electromagnetic field
would remove the degeneracy between the muonium
and antimuonium atoms. It would reduce the probability
of the muonium-to-antimuonium conversion. The split-
ting of different muonium energy levels in the presence
of a magnetic field is calculated by using the Breit-Rabi
formula for the states of their total spin F and its z
component, mF . In a magnetic field, the (F ,mF)"(1,
%1)→(1,%1) transitions become rapidly suppressed,
even in a weak field, because of the Zeeman splitting of
energy levels. The transitions between different F states
are also highly suppressed, even in a zero magnetic field,
owing to the muonium 1s hyperfine splitting (of 1.846
#10!5 eV). By taking into account the magnetic field
dependences of different energy levels of muonium and
antimuonium and their transition rates, Eq. (152) can be
modified for unpolarized muons by

PMuMu&B'"
1
4 -

F ,mF

!!!2

2&!!!2$!!!2$!()!2'

"PMuMu
0 •SB&B', (153)

where ."EMu (F ,mF)!EMu (F ,mF), and ! and . are
functions of the magnitude of the magnetic field (B).
The reduction factor SB(B) has been calculated for pos-
sible interactions of different types (Hou and Wong,
1995; Horikawa and Sasaki, 1996). Figure 34 shows the
dependence of the Mu!Mu conversion probability on
the external magnetic field and different types of cou-
pling. For example, for the traditional (V!A)(V!A)
interaction, the conversion rate becomes one-half for a
magnetic field of about 100 mG and is further strongly
suppressed for a magnetic field greater than 103 G.

2. Event signature and backgrounds

In experiments of Mu!Mu conversion, one searches
for an antimuonium atom that has been produced from
an initial muonium atom. The experimental signature of
antimuonium decay is the emission of an energetic e!

from )!→e!/̄)/e decay with a residual e$ possessing

FIG. 33. Time dependence of the probability of antimuonium
decay when a pure muonium atom is created initially: solid
line, the exponential decay of muonium; dotted line, the decay
probability of antimuonium given for GMM̄ /GF"1000; dashed
line, for GMM̄ /GF"1.8#10!2. In the latter case, the maximum
probability occurs at about twice the muon lifetime. From
Willmann and Jungmann, 1997.

FIG. 34. Mu!Mu conversion rate for different interactions as
a function of the external magnetic field. From Willmann and
Jungmann, 1997.
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interaction of the (V!A)(V!A) type (Feinberg and
Weinberg, 1961). It is given by Eq. (93).

In the absence of an external magnetic field, the muo-
nium and the antimuonium atoms have the same
ground-state energy levels. The possible new interaction
in Eq. (93) would cause a splitting of their energy levels
of
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8GF
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3 " GMuMu

GF
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where n is the principal quantum number of the muo-
nium atom, and a0 is the Bohr radius of the muonium
atom. For the ground state of the muonium atom (n
"1),

!"1.5#10!12•" GMuMu

GF
# &eV'. (150)

The Mu!Mu conversion is analogous to K0!K0 mix-
ing. If a muonium atom is formed at t"0 in a vacuum
under no external electromagnetic field, it could oscil-
late into an antimuonium atom with time. For a small !
value, the probability (pMuMu) is approximately given by
(Willmann and Jungmann, 1997)
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where ()"1/+)("2.996#10!10 eV) is the muon decay
width. The maximum probability of antimuonium decay
occurs at tmax"2+) . Figure 33 shows the oscillation pat-
tern as a function of time. The total conversion probabil-
ity after integration over time (PMuMu

0 ) in a zero mag-
netic field is

PMuMu
0 "$

0
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The experimental limit constrains the maximum allowed
value of GMuMu . The limit of GMuMu is improved by the
square root of the conversion probability.

The presence of an external electromagnetic field
would remove the degeneracy between the muonium
and antimuonium atoms. It would reduce the probability
of the muonium-to-antimuonium conversion. The split-
ting of different muonium energy levels in the presence
of a magnetic field is calculated by using the Breit-Rabi
formula for the states of their total spin F and its z
component, mF . In a magnetic field, the (F ,mF)"(1,
%1)→(1,%1) transitions become rapidly suppressed,
even in a weak field, because of the Zeeman splitting of
energy levels. The transitions between different F states
are also highly suppressed, even in a zero magnetic field,
owing to the muonium 1s hyperfine splitting (of 1.846
#10!5 eV). By taking into account the magnetic field
dependences of different energy levels of muonium and
antimuonium and their transition rates, Eq. (152) can be
modified for unpolarized muons by
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where ."EMu (F ,mF)!EMu (F ,mF), and ! and . are
functions of the magnitude of the magnetic field (B).
The reduction factor SB(B) has been calculated for pos-
sible interactions of different types (Hou and Wong,
1995; Horikawa and Sasaki, 1996). Figure 34 shows the
dependence of the Mu!Mu conversion probability on
the external magnetic field and different types of cou-
pling. For example, for the traditional (V!A)(V!A)
interaction, the conversion rate becomes one-half for a
magnetic field of about 100 mG and is further strongly
suppressed for a magnetic field greater than 103 G.

2. Event signature and backgrounds

In experiments of Mu!Mu conversion, one searches
for an antimuonium atom that has been produced from
an initial muonium atom. The experimental signature of
antimuonium decay is the emission of an energetic e!

from )!→e!/̄)/e decay with a residual e$ possessing

FIG. 33. Time dependence of the probability of antimuonium
decay when a pure muonium atom is created initially: solid
line, the exponential decay of muonium; dotted line, the decay
probability of antimuonium given for GMM̄ /GF"1000; dashed
line, for GMM̄ /GF"1.8#10!2. In the latter case, the maximum
probability occurs at about twice the muon lifetime. From
Willmann and Jungmann, 1997.

FIG. 34. Mu!Mu conversion rate for different interactions as
a function of the external magnetic field. From Willmann and
Jungmann, 1997.
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• for ground state
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The experimental limit constrains the maximum allowed
value of GMuMu . The limit of GMuMu is improved by the
square root of the conversion probability.

The presence of an external electromagnetic field
would remove the degeneracy between the muonium
and antimuonium atoms. It would reduce the probability
of the muonium-to-antimuonium conversion. The split-
ting of different muonium energy levels in the presence
of a magnetic field is calculated by using the Breit-Rabi
formula for the states of their total spin F and its z
component, mF . In a magnetic field, the (F ,mF)"(1,
%1)→(1,%1) transitions become rapidly suppressed,
even in a weak field, because of the Zeeman splitting of
energy levels. The transitions between different F states
are also highly suppressed, even in a zero magnetic field,
owing to the muonium 1s hyperfine splitting (of 1.846
#10!5 eV). By taking into account the magnetic field
dependences of different energy levels of muonium and
antimuonium and their transition rates, Eq. (152) can be
modified for unpolarized muons by
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where ."EMu (F ,mF)!EMu (F ,mF), and ! and . are
functions of the magnitude of the magnetic field (B).
The reduction factor SB(B) has been calculated for pos-
sible interactions of different types (Hou and Wong,
1995; Horikawa and Sasaki, 1996). Figure 34 shows the
dependence of the Mu!Mu conversion probability on
the external magnetic field and different types of cou-
pling. For example, for the traditional (V!A)(V!A)
interaction, the conversion rate becomes one-half for a
magnetic field of about 100 mG and is further strongly
suppressed for a magnetic field greater than 103 G.

2. Event signature and backgrounds

In experiments of Mu!Mu conversion, one searches
for an antimuonium atom that has been produced from
an initial muonium atom. The experimental signature of
antimuonium decay is the emission of an energetic e!

from )!→e!/̄)/e decay with a residual e$ possessing

FIG. 33. Time dependence of the probability of antimuonium
decay when a pure muonium atom is created initially: solid
line, the exponential decay of muonium; dotted line, the decay
probability of antimuonium given for GMM̄ /GF"1000; dashed
line, for GMM̄ /GF"1.8#10!2. In the latter case, the maximum
probability occurs at about twice the muon lifetime. From
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FIG. 34. Mu!Mu conversion rate for different interactions as
a function of the external magnetic field. From Willmann and
Jungmann, 1997.
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Muonium to Antimuonium Conversion
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Muonium to Antimuonium Conversion

Mu (µ+e-) →anti-Mu (µ-e+)

�51

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.
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Previous experiment

• new attempt at MUSE/J-PARC ? 
• laser ionization 

• new attempt in China? 
• new accelerator

Future prospects: 

SINDRUM experiment at PSI (1999)
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produced by Bhabha scattering of e" from !" decay in
a muonium atom. The second is the physics (prompt)
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branching ratio is 3.4#10!5), when the e! becomes en-
ergetic and only one of the two e"’s is detected.
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The historical progress in the searches for Mu!Mu
conversion is listed in Table XIV. A recent experiment
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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
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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.
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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.
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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.
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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)
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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.
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Muonium CLFV Decay
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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: 



CLFV Processes
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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
∙ νμ + N → τ+ + X

∙ μ+e− → μ−e+



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
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μ− + e− → e− + e−

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



in muonic atom

electron 1S orbit

muon 1S orbit

m e ee

LFV vertex

－ － － －

µ- + e- →e- + e-  in a muonic atom
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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

�56

μ− + e− → e− + e−

7

FIG. 3. The transition density r2ρtr(r) for 208Pb. The dash-two-dotted and solid curves show the transition density using
PLW and DW scattering electron, respectively. Here, the bound muon is treated relativistically in both curves.

Br(µ+ → e+γ) = Γ(µ+ → e+γ)/Γ(µ+ → e+νµνe) is given as

Br(µ+ → e+γ) = 384π2
(

|AR|2 + |AL|2
)

. (31)

Assuming the dominance of the photonic interaction, the upper limit of Br(µ−e− → e−e−) can be expressed by using
Bmax, which is current upper limit of Br(µ+ → e+γ) as,

Br(µ−e− → e−e−) <
Br(µ−e− → e−e−)

Br(µ+ → e+γ)
Bmax

=4(Z − 1)3α4 me

mµ

τ̃µ
τµ

Γ(µ−e− → e−e−)

Γ0(µ−e− → e−e−)
Bmax, (32)

where τµ is the mean life time of a free muon. The upper limit of the branching ratio (Eq. (32)) is calculated as a
function of Z by using Bmax = 4.2 × 10−13 by the MEG experiment [1]. The dashed (blue) line in Fig. 4 shows the
result of previous work [6], whereas the results of this work with taking into account the 1S electrons and all the bound
electrons are shown in a solid (red) and dotted (orange) lines, respectively. From the improved estimations using the
relativistic Coulomb lepton wave functions, the branching ratio Br(µ−e− → e−e−) is about 10−19 for 208Pb. The
non-1S bound electrons increase the branching ratio by about 20%.

FIG. 4. Upper limits on Br(µ−e− → e−e−), constrained by the experimental upper limits of Br(µ+ → e+γ) < 4.2 × 10−13

[1]. The dashed (blue) curve shows the result of previous work [6]. Our results including only the 1S electrons and all the 1S
electrons are shown by the solid (red) and the dotted (orange) lines, respectively.

B. Distinguishing mechanisms of CLFV interactions

Having completed to study the µ−e− → e−e− process for both the contact and the photonic interactions, we study
a possibility to distinguish the CLFV mechanism of the µ−e− → e−e− process in muonic atoms. For this purpose we

upper limits 
from the current 

µ-→e-+e-+e- 

why are we 
interested in ?



µ- + e- →e- + e-  in a muonic atom :

Z dependence for model discrimination
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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
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 (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

Frontiers in Physics | www.frontiersin.org 9 December 2018 | Volume 6 | Article 142

cyan points : µ- + e- →e- + e- 

m4 : HNL mass

blue points : µ- + Al →e- + Al

A. Abada, V. De Romeri, A.M. Teixeira, JHEP 02 (2016) 083) 

Abada and Teixeira Heavy Neutral Leptons and High-Intensity Observables

FIGURE 4 | On the (left), effective coupling GMM (
∣

∣

∣
Re
(

GMM

)
∣

∣

∣
) 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

violation of at least one experimental bound.

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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∙ 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
∙ νμ + N → τ+ + X

∙ μ+e− → μ−e+



CLFV Scattering Process
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S. Kanemura, YK, M. Kuze and T. Ota, Phys. Lett. B607 (2005) 165
M. Sher and I. Turan, Phys. Rev. D 69, 017302 (2004).

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

HERA (𝑒𝑝 collider) での
Leptoquark探索

Aktas et al., Eur. Phys. J. C 52, 833 (2007).

𝜇 ビームを用いた実験も技術的には可能? (COMPASS実験(LHC)など)

これまでの探索例 :

inelastic scattering (DIS) region with 
high-intensity and high-energy muon 
(electron) beams

μ + N (e + N) → τ + X

mμ < mτ

the search with scattering is less effective than searches with decays 
(weak interaction cross section ~ 10-45 barns at 1MeV) 
scattering cross section increases as incident energy is higher. 
electron beam from ILC (at beam dump) or muon beam from muon 
collider can be considered.
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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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∙ 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
∙ νμ + N → τ+ + X

∙ μ+e− → μ−e+



LNV Charged Current Scattering Process

�63S. Kanemura, YK, and T. Ota, Phys. Lett. B719 (2013) 373

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
ℓβ → ℓαγ through a one-loop diagram mediated by Zee singlet
and neutrino [34]. This inevitable contribution to LFV is evaluated
as4

Γ (ℓβ → ℓαγ ) = αem

4
m5

ℓβ

∣∣∣∣
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 ℓβ → ℓαγ : (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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10−48cm2

at 50 GeV



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!
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ありがとう!

my dog, IKU


