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electron number muon number tau number

e generation 1 0 0
µ generation 0 1 0
τ generation 0 0 1

Lepton flavour



µ→e Conversion

muon to electron conversion in a muonic atom

µ� +N ! e� +N
(CLFV = charged lepton flavour violation)

electron number muon number tau number

e generation 1 0 0
µ generation 0 1 0
τ generation 0 0 1

Lepton flavour
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Charged lepton flavour violation search: Motivation
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New Physics Beyond the SM

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 Approach
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42 CHAPTER 3. PHYSICS OF FLAVOUR AND SYMMETRIES

Table 3.1: Sensitivity of the sources of flavour symmetry breaking accessible at low energy in the
quark sector (from meson-antimeson mixing processes), given in Eq. (3.3). The observables in-
clude oscillation frequencies (�m) and CP-violating parameters for the di↵erent systems. Taken
from Ref. [1]; note that limits from the Bs have since been further tightened.

Operator Limits on ⇤ (TeV) Limits on CNP Observables
(CNP = 1) (⇤ = 1TeV)

Re Im Re Im
(sL�µdL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK , "K

(sRdL)(sLdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK , "K

(cL�µuL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD, |q/p|, �D

(cRuL)(cLuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD, |q/p|, �D

(bL�µdL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd , S�KS

(bRdL)(bLdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd , S�KS

(bL�µsL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs , S �
(bRsL)(bLsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs , S �

hand, this success may be embarrassing since it could exclude possible large contributions
of new physics at the TeV scale. For instance, new physics may be included as

Le↵ = LSM +
CNP

⇤2
O(6)

ij
, (3.3)

where the second term represents the new physics contribution and CNP and ⇤ are
the coupling constant and the energy scale of new physics respectively, and O(6)

ij
is a

dimension-six operator. For example, from the measurements of �mK , �mD, �mBd ,
�mBs , CP violating parameters for K, D, Bd and Bs, the energy scale of new physics
⇤ ⇠ O(103) TeV in the case of CNP = 1 is assumed, or CNP is very small, of the order
of O(10�5) to O(10�11) if ⇤ = 1 TeV is assumed (see Table 3.1).

For the charged lepton sector, the constraint from flavour-changing processes (charged
lepton flavour violation) is even more severe. For instance, for µ+

! e+�, one can con-
sider

CNP

⇤2
O(6)

ij
!

Cµe

⇤2
eL�⇢⌫µR�F⇢⌫ . (3.4)

The present upper limit of B(µ! e�) < 2.4⇥ 10�12 gives

⇤ > 2⇥ 105 TeV ⇥ (Cµe)
1
2 . (3.5)

In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
model-dependent way, and sometimes the constraints could be less stringent.

In such theoretical models, we do expect small but detectable deviations from the
SM predictions, in selected special flavour-changing processes. They are the flavour-
changing processes with suppressed SM contributions, or the SM-forbidden processes
with no SM contribution.

from BR(µ→eγ)<4.2x10-13 

C6

Λ2
𝒪6 →

C6

Λ2
ēLσρνμRΦFρν Λ ∼ 𝒪(103) TeV

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 Approach
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Future planned improvements by an additional factor of 10,000 
would probe Λ ∼ 𝒪(104) TeV



Search for 

New Physics Beyond the SM

sensitive to high energy scale that accelerators cannot reach!

42 CHAPTER 3. PHYSICS OF FLAVOUR AND SYMMETRIES

Table 3.1: Sensitivity of the sources of flavour symmetry breaking accessible at low energy in the
quark sector (from meson-antimeson mixing processes), given in Eq. (3.3). The observables in-
clude oscillation frequencies (�m) and CP-violating parameters for the di↵erent systems. Taken
from Ref. [1]; note that limits from the Bs have since been further tightened.

Operator Limits on ⇤ (TeV) Limits on CNP Observables
(CNP = 1) (⇤ = 1TeV)

Re Im Re Im
(sL�µdL)2 9.8⇥ 102 1.6⇥ 104 9.0⇥ 10�7 3.4⇥ 10�9 �mK , "K

(sRdL)(sLdR) 1.8⇥ 104 3.2⇥ 105 6.9⇥ 10�9 2.6⇥ 10�11 �mK , "K

(cL�µuL)2 1.2⇥ 103 2.9⇥ 103 5.6⇥ 10�7 1.0⇥ 10�7 �mD, |q/p|, �D

(cRuL)(cLuR) 6.2⇥ 103 1.5⇥ 104 5.7⇥ 10�8 1.1⇥ 10�8 �mD, |q/p|, �D

(bL�µdL)2 6.6⇥ 102 9.3⇥ 102 2.3⇥ 10�6 1.1⇥ 10�6 �mBd , S�KS

(bRdL)(bLdR) 2.5⇥ 103 3.6⇥ 103 3.9⇥ 10�7 1.9⇥ 10�7 �mBd , S�KS

(bL�µsL)2 1.4⇥ 102 2.5⇥ 102 5.0⇥ 10�5 1.7⇥ 10�5 �mBs , S �
(bRsL)(bLsR) 4.8⇥ 102 8.3⇥ 102 8.8⇥ 10�6 2.9⇥ 10�6 �mBs , S �

hand, this success may be embarrassing since it could exclude possible large contributions
of new physics at the TeV scale. For instance, new physics may be included as

Le↵ = LSM +
CNP

⇤2
O(6)

ij
, (3.3)

where the second term represents the new physics contribution and CNP and ⇤ are
the coupling constant and the energy scale of new physics respectively, and O(6)

ij
is a

dimension-six operator. For example, from the measurements of �mK , �mD, �mBd ,
�mBs , CP violating parameters for K, D, Bd and Bs, the energy scale of new physics
⇤ ⇠ O(103) TeV in the case of CNP = 1 is assumed, or CNP is very small, of the order
of O(10�5) to O(10�11) if ⇤ = 1 TeV is assumed (see Table 3.1).

For the charged lepton sector, the constraint from flavour-changing processes (charged
lepton flavour violation) is even more severe. For instance, for µ+

! e+�, one can con-
sider

CNP

⇤2
O(6)

ij
!

Cµe

⇤2
eL�⇢⌫µR�F⇢⌫ . (3.4)

The present upper limit of B(µ! e�) < 2.4⇥ 10�12 gives

⇤ > 2⇥ 105 TeV ⇥ (Cµe)
1
2 . (3.5)

In the case of Cµe = 1, ⇤ can be O(105) TeV.
The good overall consistency of the quark flavour-changing processes and the strin-

gent limits of lepton flavour-changing processes indicates that there is not much room
for new sources of flavour symmetry breaking close to the TeV scale, or the scale of
new physics is very high. However, this is based on a very general argument. In some
specific theoretical models the constraints of new physics should be determined in a
model-dependent way, and sometimes the constraints could be less stringent.

In such theoretical models, we do expect small but detectable deviations from the
SM predictions, in selected special flavour-changing processes. They are the flavour-
changing processes with suppressed SM contributions, or the SM-forbidden processes
with no SM contribution.

from BR(µ→eγ)<4.2x10-13 

C6

Λ2
𝒪6 →

C6

Λ2
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EFT approach for μ→e conversion

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

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

BR(µ ! eee) '
↵

3⇡

✓
log

m2
µ

m2
e

� 3

◆
⇥ BR(µ ! e�) ,(40)

CR(µ N ! e N) ' ↵ ⇥ BR(µ ! e�) .(41)

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

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

(12) For full calculations of the µ ! e conversion rates in di↵erent nuclei, see [109, 122, 123].
(13) As a matter of fact, there are several new physics models where such operators arise at the
tree level, thus with much larger coe�cients than the dipoles that can only be loop induced.
Some examples will be mentioned in section 6.
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• previously calculated for V, S nucleon currents, which sum coherently across
nucleus (⇒ A2 enhancement) Kitano,Koike,Okada
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independent due to radiative e↵ects. Such e↵ects – summarised by the renormalisation

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

2 µ→e conversion

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

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

LµA→eA(Λexpt) = −
4GF√

2

∑

N=p,n

[
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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)
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(
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Der,Reγ
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i(N
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∂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].
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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
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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)
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A ,
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C. Target dependence of ! ! e conversion

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

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

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

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

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

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

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

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

S D Vð"Þ VðZÞ

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

Bð!!e;PbÞ
Bð!!e;AlÞ 0:69 ( 0:02#n

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

http://dx.doi.org/10.1016/j.physletb.2017.05.053
0370-2693/© 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.
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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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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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EFT for µ→e Conversion

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].
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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
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nucleus, called the “Spin Independent” (SI) process, or it can have Spin-Dependent (SD) interactions[19] with the
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¶At higher order in χPT, additional operators can appear, sometimes involving more than two nucleons [18].
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Vector presentation 

in multi-dimension space (5-dim.)

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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Heavy Neutral Lepton (HNL) Models for 

µ- + e- →e- + e-  in a muonic atom

 (3+1) model

Abada and Teixeira Heavy Neutral Leptons and High-Intensity Observables

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

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

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

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

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

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

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

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

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

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

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

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

Other than extending the SM by RH neutrinos, the Inverse
Seesaw [17, 18, 101] calls upon the introduction of additional
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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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COMET white paper to the 
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Strategy for Particle Physics, 
by COMET collaborations.

COMET

J.-C. Angélique, C. Cârloganu, W. da Silva, A. Drutskoy, M. Finger,
D. N. Grigoriev, T. Kachelho↵er, F. Kapusta, Y. Kuno1, P. Lebrun,

R. P. Litchfield, D. Lomidze, D. Shoukavy, A. M. Teixeira, I. Tevzadze,
Z. B. Tsamalaidze, Y. Uchida, V. Vrba, K. Zuber

A submission to the 2020 update of the European Strategy for Particle
Physics on behalf of the COMET collaboration.

Abstract

The search for charged lepton flavour violation (CLFV) has enormous discovery potential in
probing new physics Beyond the Standard Model (BSM). The observation of a CLFV transition
would be an undeniable sign of the presence of BSM physics which goes beyond non-zero masses
for neutrinos. Furthermore, CLFV measurements can provide a way to distinguish between
di↵erent BSM models, which may not be possible through other means. So far muonic CLFV
processes have the best experimental sensitivity because of the huge number of muons which
can be produced at several facilities world-wide, and in the near future, new muon beam-lines
will be built, leading to increases in beam intensity by several orders of magnitude. Among
the muonic CLFV processes, µ ! e conversion is one of the most important processes, having
several advantages compared to other such processes.

We describe the COMET experiment, which is searching for µ ! e conversion in a muonic
atom at the J-PARC proton accelerator laboratory in Japan. The COMET experiment has
taken a staged approach; the first stage, COMET Phase-I, is currently under construction
at J-PARC, and is aiming at a factor 100 improvement over the current limit. The second
stage, COMET Phase-II is seeking another 100 improvement (a total of 10,000), allowing a
single event sensitivity (SES) of 2.6 ⇥ 10�17 with 2 ⇥ 107 seconds of data-taking. Further
improvements by one order of magnitude, which arise from refinements to the experimental
design and operation, are being considered whilst staying within the originally-assumed beam
power and beam time. Such a sensitivity could be translated into probing many new physics
constructions up to O(104) TeV energy scales, which would go far beyond the level that can be
reached directly by collider experiments. The search for CLFV µ ! e conversion is thus highly
complementary to BSM searches at the LHC.

1contact person: kuno@phys.sci.osala-u.ac.jp.
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Planning 2018-2019



New Projects



New Projects

• more projects under disucssions 
•rates in polarised targets ?? 
•coherency in different interactions ?? 
•exotic muon CLFV processes ??



New Projects (2)



New Projects (2)

• Review article on CLFV in progress 
• Ana Teixeira (LPC), Asmaa Abada (U. Paris Sud), Lorenzo Calibbi 

(ITP) and YK



Budget Request Summary

• French side 
• Travel support of one researcher, 10 days  
• Request to IN2P3 for 2500 euros 

• Japanese side 
• Travel support of one researcher, 10 days (for young researcher) 
• Request to KEK for 200 k Japanese yen 
• Additional request to Osaka University for 100 k Japanese yen



Conclusion

• This project forms some framework 
to strengthen the collaboration 
between French and Japanese 
physicists interested in charged 
lepton flavor violation. 

• Face-to-face meeting provide open 
discussion to create innovative idea. 

• In 2018-2019, studies of µ→e 
conversion (in particular spin-
dependent) were carried out. 

• In 2019-2020, we are planning to do 
more works related to CLFV in the 
collaboration between French and 
Japanese physicists.
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my dog, IKU

Thank you for  
your attention!


