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Abstract We identify new room for CP violation in lepton
flavor violating observables not bound by the electric dipole
moment of leptons. By focusing on new physics in the muon-
electron sector, we show that CP violation can make its first
appearance in lepton flavor violating muon decays rather than
in the electric dipole moment of the electron, further motivat-
ing the experimental program of Mu3e. We tackle this issue
by performing the full one-loop running and matching from
the low energy observables at the muon scale, including the
T-odd asymmetry in μ → 3e decays, to the Standard Model
effective field theory above the electroweak scale. We then
sketch a simple UV model that can give rise to these patterns.

1 Introduction

One of the most precise measurement in particle physics is
the null-result of the electric dipole moment of the electron
(eEDM), de. It is found that |de| ≤ 10−29e cm [1], with future
experiments projected to probe |de| ≤ 10−31e cm [2]. This
measurement alone can probe new physics injecting a new
source of CP Violation (CPV) up to scales of O(10) TeV
[3,4] even if the new physics respects the flavour structure
of the SM.

It is then bizarre to imagine that large CPV effects can
be visible in the lepton sector given the current bounds on
the de. In this paper we explore this possibility, leveraging
on the large improvements expected in probing lepton flavor
violating (LFV) observables in the near future. In particular,
we focus our attention on Mu3e [5], which will reach an
unprecedented sensitivity on the rate of μ → 3e and offers
a unique possibility to test CP-violation as first discussed in
Ref. [6–8] and summarized in Sect. 4.
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The main goal of this letter is to look for models that
maximize the effect of CP violation in LFV operators, while
still being consistent with the eEDM limits. Within an effec-
tive field theory approach, we first quantify the flavor align-
ment needed for LFV muon decays to be consistent with the
eEDM. This is easily done in Sect. 2 in the context of the low
energy effective field theory (LEFT) of muons, electrons and
photons which is the relevant one for the EDMs and LFV
observables. In Sect. 5 we then map the required alignment
to possible UV completions, by matching the LEFT with
the standard model effective field theory (SMEFT). The lat-
ter will serve as computational framework to include running
effects from large to low scales. Finally, in Sect. 7 we explore
possible UV realizations and draw our conclusions in Sect. 8.

2 LEFT framework

The set of muon decay observables that we consider is sum-
marized in Table 1, where we also report the respective cur-
rent and future limits. These are: the LFV radiative decays,
μ → eγ ; the μ → 3e branching ratio; the μ − e conversion
rate in nuclei (see Ref. [19] for a review). These observables
complement the electron EDM present and future measure-
ments.

In order to parametrize new LFV physics in these chan-
nels, we consider an effective lagrangian valid at the muon
mass scale; at these energies the EFT only contains electrons,
muons and photons. The relevant operators are

L = cLLV
�2 μ̄Lγ μeL ēLγμeL + cLRV

�2 μ̄Lγ μeL ēRγμeR

+ cRLV

�2 μ̄Rγ μeRēLγμeL + cRRV

�2 μ̄Rγ μeRēRγμeR

+ cμe
�γ mμ

�2 μ̄LσμνeRF
μν + ceμ�γ mμ

�2 ēLσμνμRF
μν
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Table 1 Lepton observables considered in this work. In the second col-
umn we show the present bounds and in the third column the projected
sensitivity of the forthcoming next generation experiments: ACME III

for electron EDM, muEDM for muon EDM, MEG II for μ → eγ ,
Mu3e for μ → 3e and Mu2e and COMET for μN → eN conversion

Observables Current bound Future sensitivity

|de|/e 1.1 × 10−29 cm [1] 10−31 cm [2]

|dμ|/e 1.8 × 10−19 cm [9] 6 × 10−23 cm [10]

Br(μ → eγ ) 3.1 × 10−13 [11,12] 6 × 10−14 [13]

Br(μ → 3e) 10−12 [14] 5 × 10−16 [5,15]

CR(μN → eN ) 7 × 10−13 [16] 10−16 [17,18]

+ cμμ
�γ mμ

�2 μ̄LσμνμRF
μν + cee�γmμ

�2 ēLσμνeRF
μν

+ h.c., (1)

where � is the typical UV energy scale, while c are dimen-
sionless Wilson coefficients. We did not include scalar 4-
lepton operators which will not be generated in SMEFT at
dimension six [20]. Note that neither neutrinos nor nuclei
appear in this basis of operators. Both kind of operators will
give a largely subleading contributions to respective observ-
ables, as neutron EDM or electroweak precision measure-
ments. On a different footing, we include τ leptons contri-
butions as these can give sizeble threshold corrections when
integrated out. The full list of LEFT operators can be found
in Refs. [20,21].

Lastly, note that the relevant scale for the eEDM is the
electron mass,me, thus the relevant LEFT is obtained by inte-
grating out the muon from Eq. (1). In particular, the Wilson
coefficients need to be evaluated at the me scale. However,
the running is dominated by QED effects and the threshold
matching is proportional to mμ, thus we expect these correc-
tions to be negligible. That is that, except from the τ threshold
matching mentioned above, we can consider the LEFT coef-
ficients to be unaffected by the low energy running and take
c(mμ) = c(μW ), where μW ∼ 160 GeV is the electroweak
symmetry breaking scale.

3 Observables at the µ mass threshold

Here we review the low energy observables and show the
contribution they receive from the operators in Eq. (1).

Lepton electric dipole moments: the electric dipole
moment can be directly extracted from the flavor diagonal
entries of the O f γ operator. We have

d� = −2m�

�2 Im[c��
�γ (m�)]. (2)

Unlike other observables in this section, a non-zero EDM is a
direct probe of CPV effects. The strongest bounds have been
obtained by the ACME experiment [1], as |de| ≤ 10−29e cm,

with a two order of magnitude improvement expected at
ACME III [2].

Given that the naive scaling of the muon EDM dμ ∼
mμ/mede is respected in our setup, even though the sen-
sitivity on the muon EDM will be impressively improved in
the near future [10] the current electron EDM bound will still
outperform it by several orders of magnitude.

Radiative lepton decays: the flavor off-diagonal entries
of the dipole operator will induce radiative decays of leptons
into lighter states. Focusing on the muon, such operators gen-
erate the μ → eγ decay whose branching ratio reads

BR(μ → eγ ) =
(
|cμe

�γ |2 + |ceμ�γ |2
) m5

μ

4π�4	μ

, (3)

where 	μ � G2
Fm

5
μ/(192π3) = 3 × 10−10 eV is the

muon width and the coefficients are taken at the muon mass
threshold. The current combination of the MEG [11] and
MEG II [12] measurements constrains the branching ratio to
be Br(μ → eγ ) < 3.1×10−13 with MEGII [13] prospected
to reach Br(μ → eγ ) < 6 × 10−14.

μ → 3e decay: the muon decay in 3 electrons can be
mediated again by the dipole operator, or directly via the four-
fermion operators OV . The full decay width can be found in
Refs. [6–8], which we use in our numerical analysis. In the
limit where only c�γ dominates, the μ → 3e branching ratio
can be written

BR(μ → 3e) ≈ α

3π

(
ln

m2
μ

m2
e

− 3

)
× BR(μ → eγ ). (4)

and it is directly proportional to the μ → eγ branch-
ing ratio in Eq. (3). The current bound was set by SIN-
DRUM in 1988 [14], as Br(μ → 3e) ≤ 10−12. The pro-
posed Mu3e experiment [5,15] will substantially improve
this limit to Br(μ → 3e) ≤ 2 × 10−15 in phase-I and
Br(μ → 3e) ≤ 5 × 10−16 in phase-II. We will use the
latter expected sensitivity in our analysis.

μ → e conversion: muons can convert to electrons in the
electromagnetic field of a nucleus N , if the off-diagonal entry
of the dipole operator is non-zero. The conversion rate (CR)
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can be written as

CR(μN → eN ) = 	(μN → eN )

	capt.(μN )
, (5)

where 	capt.(μN ) is the muon capture rate of the nucleus
[22]. Proper predictions of the conversion rate can be
obtained by matching the full LEFT lagrangian into nuclear
matrix elements [23]; approximately, in our LEFT we can
write

CR(μN → eN ) ≈ α × B(μ → eγ ), (6)

where for this scaling to be true it is instrumental that no
operators with quarks are present in Eq. (1). As we will dis-
cuss in more detail in Sect. 5, the presence of four-fermion
operators with quarks would enhance the μ → e conversion
rate to a level that will make it impossible to observe CPV in
μ → 3e.

The strongest limit on μ → e conversion so far has been
obtained by SINDRUM II using Gold [16], which gives
CR(μ Au → eAu) < 7.0 × 10−13, and Titanium [24],
which requires CR(μ Ti → e Ti) < 6.1 × 10−13. The Mu2e

Collaboration [25], using Aluminium, projects to reach a
far stronger limit, CR(μ Al → e Al) < 10−16 [17]. The
COMET experiment [18] prospects to reach CR(μ Al →
eAl) < 7 × 10−15 in its phase I and a similar reach to Mu2e
as final target.

4 CP asymmetry in µ → 3e

Having outlined the list of observables in the muon sector, we
now define observables that are indicators of possible CPV
in LFV processes. Such quantities are always proportional to
the polarization of the muon; unpolarized beams will wash
out the angular dependence of the final states. Thankfully,
present and future experiments deploy highly polarized high
intensity muon beams, which makes the task of measuring
CPV effects experimentally feasible.

On the theory side, muon beams obtained from pions
decaying at rest are expected to be 100% polarized in the
opposite direction of their momentum vector. Experimen-
tally, the actual polarization at the muon stopping target is
affected by depolarization effects and needs to be measured.
For example, the average polarization measured by the MEG
experiment at PSI is 86% [26] but higher polarization levels
can be obtained in dedicated experiments, as the one per-
formed on TRIUMF beam line, where the average measured

polarization was Pμ = −0.99863±0.00088 [27]. We assume
in the following that a similar level of purity is attainable in
forthcoming experiments.

Considering μ+ → e+e−e+ decays with polarized
muons, the angular distribution of the three e± tracks allows
us to define a T -odd observable. Defining θ as the open-
ing angle between the muon polarization and the direction
of the outgoing electron, and φ as the azimuth angle of the
muon polarization with respect to the plane of the decay
[7,8], the time reversal acts on these angles as T [θ ] = θ ,
T [φ] = 2π − φ.

We can then define the Aμ3e
T asymmetry as the normalized

difference of number of events in the φ ∈ [−π, 0] and φ ∈
[0, π ] hemispheres:

Aμ3e
T ≡ 2

	(μ → 3e; sφ > 0) − 	(μ → 3e; sφ < 0)

	(μ → 3e)
, (7)

where sφ = sin φ. The full expression of AT in terms of
LEFT operators can be found in Refs. [7,8].1 To show the
general behaviour, here we take the case where LFV dipoles
and left-left and right-right four-leptons operators are non-
zero. Under this assumption, we have

Aμ3e
T � −

0.14Pμ

(
Im[cμe

�γ (cRRV )∗] + Im[ceμ�γ (cLLV )∗]
)

|cμe
�γ |2 + |ceμ�γ |2 + 8 × 10−2(|cRRV |2 + |cLLV |2) + 0.2(Re[cμe

�γ (cRRV )∗] + Re[ceμ�γ (cLLV )∗]) , (8)

where the numerical factors are to be intended as an indi-
cation of the real size of each contribution and Pμ is the
magnitude of the muon polarization vector, expected to be
Pμ ∼ −1 as discussed above. A similar equation can be
obtained switching on left-right four-lepton operators.

From this structure we see immediately that a phase dif-
ference between dipole and four-lepton operators is needed
to generate a non-vanishing Aμ3e

T . Furthermore, its allowed
value is highly correlated with the bounds coming from
Br(μ → eγ ) and Br(μ → 3e), which constraint the abso-
lute values of the two LEFT coefficients. Finally, note that
in the denominator of Eq. (8), the dipole term is clearly the
dominating term, justifying the approximation in Eq. (4). It
follows that, for dipoles and four-lepton Wilson coefficients
ofO(1), the largest asymmetry achievable is of order of 10%.
Allowing larger hierarchies between cμe

�γ and cRRV , larger val-
ues of AT can be reached.

Other asymmetries:
The asymmetry in Eq. (7) does not exhaust all the possible

phase differences among the operators in Eq. (1). In partic-
ular we would like to construct observables sensitive to the

1 Note that the definitions of Refs. [7,8] different by a factor of 2. We
follow the latter definition in Eq. 7 and in the rest of our numerical
analysis.
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CP violating phase among the flavor violating dipoles only,
which in the basis of Eq. (1) can be written as Im[cμe

�γ (ceμ�γ )∗].
A natural observable to look at is μ+ → e+γ , from which

we would like to extract the CP violating parameter without
relying on the μ− → e−γ decay mode. As discussed in
Refs. [28,29], one can define a CP-odd observable by mea-
suring the azimuth angle φs between the spin of the outgoing
positron and the plane spanned by the muon polarization and
the momentum of the positron. The differential rate in the
azimuth φs can be schematically written as

d	(μ → eγ )

dφs
∝ Pμ Re[eiφs cμe

�γ (ceμ�γ )∗] sin θs (9)

where θs is the angle between the polarization of the positron
and its momentum and we have written only the parametric
of the term sensitive to φs in the differential width. In order
to define a CP-odd observable we then need a measurement
of the spin of the electron and the azimuth angle, while the
photon polarization is correlated to the electron spin after
momentum and spin conservation in the two body decay are
enforced [29].

Concretely, starting from Eq. (9) we define

Aeγ
T = Pμ

Im[cμe
�γ (ceμ�γ )∗] sin θs

|ceμ�γ |2 + |cμe
�γ |2 . (10)

On top of the experimental challenge of measuring the elec-
tron spin, this asymmetry is also parametrically suppressed
unless the polarization of the positron is selected to be per-
pendicular to its momentum. These two issues make this
observable definitely more challenging to measure than the
one defined in Eq. (7).2

The possibility of defining CP violating observables in
μ → e conversion was considered in Refs. [29–31]. In par-
ticular the same asymmetry as in Eq. (11) can be defined.
The parametric dependence of the asymmetry is very simi-
lar to the one of μ → eγ , with the caveat that in μ → e
conversion experiments the muons have a smaller degree of
polarization. This unavoidable depolarization effect makes it
more difficult for this asymmetry to be observed experimen-
tally.

5 A window onto the SMEFT

Having in mind an UV origin of the new physics effects
in LFV muon decays, we need to compute the appropriate
matching into SMEFT at the electroweak scale, μW . The

2 The precise definition is

Aeγ
T ≡ 1

	(μ → eγ )

∫ 2π

0
dφs

d	(θs)

dφs
sign(sin φs). (11)

Table 2 List of relevant SMEFT operators. We highlight in green the
operators that generate the four-lepton operators in Eq. (1), while in red
we show the relevant lepton-quark terms (see text for details)

dimension-six lagrangian can be written as

LSMEFT,6 =
∑
i

Ci
�2 Qi , (12)

where here � is the same scale as in Eq. (1); the coefficientsCi
are evaluated at this scale. The full basis of SMEFT operators
can be found in Ref. [32].

While the complete basis contains thousands of operators,
we can restrict to a small set of them, listed in Table 2, by
using few considerations.

Firstly, we require large CP violating effects dipole opera-
tors. This is easily realized by considering the non-hermitian
dipole operators, OeB and OeW . At the weak scale, these
match directly at tree level into the dipole coefficients in
Eq. (1) as

cpr�γ (μW ) = v

mμ

[
swC pr

eW (μW ) + cwC pr
eB(μW )

]
, (13)

where p, r = 1, 2, 3 are generation indices, and sw and cw are
the sine and cosine of the weak mixing angle, respectively.
Note however, that in any UV realization we expect these
dipoles to be generated at one-loop level.

Secondly, we need to generate four-fermion structures at
low energy to have a non-zero Aμ3e

T , as shown in Eq. (8).
This is fulfilled by including the four-lepton operators O��,
Oee and O�e, and lepton current × Higgs current opera-
tors, O(1),(3)

H� and OHe. These are highlighted in green and
orange respectively in Table 2. They give similar effects
in the physics of μ → 3e, as they match to the current-
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current operators in Eq. (1) as a simple linear combination,
cV ∝ CH�,He + C��,ee,�e.

For ease of the reader, we report in Appendix A the expres-
sions of the LEFT coefficients in terms of SMEFT Wilson
coefficients.3 Given the matching described above and Eq. (8)
it is easy to see that a large hierarchy between dipole and four-
lepton operators is required in order to achieve Aμ3e

T ∼ O(1).
Under these circumstances the operators with the Higgs

current are disfavoured to generate the required four-leptons
operators in the LEFT and for this reason are indicated in
orange in Table 2. The reason is that the presence of these
operators at high energy generates operators with quark cur-
rents at low energy which directly contribute to μ → e con-
version processes [33]. The stringent bounds on μ → e con-
version make it difficult for μ → 3e to be able to measure a
large CP asymmetry in LFV decays.

Lastly, we need to take into account other operators that
generate or receive large mixing contributions from one-loop
running and matching. Running from some high scale to μW

via the RGE mixes operators; at leading-log, this mixing will
result in a linear combination of Wilson coefficients evaluated
at μW . Fermion-Higgs and four-fermion operators largely
mix amongst each other by means of gauge interactions,
CFH ∝ g2

2C4F (and viceversa), where g2 is the SUL(2) gauge
coupling. The same coupling will also control the leading-log
terms in the matching with the LEFT in Eq. (1).

So far we have not introduced quarks in our discussion.
Operators including heavy quarks, especially the top, can
lead to large one-loop effects to mixing and matching. In
particular, the operator Olequ will mix in the dipole as


C pr
eW,B ∝ y2

t

16π2 C
pr33
�equ log

(
�

μW

)
, (14)

where yt ∼ 1 is the top quark Yukawa, and will contribute to
the matching of c�γ with a similar coefficient. Similarly, the

operators O(1)
lq and O(3)

lq will mix with the 4F and match into
cV . These operators are written in red highlight in Table 2.

Lastly, the most relevant finite contribution to dipoles
comes from τ lepton threshold matching of O�e and reads


cpr�γ ∝ mτ /mμ

16π2 C p33r
�e . (15)

At this point, the flavor structure of our problem restricts
the possible avenues to the UV. If LFV dipoles are not gen-
erated at the scale �, these can only be induced sizeably by
Olequ mixings. FH and 4F operators have to be generated at
the UV scale as well, since no RGE effect can enhance them
substantially compared to dipoles. The strong bound on the
electron dipole moment leave as the only viable possibility
to observe large CP violation effects in LFV decays heavy

3 Both running and threshold corrections are taken into account in the
matching done in Appendix A.

new physics with μ-philic couplings. At the scale � we need
to have new particles mostly coupled to the second gener-
ation lepton and avoid coupling generating operators of the
type (lepton current × Higgs current). In Sect. 7 we exhibit
a concrete framework realizing this coupling structure.

6 Scanning

With the ingredients detailed in the previous Sections, we can
pinpoint the interesting region of parameter space.4 We fix the
heavy scale to � = 107 GeV which is roughly the projected
sensitivity on cutoff scale of B(μ → 3e), assuming O(1)

Wilson coefficient and flavor anarchy [19]. We then scan the
parameter space defined by the relevant Wilson coefficients in
SMEFT. These are imposed as initial conditions of the RGE
at the scale � and are motivated by the considerations of the
previous section. After performing the full RGE running and
matching we get the contributions of LEFT coefficients in
Eq. (1) to the various observables.

In practice, we find it easier to reverse the flow of the RGE
and run from the low scale to the cut-off scale �. Using built-
in functions of DSixTools 2.0, we get the full one-loop
matching expression of the LEFT coefficients at the weak
scale, c(μW ) = ∑

i Ci (μW ). We use here the approximation
that QED running in the low energy EFT is negligible, see
Sect. 2, thus c(μW ) = c(mμ,me). Given the set of Ci (μW )

in the linear combination, we can evolve them from μW to
the UV cut-off scale. At the UV scale we then impose the
desired initial conditions in order to obtain the low energy
observables expressed as function of the initial Wilson coef-
ficients in SMEFT. Specifically, we fix which coefficient is
non-zero at �, their phase difference and relative size. We
then scan over their absolute values to obtain our results.

In Fig. 1 we show our results for a reference scenario which
will be easily mapped to the concrete model of Sect. 7. In the
left plot we fix the UV scale to � = 107 GeV and we take
as inputs the values

C12
eB,W = |x |ei π

2 , C1112
�� = |y|,

C11
eB,W = |x |ei π

2 × 10−3,
(16)

where the phase difference between dipole and four-lepton
operator is maximal, and the flavor-diagonal dipole com-
ponent is suppressed with respect to the off-diagonal. The
latter requirement is necessary in order to generate small
enough eEDM. Weaker suppressions, already at O(10−2),
would lead to stringent bounds from ACME. The interest-
ing parameter space in Fig. 1 features a sizeable hierarchy
between four-lepton and dipole coefficients, as expected from

4 We use the package DSixTools 2.0 [34,35] to perform our
numerical analysis, from RGE mixing to matching with the LEFT.
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Eq. (8). The highlighted region indicate the part of parame-
ter space where Mu3e phase-II will improve on the presently
strongest bound (μ → eγ , purple line) and can observeO(1)

CP violation in μ → 3e decays; for concreteness, we defined
the latter as the regions where Aμ3e

T > 0.1 (lighter band) and

Aμ3e
T > 0.23 (darker band). Complementary probes of LFV,

as μ → eγ and μ → e conversion, will explore the same
region in the near future; however, a positive signal from
these won’t be able to probe the CP nature of the process
unless the final state polarization vectors will be measured.
Similarly, future measurements of de will cover the region
of interest, despite assuming a largely suppressed diagonal
term. A stronger suppression, roughly a two-loop factor of
10−5, would be needed to completely avoid ACME III exclu-
sion limits in the parameter space of interest. A positive signal
from the latter would be a smoking gun for CPV new physics.

In the right plot of Fig. 1 we show instead the scale probed
by the LFV observables, by fixing the coefficient of the four-
lepton operator to be 1 at � = 107 GeV, while keeping the
other inputs as in Eq. (16). We then leave the dipole coeffi-
cients and the scale � as free parameters to scan over. Given
the hierarchy discussed above, the required dipole coefficient
is between O(10−3 − 10−4), for a heavy scales of roughly
∼ 106 GeV.

7 A possible origin: µ-philic new fermions and heavy
dark photon

Here we build an explicit model that realizes the setup
described in the previous section. The first question to address
is what type of new physics only modifies the lepton sectors
as in Eq. (1) at low energy. The UV sector needs to generate
mostly the dipoles operators and the operators in green in
Table 2. The other operator families (highlighted in orange
and red in Table 2) give too large contributions to low-energy
observables including quarks, as the μ → e conversion rate
and would make it impossible to observe CP violation in
μ → 3e decays.

The new physics has to be μ-specific to only select (1)
at low energy. This can be realized adding new vector-like
fermions with the quantum numbers of the SM leptons. The
new sector needs also to be able to generate the dipoles with a
minimal ’usage’ of the Higgs, as not to introduced operators
with the Higgs current. As such the Higgs field should not be
too strongly coupled to the new fermions. The generation of
the dipoles is then ascribed to the presence of a new massive
vector, singlet under the SM, that we call dark photon, Aμ.

In formulas these conditions are encoded in the following
sector

L = mE E�E + mLL�L + ME�E �̄E

+ ML�L�̄L + h.c

− 1

4
A2

μν + 1

2
M2

A AμA
μ + fermion kinetic terms

+ gAAμ(cL�̄Lγ μ�L + cE �̄Eγ μ�E ). (17)

This is the archetype of the new physics needed to generate
Eq. (1) (see Refs. [36,37] for models with similar ingredi-
ents).

In the first line we have the mixing between the SM-like
states and the new fermions, vector-like pairs with the quan-
tum numbers of the SM lepton doublet (�L ) and singlet
(�E ). The massive dark photon Aμ has coupling to such
new fermions with strength gAcL ,E . Despite the fact that the
new fermions have states with the quantum numbers of the
SM neutrinos, no neutrino masses are generated.

In principle one can write other terms allowed by the sym-
metries. These are of two types: i) possible renormalizable
interactions including SM and new fermions with the Higgs;
i i) kinetic mixing between Aμ and the SM hypercharge.
These will have the same effect in Eq. (1), as they would
generate 4-fermi operators with leptons and quarks. The lat-
ter are strongly bounded from their large contributions to the
μ − e conversion rates. Our exercise shows that if CPV is
searched for inμ → 3e, only a handful of operators involving
leptons need to be generated, thus we safely set to zero these
two types of interactions. The sector is therefore extremely
weakly coupled to the Higgs and with a tiny kinetic mixing.

Since our muon observables are at very low energies, it
will be enough to integrate out the new fermions and read
out the effective field theory below their masses, the relevant
scales being ME,L and MA.

From the discussion of the previous section is clear that
we need a hierarchical structure of mL and mE . Namely the
muon-philic case is realized with

(mE )i j = (mE ) jδi2, (mL)i j = (mL) jδi2, (18)

that is, the new fermions couple exclusively with the second
lepton generation. This can be thought as a limiting case. By
resolving the mixing between SM and new fermions, one is
led to redefine the SM states by a mixing in flavor space of
an angle of order εL ,E ∼ mL ,E/ML ,E . Once this mixing is
resolved and the new SM eigenstates are identified, the flavor
structure relevant for our discussion is schematically given
by

∼ Y�H∗� + Y ε�H∗� + M��̄

+ gA Aμ(�̄γ μ� + ε�̄γ μ� + ε2�̄γ μ�)
(19)

where Y is the SM lepton Yukawa matrix before electroweak
symmetry breaking. The new physics can now be integrated
out easily at tree- and loop-level.
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Fig. 1 Limits in the Wilson coefficients parameter space of scenario
1, see text for details. Left: scan over Wilson coefficients, with fixed
� = 107 GeV. Right: scan over dipole coefficients vs �, with the FH
coefficient fixed to 1/�2. In both plots, the black, green, orange and
purple shaded regions indicate bounds from μ → 3e, μ → e, de and

μ → eγ respectively. Dashed lines with the same color show projec-
tions on the respective observable from future experiments. The light
(dark) blue region indicate where A3e

T > 0.1(0.23); we further highlight
the section probed by Mu3e

Doing the matching at the high scale we generate the fol-
lowing Wilson coefficients

C��

�2 ∼ g2
A

M2
A

ε4,
CeB,W

�2 ∼ g

16π2

g2
A

M2
A

ε · ε · Y · ε · ε (20)

where we just highlighted the scaling with the flavor mixings
εi j and the SM Yukawa can be written in the singular value

decomposition as Y = VLY
diag
� VR . The Yukawa suppression

together with the loop factor suppressed the dipole operators
sufficiently compared to the four-leptons operators realizing
naturally the hierarchy highlighted in Fig. 1. Moreover it is
easy to check that enough structure is present to generate a
physical CP phase among the two sets of operators. An irre-
ducible CP violating phase among the two arises for example
from the arbitrariness of the form of the unitary matrix VR ,
which is physical in our setup.

8 Conclusions

In this work we explored the possibility of having large CP
violation effects in the lepton flavor violating decay of the
muon in three electrons, μ → 3e. In Fig. 1 we show the
parameter space where large CP violation is induced and
will possibly be observable at Mu3e. Crucially, the diagonal
entries of the dipole operators need to be largely suppressed

with respect to the off-diagonal ones; otherwise, the eEDM
imposes too stringent bounds on CP-violation in the lepton
sector. Moreover, dimension 6 operators containing the SM
Higgs or the SM quarks should be suppressed to avoid large
new physics contributions to μ → e conversion. The latter
would constrain LFV too much to allow large CP violation
to be observed at Mu3e.

All these constraints together select a very specific UV
scenario where only a handful of SMEFT operators are gen-
erated (the white and green ones in Table 2). We construct
an explicit UV model that realizes this scenario, generating
four-lepton operators at tree level and dipoles at one-loop
with the right hierarchy among them in order to maximize
their interference which controls the CP-violation. The new
fermions of the model need to be heavier than ∼ 10 TeV to
be consistent with the present bounds on the LFV. These new
fermions can potentially lead to signatures at future colliders,
e.g. at a high-energy muon collider.

Note that, apart from the eEDM de, no other present or
future measurement of muonic LFV decays can probe CP
asymmetries. From an optimistic view point, this poses Mu3e
in the unique position of discovering both LFV and CP vio-
lation at the same time. An in-depth study of CP-violation
effects in other LFV decay channels is warranted to extend
our study (see for example Ref. [38] for interesting results
on τ decays).
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Appendix A: SMEFT—LEFT matching

Here we provide the expression of the LEFT coefficients in
Eq. (1), evaluated at the matching scale, μW , as function of
the relevant SMEFT coefficients, Table 2, evaluated at the
heavy scale �. We obtain these results making use of the
functions available in DSixTools 2.0. Additionally, we
neglect numerically small contributions, and retain only the
most significant terms.

cpr�γ (μW )

= 103 (
1.4 C pr

eB − 0.8 C pr
eW

) + 0.1 C p33r
�e

+
(

7.9C pr
eB − 4.4 C pr

eW + 0.1 C(3),pr23
�equ

)
log

(
�

μW

)
,

cLLV (μW )

= C1112
�� − 0.3

(
C(1),12
H� + C(3),12

H�

)

− 10−4
(

4.5 C(1),12
H� + 6.1 C(3),12

H� + 4.5 C(1),1233
�q

−6.3C(3),1233
�q − 2.9 C1233

�u

)
log

(
�

μW

)
,

cRRV (μW )

= C1112
ee + 0.2 C12

He − 10−4

×
(

4.2 C1233
eu − 2.4C12

He − 2.9 C3312
qe

)
log

(
�

μW

)
,

cLRV (μW )

= C1211
�e + 0.5

(
C(1),12
H� + C(3),12

H�

)

+ 10−4
(

4.9 C(1),12
H� + 7.2 C(3),12

H� + 6.7 C(1),1233
�q

−9.4C(3),1233
�q − 7.4 C1233

�u

)
log

(
�

μW

)
,

cRLV (μW )

= C1112
ee − 0.5 C12

He + 10−4
(

6.8 C1233
eu

−9.0 C12
He − 7.8 C3312

qe

)
log

(
�

μW

)
, (A1)

where all SMEFT coefficients are evaluated at the high scale,
C ≡ C(�).
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