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Charged lepton flavor violation arises in the Standard Model Effective Field Theory at mass
dimension six. The operators that induce neutrinoless muon and tauon decays are among the best
constrained and are sensitive to new-physics scales up to 107 GeV. An entirely different class of
lepton-flavor-violating operators violates lepton flavors by two units rather than one and does not
lead to such clean signatures. Even the well-known case of muonium–anti-muonium conversion that
falls into this category is only sensitive to two out of the three ∆Lµ = −∆Le = 2 dimension-six
operators. We derive constraints on many of these operators from lepton flavor universality and
show how to make further progress with future searches at Belle II and future experiments such as
Z factories or muon colliders.

I. INTRODUCTION

The Standard Model (SM) has accidental symmetries
that lead to the conservation of electron, muon, and tauon
number [1, 2]. Neutrino oscillations are proof that these
symmetries are ultimately violated in nature, but might
be unobservably suppressed by the tiny m2

ν in the charged-
lepton sector in the worst-case scenario [3]. Luckily, many
SM extensions violate these flavor symmetries and can lead
to testable flavor-violating processes, unsuppressed by the
neutrino mass [1, 2].

To stay model agnostic, we can resort to the Standard
Model Effective Field Theory (SMEFT, see Ref. [4] for a re-
cent review), which extends the SM by higher-dimensional
effective operators suppressed by powers of some high scale
Λ [5, 6]. Integrating out heavy new particles produces
exactly these kind of operators. Ordering the higher-
dimensional operators by their mass dimension (i.e. powers
of 1/Λ), the leading one is Weinberg’s LLHH/Λ that gen-
erates Majorana neutrino masses [5], solving one of the
SM’s biggest problems. At 1/Λ2, or mass dimension d = 6,
there are thousands of operators [7, 8], most of which just
lead to small corrections to processes that are already al-
lowed in the SM. But some of them violate the SM’s ac-
cidental symmetries and thus lead to completely different
processes that in principle have zero background.

Dimension-six operators with ∆Lα = −∆Lβ = 1 −
∆Lγ = 1, where α, β, and γ are distinct lepton flavors, can
be probed in decays of an α or β lepton, leading to fully
visible neutrinoless two-body signatures such as µ → eγ
or τ → µπ0. These are the most studied lepton-flavor-
violating operators/signatures, both theoretically and ex-
perimentally, probing Λ scales up to 107 GeV in the muon
sector and 104 GeV in the tauon sector [1, 2].

Alas, there are 21 d = 6 operators that violate lepton
flavor by two units rather than one, and thus might not
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give rise to neutrinoless decays. For example, operators
of the form µµēē violate ∆Lµ = −∆Le = 2 and do not
lead to on-shell muon decays. In this particular example,
muonium–anti-muonium conversion provides a good alter-
native signature for two out of three µµēē operators. How-
ever, once we have a look at the tauon sector, e.g. ττ ēē,
even the leptonium option is removed and the operators
are seemingly unconstrained despite violating lepton flavor
and being of low mass dimension.
Here, we will investigate such ∆Lα = 2 operators and

identify possible ways to constrain them. Weinberg’s d =
5 operator already contains ∆Lα = 2 pieces, but since
they are suppressed by neutrino masses these operators
are rendered unobservable, with the possible exception of
neutrinoless double beta decay [9]. At d = 6, all ∆Lα = 2
operators are part of the four-lepton operators [8]

L ⊃
∑

a,b,c,d=e,µ,τ

[

yLL
abcdL̄aγ

αLb L̄cγαLd (1)

+yLR
abcdL̄aγ

αLb ℓ̄cγαℓd + yRR
abcdℓ̄aγ

αℓb ℓ̄cγαℓd
]

+ h.c. ,

where La is the left-handed lepton doublet of flavor a, ℓa
the right-handed charged lepton of flavor a, and the y =
O(Λ−2) are the Wilson coefficients of mass dimension −2.
UV-complete realizations of these operators involve neutral
or doubly-charged bosons and can for example be found in
Refs. [10–13].
We stress that the ∆Lα = 2 operators under investi-

gation here are fundamentally distinct from the more fa-
miliar ∆Lα = 1 operators; since they carry different lep-
ton numbers it is easily possible to impose a symmetry
in the charged-lepton sector that would forbid ∆Lα = 1
but allow for ∆Lα = 2. Examples are U(1) flavor sym-
metries or their ZN subgroups [3], and lepton flavor trial-
ity Z3 [14–16], which arises in many neutrino-mass models
based on discrete symmetries such as A4 [17–19] and only
allows for operators of the form τ̄ µ̄ee, τ̄ ēµµ, and τ̄ τ̄ eµ.
Renormalization-group running can turn ∆Lα = 1 opera-
tors into ∆Lα = 2, but not vice versa, rendering dedicated
searches for ∆Lα = 2 absolutely necessary to cover these
blind spots.
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II. µ̄µ̄ee

Let us first focus on the well-known d = 6 operators with
∆Lµ = −∆Le = 2:

L ⊃ yLL
µeµeL̄µγ

αLe L̄µγαLe + yLR
µeµeL̄µγ

αLe ℓ̄µγαℓe

+ yRR
µeµeℓ̄µγ

αℓe ℓ̄µγαℓe + h.c.
(2)

All three operators will contribute to muonium–
antimuonium conversion [12, 24–27]. Using the experimen-
tal setup of the PSI experiment that provides the strongest
limit to date [20], the conversion probability P takes the
approximate form [12]

P ≃ 7.58× 10−7

G2
F

|yLL
µeµe + yRR

µeµe − 1.68yLR
µeµe|2

+
4.27× 10−7

G2
F

|yLL
µeµe + yRR

µeµe + 0.68yLR
µeµe|2 .

(3)

The PSI limit P < 8.3× 10−11 [20] at 90%C.L. then puts
strong upper limits of order (3TeV)−2 on the Wilson co-
efficients |yLL

µeµe + yRR
µeµe| and |yLR

µeµe|, but is insensitive to

the linear combination yLL
µeµe − yRR

µeµe, which corresponds
to the vector–axial-vector operator µ̄γαe µ̄γ

αγ5e. Keep-
ing the other Wilson coefficients free, we obtain the limits
|yLL

µeµe + yRR
µeµe| < (2.9TeV)−2 and |yLR

µeµe| < (3.4TeV)−2.
We can put stronger limits, shown in Tab. I, by set-
ting one of the linear combinations to zero, i.e. forbid-
ding interference between the contributions. Ref. [24] has
shown that muonium conversion is actually also affected by
yLL
µeµe − yRR

µeµe through the muonium widths difference, but
since these effects are further suppressed by the Fermi con-
stantGF , the resulting limits are only of order (1.2GeV)−2,
probing scales far below the electroweak scale and thus not
particularly relevant for the SMEFT. Future experiments
such as the Muonium-to-Antimuonium Conversion Exper-
iment (MACE) at the China Spallation Neutron Source
(CSNS) [28] and a new setup at the Japan Proton Accel-
erator Research Complex (J-PARC) [29] are expected to
improve the old PSI bounds by orders of magnitude.
Note that the three operators in Eq. (2) carry the same

quantum numbers and thus mix via loops or renormaliza-
tion group equations [30]. In the SMEFT energy region
above the electroweak scale, this requires insertions of the
lepton Yukawa couplings yℓ ≡ mℓ/174GeV, see Fig. 1. For
example, the operator with coefficient yLL

µeµe − yRR
µeµe then

generates a yLR
µeµe operator of magnitude

yLR
µeµe ≃

yeyµ
16π2

(

yLL
µeµe − yRR

µeµe

)

. (4)

The tiny prefactor yeyµ/16π
2 ≃ 10−11 renders these effects

small and gives irrelevant limits on yLL
µeµe − yRR

µeµe.

Better limits on the linear combination yLL
µeµe−yRR

µeµe can
be obtained by noticing that the underlying operator con-
tains both neutrinos and charged leptons and thus leads

eR

µ̄R

µR

ēR

H

L̄e

Lµ

FIG. 1: Example Feynman diagram that shows the conversion
of an ℓ̄µγ

αℓe ℓ̄µγαℓe operator (filled circle) to a L̄µγ
αLe ℓ̄µγαℓe

operator at loop level using the SM Higgs interactions.

to the muon decay µ− → e−ν̄µνe. Since we are looking
at ∆Lµ = −∆Le = 2 processes, this decay does not inter-
fere with the ∆Lµ = ∆Le = 0 SM decay µ− → e−νµν̄e.
We find that our operators from Eq. (2) generate exactly
the same electron energy spectrum as the SM decay, so
the Michel spectrum remains unperturbed; only the over-
all muon lifetime or decay rate is affected:

Γµ = ΓSM
µ

(

1 +
|2yLL

µeµe|2 + |yLR
µeµe|2

(2
√
2GF )2

)

, (5)

even including radiative QED corrections. Since |yLR
µeµe|

is already constrained to be tiny from the muonium lim-
its, we can safely neglect it here. To obtain limits on the
Wilson coefficients, we employ lepton-flavor-universality
tests [31],1 i.e. we calculate Γµ/Γτ→eνν ,

|2yLL
µeµe|2 = 8G2

F





Γexp
µ→eννm

5
τf
[

m2

e

m2
τ

]

Reτ
WRτ

γ

Γexp
τ→eννm5

µf
[

m2
e

m2
µ

]

Reµ
WRµ

γ

− 1



 , (6)

using the definitions and experimental values from
Ref. [21], which gives

|2yLL
µeµe|2 = (−2.42± 3.10)TeV−4. (7)

Using instead the ratio Γµ/Γ
SM(τ → µνν) puts a better

limit,

|2yLL
µeµe|2 = (−6.10± 3.13)TeV−4 , (8)

because the two-decades old measured τ → µνν rate shows
a 2σ increase with respect to the SM. This is likely a statis-
tical fluctuation or systematic effect since a recent prelim-
inary measurement of Γ(τ → µνν)/Γ(τ → eνν) at Belle II

1 Alternatively, one could track the impact of the so-modified Fermi
constant on electroweak precision data [16], which is however cur-
rently difficult given the recent anomalous W -mass measurement
by CDF-II [32].
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Wilson coefficient Upper limit Process Violated quantum numbers

|yLL
µeµe + yRR

µeµe| (3.2TeV)−2 [90%C.L.] Mu-to-Mu [20] ∆Lµ = −∆Le = 2

|yLR
µeµe| (3.8TeV)−2 [90%C.L.] Mu-to-Mu [20] ∆Lµ = −∆Le = 2

|yLL
µeµe − yRR

µeµe| (0.74TeV)−2 [95%C.L.] Γ(µ → eνν̄)/Γ(τ → µνν̄) [21] ∆Lµ = −∆Le = 2

|2yLL
τeτe|, |y

LR
τeτe| (0.67TeV)−2 [95%C.L.] Γ(τ → eνν̄)/Γ(τ → µνν̄) [21] [22] ∆Lτ = −∆Le = 2

|yRR
τeτe| (1.2GeV)−2 [95%C.L.] Z → τ±τ±e∓e∓ ∆Lτ = −∆Le = 2

|2yLL
τµτµ|, |y

LR
τµτµ| (0.63TeV)−2 [95%C.L.] Γ(τ → µνν̄)/Γ(τ → eνν̄) [21] [22] ∆Lτ = −∆Lµ = 2

|yRR
τµτµ| (1.2GeV)−2 [95%C.L.] Z → τ±τ±µ∓µ∓ ∆Lτ = −∆Lµ = 2

|yLL
eτµτ |, |y

LR
µτeτ | (0.60TeV)−2 [95%C.L.] Γ(τ → eνν̄)/Γ(µ → eνν̄) [21] ∆Lτ = −2∆Lµ = −2∆Le = 2

|yLR
eτµτ | (0.55TeV)−2 [95%C.L.] Γ(τ → eνν̄)/Γ(τ → µνν̄) [21] [22] ∆Lτ = −2∆Lµ = −2∆Le = 2

|yRR
eτµτ | (1GeV)−2 [95%C.L.] Z → τ±τ±e∓µ∓ ∆Lτ = −2∆Lµ = −2∆Le = 2

|yLL
µeτe|, |y

LR
µeτe|, |y

LR
τeµe|, |y

RR
µeτe| (10TeV)−2 [90%C.L.] τ → µ̄ee [23] ∆Le = −2∆Lτ = −2∆Lµ = 2

|yLL
eµτµ|, |y

LR
eµτµ|, |y

LR
τµeµ|, |y

RR
eµτµ| (8.8TeV)−2 [90%C.L.] τ → ēµµ [23] ∆Lµ = −2∆Lτ = −2∆Le = 2

TABLE I: Current limits on the magnitudes of the 21 ∆Lα = 2 dimension-six Wilson coefficients as well as the corresponding
processes and the violated quantum numbers. Details are given in the text.

(combined with older measurements) is perfectly compati-
ble with the SM [22]:

Γ(τ → µνν)

Γ(τ → eνν)
= (1.0009± 0.0027)

Γ(τ → µνν)SM
Γ(τ → eνν)SM

. (9)

The difference in the limits from τ → eνν and τ → µνν will
therefore probably decrease with dedicated measurements
of the tauon branching ratios at Belle II. In the meantime,
we construct one-sided 95% C.L. confidence intervals from
the above to find a limit on |2yLL

µeµe| of 1.8/TeV2, which
can also be written as

|(yLL
µeµe − yRR

µeµe) + (yLL
µeµe + yRR

µeµe)| < 1.8/TeV2. (10)

As yLL
µeµe + yLL

µeµe is already constrained to be ∼ 20 times
smaller than the first term we obtain an upper bound on the
Wilson-coefficient linear combination that is unconstrained
by the muonium of |yLL

µeµe − yRR
µeµe| < 1.8/TeV2 (Tab. I).

This is the strongest limit on the remaining Wilson co-
efficients, corresponding to new-physics scales of 0.74TeV,
above the electroweak scale and thus perfectly applicable to
our SMEFT ansatz. Since the uncertainties on the flavor-
universality ratios are dominated by the tau lifetime and
branching ratios, these are the quantities that need to be
measured more precisely in order to improve the bound on
|yLL

µeµe − yRR
µeµe|; Belle II will likely achieve this in the near

future [22].
Although not currently relevant, let us mention some

other experiments and signatures that could play a fu-
ture role in constraining the yµeµe Wilson coefficients.
µ̄µ̄ee operators involving neutrinos can induce mixed-flavor
neutrino-trident effects, e.g. νµX → νeµ

+e−X or νeX →
νµe

+µ−X, which could be probed in future neutrino de-
tectors such as DUNE [33–36]. Due to the non-interference

with SM amplitudes the effects are expected to be small,
roughly

σ(νµX → νeµ
+e−X)

σ(νµX → νeµ−e+X)SM
∼

|2yLL
µeµe|2 + |yLR

µeµe|2

(2
√
2GF )2

, (11)

which is at most 10−2 given the above-derived constraints.
Because of this, tridents will be at most useful at con-
straining the weakest linear combination, |yLL

µeµe − yRR
µeµe|.

For a pure νµ beam, the µ+e− appearance would be an
unambiguous sign of lepton flavor violation and thus a
background-free signature, but realistic neutrino beams
will have admixtures of νe and ν̄µ that induce indistin-
guishable SM processes such as νeX → νµµ

+e−X, render-
ing trident searches for ∆Lµ = 2 difficult. Still, tridents
might eventually become a probe competitive with lepton
flavor universality violation.
The µ̄µ̄ee operators could also be probed at future

lepton colliders via the background-free e−e− → µ−µ−,
µ+e− → µ−e+, or µ+µ+ → e+e+. A setup for the latter
two initial states was recently proposed as µTRISTAN [37],
a high-energy lepton collider using the ultra-cold antimuon
technology developed at J-PARC [38] that could run in the
µ+e− mode with

√
s = 346GeV, and later in the µ+µ+

mode [39] with
√
s = 2TeV or even higher. Judging by the

analyses of similar four-lepton operators in Refs. [40, 41],
we can expect µTRISTAN to probe all |yµeµe| down to
(O(10)TeV)−2, superseding all current limits. The high
centre-of-mass energy might even allow for a direct pro-
duction of the mediators underlying our d = 6 operators,
see Ref. [42–45] for such studies. While we have focused on
µTRISTAN here, other collider designs could also provide
good reach for µ̄µ̄ee operators as long as they collide µ±µ±,
e±e±, or µ±e∓. µ−–e− scattering, e.g. at MuonE [46], has
much weaker sensitivity to our ∆Lµ = −∆Le = 2 opera-
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Z

τ+

τ−

τ−

e+

e+

FIG. 2: Example Feynman diagram for Z → τ−τ−e+e+ via the
yτeτe operator (filled circle).

tors.

III. τ̄ τ̄ ee

Next we consider the d = 6 operators with ∆Lτ =
−∆Le = 2:

L ⊃ yLL
τeτeL̄τγ

αLe L̄τγαLe + yLR
τeτeL̄τγ

αLe ℓ̄τγαℓe

+ yRR
τeτeℓ̄τγ

αℓe ℓ̄τγαℓe + h.c. . (12)

These operators do not immediately lead to neutrinoless
tau decays, nor do we have any tauonium-antitauonium
conversion experiments at our disposal. For yLL and yLR,
we can once again calculate the decay rates and electron
spectra of τ− → e−ν̄τνe and compare them to experimental
data. Just like for the muon decay, these operators generate
the same electron spectrum as SM tauon decays, so the
partial width is simply rescaled compared to the SM:

Γτ→eνν = ΓSM
τ→eνν

(

1 +
|2yLL

τeτe|2 + |yLR
τeτe|2

(2
√
2GF )2

)

. (13)

Again, we use lepton-flavor-universality tests to obtain lim-
its. We calculate Γτ→eνν/Γµ→eνν and compare to the ex-
perimental values [21]:

|2yLL
τeτe|2 + |yLR

τeτe|2 = (2.43± 3.11)TeV−4 . (14)

A stronger limit can be achieved using preliminary
Belle II data [22] (combined with older measurements) for
Γτ→eνν/Γτ→µνν :

|2yLL
τeτe|2 + |yLR

τeτe|2 = (−1.05± 2.90)TeV−4 . (15)

Using one-sided confidence intervals, we obtain a 95% C.L.
limit on |2yLL

τeτe| and |yLR
τeτe| of 2.2/TeV2 (Tab. I). These

are viable SMEFT limits that can be improved with future
Belle II data.

yRR
τeτe remains unconstrained here since it does not in-

volve any neutrinos. Closing SM loops to generate neutri-
nos – equivalent to mixing the three operators, see Eq. (4)

τ−
τ+

W+

ν̄τ

e+

νe

e−

e−

FIG. 3: Example Feynman diagram for τ− → e−e−e+νeν̄τ via
the yτeτe operator (filled circle).

and Fig. 1 – requires chirality flips and is thus heavily
suppressed. To avoid such suppressions we can consider
Z → ττ ēē decays, see Fig. 2. Neglecting lepton masses,
the branching ratio for this process is

BR(Z → τ±τ±e∓e∓) ≃ 1.4
M5

Z

49152π5

e2s2W
c2WΓZ

|yRR
τeτe|2

≃ 4.18× 10−11

∣

∣

∣

∣

yRR
τeτe

(0.1TeV)−2

∣

∣

∣

∣

2

, (16)

where MZ (ΓZ) is the Z mass (width), and sW (cW ) the
sine (cosine) of the weak mixing angle. Currently, we do
not have any experimental constraints on this decay chan-
nel; demanding the branching ratio to be less than one
gives the weak bound |yRR

τeτe| < 15.5/GeV2. The total Z
width agrees very well with the SM prediction [47], which
can be translated into a 2σ upper bound of 2×10−3 on any
non-SM Z branching ratio.2 This improves the bound to
|yRR

τeτe| < 0.7/GeV2 (Tab. I). A dedicated LHC search for
this decay could realistically reach branching ratios of order
10−5, corresponding to a limit |yRR

τeτe| < 4.89×104/TeV2. Z
decays could conceivably be measured more extensively in
the future at a so-called Z factory [48], producing trillions
of Z bosons. Assuming an optimistic reach of 10−12 for the
above branching ratios would probe |yRR

τeτe| < 15.5/TeV2,
just barely above the electroweak scale. This is likely our
best shot at providing EFT limits on yRR

τeτe. Better limits
on explicit UV completions of this operator are of course
possible and probe complementary parameter space, see
Ref. [11, 16, 49]. Notice that four-lepton Z decays are also
useful for many other SMEFT coefficients [50].

Yet another probe of the RR coupling can be found in
tauon decays involving an off-shell tauon in the final state,
see Fig. 3. These are additionally suppressed by GF and

2 The recent W -mass measurement by CDF-II [32] is ignored here.
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phase space, but can be competitive due to the large num-
ber of collected tauon decays compared to Z. For massless
final states we find

BR(τ− → e−e−ℓ+νℓν̄τ ) ≃ 1.1
m9

τG
2
F

4718592π7Γτ

|yRR
τeτe|2

≃ 8.2× 10−15

∣

∣

∣

∣

yRR
τeτe

(0.1TeV)−2

∣

∣

∣

∣

2

, (17)

where ℓ is an electron or muon; τ− → e−e−π+ν̄τ has a
similar rate. Probing scales above the electroweak scale is
clearly out of the question even at Belle II, but at least
we can confirm the current Z-decay limit from above. For
this we notice that CLEO has long ago observed the SM
decay τ− → e−e−e+ντ ν̄e [51] with branching ratio (2.8 ±
1.5)× 10−5 [51], compatible with the SM prediction 4.2×
10−5 [51–53]. This yields a 95% C.L. limit of 4.4/GeV2

on |yRR
τeτe|, slightly worse than the Z-decay limit but with

entirely different assumptions. Belle II can significantly
improve this limit.

IV. τ̄ τ̄µµ

In this section we consider the d = 6 operators with
∆Lτ = −∆Lµ = 2,

L ⊃ yLL
τµτµL̄τγ

αLµ L̄τγαLµ + yLR
τµτµL̄τγ

αLµ ℓ̄τγαℓµ

+ yRR
τµτµℓ̄τγ

αℓµ ℓ̄τγαℓµ + h.c. , (18)

which have a similar phenomenology as the τ̄ τ̄ ee operators
from the previous section. yLL

τµτµ and yLR
τµτµ give rise to

τ− → µ−νµν̄τ , once again just rescaling the SM decay
rate. We compute Γτ→µνν/Γµ→eνν and compare it to the
experimental results, obtaining

|2yLL
τµτµ|2 + |yLR

τµτµ|2 = (6.14± 3.17) TeV−4 . (19)

A better limit can be achieved using preliminary
Belle II data (combined with older measurements) [22] for
Γτ→µνν/Γτ→eνν :

|2yLL
τµτµ|2 + |yLR

τµτµ|2 = (1.05± 2.91)TeV−4 . (20)

Using one-sided confidence intervals, one can get 95% C.L.
limits on |2yLL

τµτµ| and |yLR
τµτµ| of 2.5/TeV2 (Tab. I).

Just like in the previous section, the last Wilson coef-
ficient yRR

τµτµ can be constrained using Z → ττ µ̄µ̄ decays
(Tab. I). Since we are considering tauons, muons, and elec-
trons to be massless we obtain the same branching ratio as
in Eq. (16) and the same current and future limits. The
τ̄ τ̄µµ operators could also be probed at µTRISTAN via
µ+µ+ → τ+τ+, with sensitivity to all |yτµτµ| down to
(O(10)TeV)−2.
Five-body tauon decays τ− → µ−µ−ℓ+νℓν̄τ can be ob-

tained from Eq. (17) with e → µ, but in this case there is
no experimental data to compare to.

V. τ̄ τ̄ eµ

The last three sections deal with lepton-triality-allowed
operators, first the ones with ∆Lτ = −2∆Lµ = −2∆Le =
2:

L ⊃ yLL
eτµτ L̄eγ

αLτ L̄µγαLτ

+ yLR
eτµτ L̄eγ

αLτ ℓ̄µγαℓτ + yLR
µτeτ L̄µγ

αLτ ℓ̄eγαℓτ

+ yRR
eτµτ ℓ̄eγ

αℓτ ℓ̄µγαℓτ + h.c. (21)

These terms lead to two different tau decay channels: τ− →
e−νµν̄τ from yLL

eτµτ and yLR
µτeτ , and τ− → µ−νeν̄τ from yLL

eτµτ

and yLR
eτµτ :

Γτ→eνν = ΓSM
τ→eνν

(

1 +
|yLL

eτµτ |2 + |yLR
µτeτ |2

(2
√
2GF )2

)

, (22)

Γτ→µνν = ΓSM
τ→µνν

(

1 +
|yLL

eτµτ |2 + |yLR
eτµτ |2

(2
√
2GF )2

)

. (23)

We implement the by now familiar lepton-flavor-
universality test and compare the above rates to Γ(µ →
eνν) to obtain:

|yLL
eτµτ |2 + |yLR

µτeτ |2 = (2.43± 3.11)TeV−4 , (24)

|yLL
eτµτ |2 + |yLR

eτµτ |2 = (6.14± 3.17)TeV−4 . (25)

Using one-sided confidence intervals, one can get 95% C.L.
limits of 7.9/TeV4 (Tab. I) and 11/TeV4 on |yLL

eτµτ |2 +

|yLR
µτeτ |2 and |yLL

eτµτ |2 + |yLR
eτµτ |2 respectively.

Finally, we compare Eq. (22) to Eq. (23):

Γτ→eνν

Γτ→µνν

≃ ΓSM
τ→eνν

ΓSM
τ→µνν

(

1 +
|yLR

µτeτ |2 − |yLR
eτµτ |2

(2
√
2GF )2

)

. (26)

By comparing to the experimental data from Eq. (9) we
get a limit on the following linear combination:

|yLR
µτeτ |2 − |yLR

eτµτ |2 = (−1.05± 2.90)TeV−4. (27)

This allows us to improve the limit on |yLR
eτµτ |. Combining

equations (24) and (27) we have:

|yLR
eτµτ |2 = |yLR

µτeτ |2 −
(

|yLR
µτeτ |2 − |yLR

eτµτ |2
)

≤ (3.48± 4.25)TeV−4 .
(28)

Again, utilizing one-sided confidence intervals we recover a
slightly improved limit on |yLR

eτµτ | of 3.3/TeV2 (Tab. I).
Three of the four Wilson coefficients are thus constrained

from universality ratios. Similarly to sections III and IV
one can obtain limits on |yRR

eτµτ | from Z decays. The pref-
actor of the branching ratio is a factor of 2 smaller here
since two final state particles are not the same anymore:

BR(Z → τ±τ±e∓µ∓) ≃ 2.09× 10−11

∣

∣

∣

∣

∣

yRR
eτµτ

(0.1TeV)−2

∣

∣

∣

∣

∣

2

.

(29)
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This change makes the limit on |yRR
eτµτ | a factor of

√
2

weaker compared to |yRR
τeτe| and |yRR

τµτµ| (Tab. I).
Five-body tauon decays τ− → e−µ−ℓ+νℓν̄τ also have a

factor-2 smaller branching ratio than Eq. (17):

BR(τ− → e−µ−ℓ+νℓν̄τ ) ≃ 4.1× 10−15

∣

∣

∣

∣

∣

yRR
eτµτ

(0.1TeV)−2

∣

∣

∣

∣

∣

2

.

(30)

CLEO provides a 90% C.L. limit on the SM-allowed decay
BR(τ− → µ−e−e+ντ ν̄µ) < 3.2×10−5 [51] which translates

to a bound on |yRR
eτµτ | < 5.4/GeV2.

VI. τ̄ µ̄ee

Now we investigate ∆Le = −2∆Lτ = −2∆Lµ = 2:

L ⊃ yLL
µeτeL̄µγ

αLe L̄τγαLe

+ yLR
µeτeL̄µγ

αLe ℓ̄τγαℓe + yLR
τeµeL̄τγ

αLe ℓ̄µγαℓe

+ yRR
µeτeℓ̄µγ

αℓe ℓ̄τγαℓe + h.c. , (31)

all of which give rise to the clean lepton-flavor-violating
decay τ+ → e+e+µ− with rate

Γ ≃
m5

τ

(

|yLL
µeτe|2 + |yLR

µeτe|2 + |yLR
τeµe|2 + |yRR

τeµe|2
)

1536π3
, (32)

assuming vanishing electron and muon mass and hence no
interference terms. Dedicated searches for this decay mode
at Belle [23] yield the strong limits |yLL

µeτe|, . . . , |yRR
τeµe| <

0.0096/TeV2 (Tab. I). Belle II is expected to reach
BR(τ− → µ+e−e−) < 2.3 × 10−10 with 50 ab−1 [54,
55], which can probe the Wilson coefficients down to
(29.0TeV)−2.
The lepton-triality-allowed operators τ̄ µ̄ee have also re-

cently been investigated in Ref. [44], where it was shown
that µ+e− → e+τ− at µTRISTAN would likely provide
weaker constraints on |yµeτe,τeµe| than Belle II through
τ+ → e+e+µ−.

VII. µ̄µ̄eτ

Finally, we look at terms with ∆Lµ = −2∆Le = 2∆Lτ =
2:

L ⊃ yLL
eµτµL̄eγ

αLµ L̄τγαLµ

+ yLR
eµτµL̄eγ

αLµ ℓ̄τγαℓµ + yLR
τµeµL̄τγ

αLµ ℓ̄eγαℓµ

+ yRR
eµτµℓ̄eγ

αℓµ ℓ̄τγαℓµ + h.c. , (33)

which induce τ+ → µ+µ+e− with rate

Γ ≃
m5

τ

(

|yLL
eµτµ|2 + |yLR

eµτµ|2 + |yLR
τµeµ|2 + |yRR

eµτµ|2
)

1536π3
. (34)

Comparison with Belle data [23] puts the following con-
straints on all four Wilson coefficients |yLL

eµτµ|, . . . , |yRR
eµτµ| <

0.013/TeV2 (Tab. I). Belle II should reach BR(τ− →
µ−µ−e+) < 2.6 × 10−10 [54, 55], which translates to
|y| < (27.9TeV)−2.
Just like in the previous section, these lepton-triality-

allowed operators µ̄µ̄eτ have recently been investigated in
Ref. [44]. Here, µ+µ+ → e+τ+ at µTRISTAN can be com-
petitive with Belle II through τ+ → µ+µ+e− and reach
|y| < (O(10)TeV)−2.

VIII. CONCLUSIONS

Tests of the SM’s predicted lepton flavor conservation
are among the best probes of new physics, notably in neu-
trinoless decays of muons and tauons. Not all lepton flavor
violation comes with such clean signatures though: effec-
tive operators with ∆Lα = 2 are much harder to probe,
even though they already arise at mass dimension d = 6
in the SMEFT and, of course, violate lepton flavor. 8 of
these 21 operators give rise to the clean neutrinoless decays
τ− → e−e−µ+, µ−µ−e+, while two more induce muonium–
antimuonium conversion. The remaining 11 operators are
rarely discussed, presumably because they are harder to de-
tect. We have shown that 8 of them can be tested through
lepton-flavor-universality violations, i.e. by comparing lep-
tonic decay rates involving neutrinos, see Tab. I. This leaves
only 3 operators that are currently unconstrained, or at
least with such weak constraints that the use of effective
field theory is questionable; these require future colliders
for unambiguous tests, either in the form of a Z factory
or like-sign electron or muon colliders. Most of the other
operators will be tested more thoroughly at Belle II via
searches for τ− → e−e−µ+, µ−µ−e+ as well as improved
measurements of τ → eνν and τ → µνν that feed into
lepton-flavor-universality tests. Upcoming muonium ex-
periments such as MACE take care of two µ̄µ̄ee operators.
The present study serves as a reminder that lepton flavor
violation could still be hidden at low scales in comparably
murky observables.
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