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We consider charged lepton flavor violating transitions mediated by the diphoton effective interactions
liljγγ and explore which processes can probe them better. Our analysis includes single and double
radiative decays, li → ljγðγÞ, as well as li → lj conversions in nuclei for all possible flavor
combinations, which we compute for the first time for l → τ conversions in this framework. We find
that currently the best limits are provided by the loop-induced li → ljγ processes, while the best future
sensitivities come from μ → e conversion in aluminum and from potential τ → lγγ searches at Belle II or at
the Super Tau Charm Facility. We also motivate the search for μ → eγγ at the Mu3e experiment as a
complementary probe of these operators.
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I. INTRODUCTION

The discovery of neutrino oscillations [1–3] implies the
nonconservation of lepton flavor and it calls for an
extension of the Standard Model to accommodate non-
vanishing neutrino masses. Although no other lepton flavor
violating process has been observed so far, it is natural to
query if the dynamics behind neutrino oscillations can
produce charged lepton flavor violating processes [4–6].
Experimental searches for charged lepton flavor viola-

tion (cLFV) date back to the late 1940s, and the upper
limits have improved ever since until the impressive current
bounds of Oð10−13Þ for some μ → e transitions, with an
even more promising future landscape [7,8]. cLFV
processes involving taus imply a greater experimental
challenge [8–11], but the strong experimental effort has
pushed current upper limits to the Oð10−8Þ level, which
will be further improved in the future [11] at Belle II [12],
the Super Tau Charm Factory (STCF) [13], or the Future
Circular Collider [14–16]. We summarize in Table I the
current and future status of some cLFV processes, the most
relevant ones for our analysis.

In the literature, we find plenty of models proposed to
describe cLFV interactions. The most popular cLFV
processes, both from the experimental and theoretical sides,
are probably the radiative li → ljγ decays. Nevertheless, if
cLFV was discovered, experimental input on a multitude of
independent processes would assist in discriminating
among these UV completions, which introduces the need
to explore also other cLFV transitions. In this work, we will
focus on li → lj conversion in nuclei and on the double
radiative li → ljγγ decays.
The li → lj conversions in nuclei are well-motivated

scenarios to study cLFV interactions. The μ → e conver-
sion in nuclei has already been pursued in the past, with the
strongest limit given by Sindrum II [20]. Nuclei transitions
involving τ leptons are a bit different since they actually
refer to the conversion of an electron or a muon into a tau
via deep inelastic scattering (DIS) with a nucleus [27,28].
The relevant quantity in this case is given by the ratio of the
cross sections of two inclusive processes:

Rτl ¼ σðlN → τXÞ
σðlN → lXÞ ; ð1Þ

where the denominator is given by the dominant contri-
bution to the inclusive lþN process as a result of
the lepton bremsstrahlung on nuclei [26]. At present,
there are no experimental limits on these transitions,
however, the NA64 experiment at the CERN SPS plans
to search for them [26], with an expected sensitivity of
Rτl ∼ ½10−13; 10−12�. In addition to the NA64, future
foreseen experiments such as the muon collider [29], the
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electron-ion collider (EIC) [30], the international linear
collider (ILC) [31] or circular colliders as LHeC [32] might
search for this conversion. All these searches for l → τ
transitions will have a relevant impact on different models
or effective approaches [27,28,33–39].
On the other hand, the li → ljγγ decays are a good

example of less considered but interesting processes
[23,40–46]. Compared to li → ljγ, the double photon
emission has the advantage of not being chirally suppressed
and, from an effective field theory (EFT) point of view, it is
sensitive to a different set of operators. Experimentally,
μ → eγγ has been searched for by several experiments, and
the best upper limits are still provided by the Crystal Box
detector [19]. The τ → μγγ decays have rarely been
searched for, with the only existing direct experimental
search being performed by ATLAS [25]. No direct search
for τ → eγγ has been carried out. Nevertheless, experi-
mental upper bounds can be obtained by recasting the
searches for τ → eγ [23]. Moreover, following an EFT
analysis, stronger upper limits can be derived, as we
recently shown in Ref. [46] and further detailed in this
work. For the future, we are unaware of any concrete plans
for new li → ljγγ searches. Nonetheless, they could—in
principle—be searched for at future facilities such as
Mu3e [47] for μ → eγγ and Belle II or the STCF for
τ → lγγ. Since they are 3-body decays, and given the
experimental similarities between photons and electrons,
we could naively expect similar sensitivities than for μ →
eee and τ → eee, which are expected to reach the 10−16

and 10−9 level,1 respectively.
Motivated by these cLFV processes, we are interested in

the less commonly considered contact interactions involv-
ing two leptons of different flavor and two photons [40].
Such interactions could mediate various cLFV processes, in
particular, the li → ljγðγÞ decays and li → lj conversion
in nuclei, as has been studied in the literature. In particular,

Davidson et al. [45] have addressed the role of these
interactions in both μ → eγγ and μ → e conversion in
nuclei,2 showing that the latter can probe these diphoton
operators more efficiently than the former. It is natural then
to wonder if the same is true for τ − l transitions, although
no such study exists. On the other hand, and as already
mentioned, loop-induced li → ljγ transitions have been
computed in Ref. [46], showing a much better sensitivity
for these diphoton interactions.
Following all this previous discussion, our goal is to

perform a systematic study of the reach of each of these
kinds of processes to probe the diphoton cLFV interactions.
More precisely, we would extend previous works by first
computing the l → τ conversion in nuclei mediated by
these diphoton interactions, to then conclude on the most
promising observables both at the current and future
experimental landscape.
The paper is organized as follows: in Sec. II we present

the diphoton effective operators that generate cLFV and
describe the processes mediated by them. This includes in
particular our new results for l → τ conversion in nuclei,
although some details are left for Appendix. Section III is
devoted to our numerical analysis and the discussion about
the best observable to study the diphoton cLFV operators.
Finally, we conclude in Sec. IV.

II. cLFV FORM DIPHOTON EFFECTIVE
INTERACTIONS

We are interested in the less explored local interactions
between two charged leptons of different flavor and two
photons. The lowest-dimension low-energy effective
Lagrangian that describes the local interaction liljγγ,
where li;lj ¼ e, μ, τ, has energy dimension 7 and is
given by [40]

TABLE I. Experimental upper bounds and future expected sensitivities for the set of cLFV transitions relevant to
our analysis. In the process μA → eA conversion, A ¼ Au for the current upper limit, while A ¼ Al for the expected
future limit. Note there are also promising sensitivities at STCF for LFV τ decays [13], nevertheless, we will mostly
use Belle-II numbers for the future, as they are expected to be released sooner.

cLFV obs. Current upper limit (90% CL) Expected future limits

μ → eγ 4.2 × 10−13 MEG (2016) [17] 6 × 10−14 MEG-II [18]
μ → eγγ 7.2 × 10−11 Crystal Box (1986) [19] � � � � � �
μA → eA 7 × 10−13 Sindrum II (2006) [20] 6.2 × 10−16 Mu2e [21]
τ → eγ 3.3 × 10−8 BABAR (2010) [22] 9 × 10−9 Belle-II [11]
τ → eγγ 2.5 × 10−4 Bryman et al. (2021) [23] � � � � � �
τ → μγ 4.2 × 10−8 Belle (2021) [24] 6.9 × 10−9 Belle-II [11]
τ → μγγ 1.5 × 10−4 ATLAS (2017) [25] � � � � � �
lN → τX � � � � � � ½10−13; 10−12� NA64 [26]

1Furthermore, the prospects for STCF with 10 ab−1 reach
sensitivities of Oð10−10Þ for LFV τ decays [13]. 2See also, e.g., Refs. [48–53].
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Leff ¼ ðGij
SRlLi

lRj
þGij

SLlRi
lLj

ÞFμνFμν

þ ðG̃ij
SRlLi

lRj
þ G̃ij

SLlRi
lLj

ÞF̃μνFμν þ H:c:; ð2Þ

where the subscripts LðRÞ stand for the left(right)-handed
chirality of the lepton and F̃μν ¼ 1

2
ϵμνσλFσλ is the dual

electromagnetic field-strength tensor. Notice that Ref. [40]
also considered the dim-8 operator lLi

γσlLj
Fμν

∂νFμσ, as
well as the analogous operators for the right-handed
fermions. Nevertheless, we do not include their contribu-
tion since it is suppressed by higher powers of the cutoff
scale of the EFT.
This kind of interaction leads to cLFV processes such as

li → ljγðγÞ and li → lj conversion in nuclei, as we detail
in the following. They also lead to other cLFV processes
including the 3-body li → ljl̄klk decays or semileptonic
tau decays τ− → l−PP, where PP are a pair of light
pseudoscalar mesons (which could be detected as a vector
resonance). Nevertheless, we do not expect them to be
competitive with respect to the other decays in restricting
the couplings of Eq. (2), and we will therefore not discuss
them here.
Notice that these processes involving two photons can

also be induced by the dim-5 interaction involving just one
photon, with the second photon being emitted from either
of the charged particles in the process. Nevertheless,
these dim-5 interactions are already severely constrained
by li → ljγ and we do not expect to learn anything new by
considering the α-suppressed processes with two photons
(see, for instance, Ref. [46] for a more quantitative
discussion). For all these reasons, in the following, we
will focus only on the phenomenology associated with the
dim-7 Lagrangian in Eq. (2).

A. li → ljγγ

At tree level, the effective Lagrangian in Eq. (2) gen-
erates the decay li → ljγγ, as it was first computed by
Bowman et al [40]. In our analysis, we will only need the
total decay rate, which is given by

Γðli → ljγγÞ ¼
jGijj2
3840π3

m7
i ; ð3Þ

where we have neglected the mass of the final lepton and
Gij is defined as

jGijj2 ¼ jGij
SLj2 þ jGij

SRj2 þ jG̃ij
SLj2 þ jG̃ij

SRj2: ð4Þ

Note that the rate in Eq. (3) seems to imply a non-
decoupling behavior, as it appears to be independent of the
new physics. The reason is that the effective couplings in
Gij are defined as dimensionful couplings, as can be seen in
the Lagrangian in Eq. (2). Therefore, they have an implicit
dependence on the cutoff scale of 1=Λ3, which ensures the
decoupling behavior of this and the rest of the transition
rates explored in this work.

B. li → ljγ

At one-loop level, the Lagrangian in Eq. (2) also
generates the single photon decay li → ljγ. The diagrams,
obtained after closing the loop with one of the photons, are
shown in Fig. 1 and were computed first in Ref. [46]. For
our numerical analysis, it will be enough to consider only
the leading-log contributions to the decay rate, which are
given by

Γðli → ljγÞ ∼
αjGijj2
256π4

m7
i log

2

�
Λ2

m2
i

�
; ð5Þ

where the mass of the final lepton has been again neglected,
Λ is the cutoff energy scale associated with our EFT
framework, and Gij is defined in Eq. (4). Notice again the
apparent nondecoupling behavior, this time log-enhanced,
which is again compensated by the 1=Λ3 scaling of the
dimensionful couplings Gij.

C. li → lj conversion in nuclei

As shown by Davidson et al., the effective cLFV
interaction with two photons also leads to relevant con-
tributions to μ → e conversion in nuclei. The computation
is explained minutely in Ref. [45], so we only collect the
relevant contributions here. On the other hand, we extend
this idea to flavor transitions with taus, computing the
contributions from the Lagrangian in Eq. (2) to l → τ
conversion in nuclei.
There are two main contributions to the μ → e con-

version in nuclei [45]. One is the interaction of the leptons
with the classical electromagnetic field, and the other is a
short-distance loop interaction of two photons with indi-
vidual protons. The former arises from a contact μeγγ
interaction at momentum transfers of order mμ. The latter

FIG. 1. One-loop diagrams generating li → ljγ from the effective dim-7 diphoton operators in Eq. (2), represented as black circles.
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stems from the loop mixing of the ēμFμνFμν operator into
the scalar proton operator ðēPXμÞðp̄pÞ (X ¼ L=R), where
overlap integrals, energy ratios, and numerical factors
overcompensate for the naive expectation of a loop sup-
pression. Furthermore, the operators with FμνF̃μν in Eq. (2)

are proportional to E⃗ · B⃗, which is negligibly small in the
nucleus and can be therefore disregarded. Then, the
conversion rate (CR) in a nucleus A is given by [45]

CRðμA → eAÞ ¼ 4m5
μ

Γcap
jĜμej2

����mμFA þ 18αmp

π
SðpÞA

����
2

; ð6Þ

where Γcap is the muon capture rate on nucleus A [54] and

FA=S
ðpÞ
A are overlap integrals that can be found in

Refs. [45,48], respectively. Notice that we defined a new
effective coupling jĜμej2 ≡ jGμe

SLj2 þ jGμe
SRj2 to emphasize

that the contribution from FμνF̃μν terms is negligible.
The μ → e conversion experiments are typically low-

energy processes where the muon becomes bounded before
decaying in orbit or being captured by the nucleus [55]. By
contrast, the l → τ conversion experiments are based on a
fixed-target nucleus hit by an incoming electron or muon
beam. The conversion is expected to occur by DIS of the
lepton off the nucleus, meaning that the energy is high
enough as to break the nucleons within the nucleus and
interact with its partons, i.e., quarks and gluons [26].
Therefore, we focus on the inclusive process, whose
products of interaction are a τ lepton plus any hadrons,
i.e., lþN ðA; ZÞ → τ þ X, where we do not have any
information about X.
Husek et al. [36] performed an analysis of LFV tau

decays and l → τ conversion in nuclei using SMEFT
operators up to dimension 6. Here we follow the same
methodology to compute the total cross section in the
process lþN → τ þ X coming from the Lagrangian
in Eq. (2).
The dynamics of the interacting parton living in the

hadronic environment of the nucleus is influenced by low-
energy nonperturbative QCD effects. Given that the per-
turbative cross sections are calculated within the framework
of perturbation theory, this computation includes a char-
acteristic energy scale, Q2, at which perturbative and
nonperturbative effects are factorized. The nonperturbative
behavior is encoded in the so-called parton distribution
functions (PDFs). Both the PDFs and the perturbative
cross-sections are functions of Q2, typically related to the
transferred momentum q2 of the system as Q2 ¼ −q2. In
addition, the PDFs are also characterized through the
fraction of the nucleus momentum carried by the interact-
ing parton, ξ. Therefore, we express the perturbative cross
section as well as the nonperturbative PDFs as a function of
the two discussed invariant quantities. Using the QCD
factorization theorems, we can obtain the total cross section

of the process by calculating the convolution of the
perturbative cross section (σ̂) with the nonperturbative
PDFs (f):

σl−τ ¼ σ̂ðξ; Q2Þ ⊗ fðξ; Q2Þ: ð7Þ

The evolution of the PDFs in terms of Q2 is achieved by
using the DGLAP evolution equations [56–58], whose
dependence on the momentum fraction ξ is completely
nonperturbative and has to be extracted from the data.
Moreover, given that the scattering happens with nucleons
bounded in a nucleus, the nonperturbative effects relevant
to describe the l → τ conversion in nuclei are better
captured by the nuclear parton distribution functions
(nPDFs). For this computation we use the nCTEQ15-np
fit of the nPDFs, provided by the nCTEQ15 project [59],
and incorporated within the ManeParseMathematica pack-
age [60].
The contributions to the perturbative cross sections come

from the dimension seven operators in Eq. (2). These bring
the following contributions in:
(a) The process lq → τq (see Fig. 2) involves a loop with

a quark and two photons.
(b) The same process as in (a), but with antiquarks:

lq̄ → τq̄. Note that the nonperturbative behavior of
antiquarks inside the nucleons differs from their
opposite-charged partners, and also the perturbative
cross sections of the process are different from those
involving quarks.

The process lg → τg also contributes to the perturbative
cross-sections, although the operators in Eq. (2) generate it
at two-loop level. The diagram for this contribution would
be similar to the one in Fig. 2, closing the quarks line in a
loop and adding initial and final gluons coupled to the
quarks. Given that this process has an additional loop
suppression compared with the ones mentioned in (a) and
(b), we neglect it.
Accounting for the contributions to the perturbative cross

section previously mentioned, we obtained the following
expression for the unpolarized squared amplitude as a
function of ξ and Q2

FIG. 2. One-loop contribution to lq → τq (l ¼ e, μ), stem-
ming from effective τlγγ interactions.
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jMqqðξ; Q2Þj2 ¼ 6e4ðjGτl
SRj2 þ jGτl

SLj2Þ½ðm2
l þm2

τ þQ2Þððmi þ ξMÞ2 þQ2Þ�Γqqðξ; Q2Þ

þ 3e4

2
ðjG̃τl

SRj2 þ jG̃τl
SLj2Þ½ðm2

l þm2
τ þQ2Þððmi − ξMÞ2 þQ2Þ�Γ̃qqðξ; Q2Þ; ð8Þ

where Γqqðξ; Q2Þ and Γ̃qqðξ; Q2Þ result from the evaluation
of the loop in Fig. 2 and are given in the Appendix. Notice
that the interference between FμνFμν and F̃μνFμν term
vanishes, while the interference between L and R operators
is chirality suppressed and we therefore neglect it. For the
process with antiquarks, we obtain an identical expression
as Eq. (8) but with different loop functions (see the
Appendix).
The perturbative unpolarized differential cross sections

can be computed from the squared amplitude in Eq. (8),
leading to

dσ̂ðlqiðξPÞ → τqiÞ
dξdQ2

¼ 1

16πλðsðξÞ; m2
l; m

2
i Þ
jMqqðξ; Q2Þj2;

ð9Þ

dσ̂ðlq̄iðξPÞ → τq̄iÞ
dξdQ2

¼ 1

16πλðsðξÞ; m2
l; m

2
i Þ
jMq̄ q̄ðξ; Q2Þj2;

ð10Þ

with pi ¼ ξP the momentum of the interacting parton, P
the total momentum of the nucleus and the subscript i
labeling quark flavor. We also defined m2

i ¼ ξ2M2, being
M the nucleus mass. λðsðξÞ; m2

l; m
2
i Þ is the usual Källén

function. Finally, working at leading order in QCD, the
total cross section reads

σðlN ðPÞ → τXÞ

¼
X
i

Z
1

ξmin

Z
Q2

þðξÞ

Q2
−ðξÞ

dξdQ2

�
dσ̂ðlqiðξPÞ → τqiÞ

dξdQ2
fqiðξ; Q2Þ

þ dσ̂ðlq̄iðξPÞ → τq̄iÞ
dξdQ2

fq̄iðξ; Q2Þ
�
; ð11Þ

being fqiðξ; Q2Þ and fq̄iðξ; Q2Þ the quark and antiquark
PDFs, respectively. The integration limits can be found in
Appendix E of Ref. [36].

III. RESULTS AND DISCUSSION

As detailed in Sec. II, the diphoton effective interactions
in Eq. (2) contribute to li → ljγ, li → ljγγ and li → lj
conversion in nuclei. Therefore, it is interesting to compare
the sensitivity of each of these processes as a probe of the
effective couplings Gij or, alternatively, of the new physics
scale associated with these effective interactions, which we
can naively define as Λ ¼ 1=

ffiffiffiffiffiffiffiffiffijGijj3
p

.

The transition rates for (double) radiative decays and
μ → e conversion depend on the combination of couplings
in Eq. (4) and thus it is straightforward to translate the
experimental upper limits in Table I into upper limits on
Gij. In the case of l → τ conversions, however, the
dependence on the effective couplings does not factorize
out in the same manner, see Eq. (8), so we need to make
some assumption on their structure. For concreteness, we
will consider three benchmark scenarios in our numerical
analysis:

ðiÞ jGτlj2 ¼ jGτl
SRj2 þ jGτl

SLj2 ¼ jG̃τl
SRj2 þ jG̃τl

SLj2;
ðiiÞ jGτlj2 ¼ jGτl

SRj2 þ jGτl
SLj2; G̃τl

SR ¼ G̃τl
SL ¼ 0;

ðiiiÞ jGτlj2 ¼ jG̃τl
SRj2 þ jG̃τl

SLj2; Gτl
SR ¼Gτl

SL ¼ 0: ð12Þ

Furthermore, according to the prospects of the NA64
experiment [26], we use two specific nuclei in our analysis,
Fe(56,26) and Pb(208,82), as well as Ee ¼ 100 GeV and
Eμ ¼ 150 GeV for the energies of the incident lepton
beams. We calculated the integral in Eq. (11) using either
light quarks only or light plus heavy quarks. The criterion to
choose our results was the following: if the error of the
calculation (due to the PDF uncertainties) using light quarks
only, was larger than the contribution of the heavy quarks,
thenweneglected the latter contributions. That is the case for
scenarios (i) and (iii). Conversely, when the contribution of
the heavy quarks was larger than the computation uncer-
tainty, we included them, as in scenario (ii).
Our results are shown in Fig. 3, where we present the new

physics scaleΛ accessible by each of the cLFVobservables,
with solid (light) bars covering current (future) experimental
sensitivities. We see that at present the radiative decays
li → ljγ provide the best sensitivities for liljγγ effective
interactions, as already pointed out in Ref. [46], although
μ → e conversion is also competitive. In fact, future reach in
the μ → e sector will be dominated by the impressive future
sensitivities expected at conversion rate experiments such as
Mu2e, going beyond the expected improvement atMEG-II.3

On the other hand, and even being a tree-level process in our
framework, μ → eγγ currently provides a much lower
sensitivity, since the last search for this process was done
by the Crystal Box detector.
We are not aware of any future plan to search for

μ → eγγ. Nevertheless, Fig. 3 shows how would the future

3Additionally, μ → eee could also become competitive in the
future, since the improved sensitivity of Oð10−16Þ at Mu3e may
overcome the α suppression with respect to μ → eγ. Nevertheless,
we expect it to still be below the μ → e conversion reach.
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landscape look like assuming an improvement of one, three
and five orders of magnitude in this branching ratio. We see
that an improvement of three orders of magnitude is needed
to reach the current sensitivity levels of μ → eγ and μ → e
conversion, while five orders would make this observable
quite competitive with respect to future μ → e conversion
searches. Interestingly, the latter corresponds to a sensi-
tivity level of 10−16, precisely the future goal for μ → eee,
which motivates a dedicated search for μ → eγγ at Mu3e.
The situation in the tau sector is different, especially in

the future. So far, the only direct search for τ → μγγ was
performed by ATLAS [25], although the searches for τ →
lγ have been recast into upper limits on τ → lγγ [23].
Their sensitivity for the τlγγ operator is, however, much
lower than current ones from τ → lγ, which provides,
again, the best probe for τlγγ operators [46]. In the near
future, the double photon channels can be searched for at
Belle II or at STCF with improved sensitivities. In Fig. 3 we
display the future landscape assuming that Belle II can
probe τ → lγγ transitions at theOð10−9Þ level, as expected
for other cLFV tau decays such as τ → lγ or τ → lll.
Then, we see that direct searches for τ → lγγ will improve
our current knowledge of τlγγ operators and that they will
be competitive with future improvements from τ → lγ
decays. This is an exciting result that motivates dedicated
searches for τ → lγγ decays at Belle II and STCF.
On the other hand, l → τ conversion searches at NA64

will not be competitive probing τlγγ operators, especially
for e → τ conversions. This is manifest in Fig. 3, which was
done considering Pb and scenario (i), and the situation does
not improve for other cases we explored, as shown in Fig. 4.
Here, we considered the maximum Gτl allowed by current
upper limits on τ → lγ and translated them into l → τ
conversion rates for both Fe and Pb, and for all the

scenarios in Eq. (12). In other words, this figure shows
how large the conversion rates can be in each scenario
without inducing too large rates for other cLFV transitions.
We see that the maximum rates are always far from future
expected sensitivities at NA64. Consequently, and unlike in
the μ → e sector, the l → τ conversion does not provide a
competitive probe for the local τlγγ interaction.
Finally, a word on the validity of our EFT approach is in

order. In principle, we only focused on low-energy proc-
esses and, therefore, the choice of the low-energy EFT
Lagrangian in Eq. (2) is well justified. The only exception
could lie in the l → τ conversion rates, although being a
DIS process is not straightforward to conclude it. The
incoming electron (muon) beam has an energy of 100
(150) GeV, which translates into maximum center-of-mass
energy, ŝ ≤

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2MEl

p
, around the electroweak scale. In that

sense, it would be more appropriate to consider a SMEFT
approach, where the low-energy diphoton interactions in
Eq. (2) are generated from a SUð2ÞL ×Uð1ÞY invariant
operators. Nevertheless, our low-energy analysis showed
that the l → τ conversions are far from being competitive
in probing the diphoton operators, which will not change if
SMEFT diphoton operators are considered.
Besides, we see in Fig. 3 that the Λ scales we are

sensitive to are well above the relevant energy scale of each
process.4 In fact, the accessible Λ values are in most cases
higher than the electroweak scale, motivating a dedicated

FIG. 3. Values of the new physics scale Λ that are accessible by
each of the cLFV observables with current bounds (solid bars)
and future sensitivities (lighter bars). Striped bars indicate our
estimations for future sensitivities in li → ljγγ decays (see main
text for details). We define Λ≡ 1=

ffiffiffiffiffiffiffiffiffijGijj3
p

. For l → τ conversion
in nuclei, we used the benchmark (i) in Eq. (12).

FIG. 4. Maximum l → τ conversion rates assuming the
scenarios in Eq. (12) and imposing the upper limits on τ → lγ
decays. The latter is done following Eq. (8) with Λ ¼ 100 GeV.
The upper shadowed region shows the expected future sensitivity
at NA64.

4Again with the only exception of e → τ conversion. However,
the sensitivity is so far away from other τ → e transitions, that the
discussion about the validity becomes pointless.
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analysis for diphoton SMEFToperators in cLFV processes,
although this goes beyond the scope of our work.

IV. CONCLUSIONS

Searches for cLFV processes constitute one of our best
prospects to discover new physics, and it is, therefore,
important to consider as many cLFV observables as
possible. This will not only enhance our chances of
discovering cLFV transitions, but also provide crucial
information about the model behind a potential positive
signal, since each BSM scenario predicts in general differ-
ent correlations between these processes.
In this paper, we have focused on the less studied cLFV

diphoton interactions liljγγ and performed a phenomeno-
logical analysis of their implications for the cLFV proc-
esses li → ljγ, li → ljγγ, and li → lj conversions in
nuclei for all possible lepton flavor combinations. In order
to do this, we presented a computation of the contribution
to the l → τ conversion on fixed-target nuclei from the
interaction τlγγ.
By comparing with the current experimental upper limits

for these processes, we showed that at present the strongest
limits for these diphoton operators are provided by the
loop-induced li → ljγ decays, although μ → e conversion
in nuclei also provides competitive bounds. For the future,
the strong improvement at Mu2e experiment for μ → e
conversion in nuclei will dominate the sensitivity for μeγγ
interaction. This is in contrast to the τ sector, where future
NA64 searches for l → τ conversion will not be competi-
tive for probing τlγγ operators, and they will be better
explored by τ → lγ decays.
Nevertheless, we showed that future direct searches for

li → ljγγ could be competitive or even provide the best
limits if they could reach the same sensitivity levels as
similar processes such as the 3-body li → ljljlj decays.
This result motivates ongoing or planned experiments to
search also for the diphoton channel, in particular, μ → eγγ

searches at Mu3e or τ → lγγ at Belle-II, STCF, EIC
or FCC.
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APPENDIX: FUNCTIONS FROM THE
EVALUATION OF THE LOOPS IN l → τ

CONVERSION IN NUCLEI

Here we provide the relevant functions needed to
evaluate the perturbative contribution to l → τ conversion,
as given in Eq. (8), which are the result of computing the
loop in Fig. 2. In particular, we define

Γqqðξ; Q2Þ ¼ 1

64π4
jF1ðξ; Q2Þj2;

Γ̃qqðξ; Q2Þ ¼ 1

64π4
jF2ðξ; Q2Þj2;

Γq̄ q̄ðξ; Q2Þ ¼ 1

64π4
jF3ðξ; Q2Þj2;

Γ̃q̄ q̄ðξ; Q2Þ ¼ 1

64π4
jF4ðξ; Q2Þj2; ðA1Þ

with

F1 ¼ 2½mðQ2Þ þMξ�B0ðM2ξ2;mðQ2Þ; 0Þ þ 2½mðQ2Þ þmi�B0ðm2
i ;mðQ2Þ; 0Þ

þ 2½mðQ2Þ −mi�B0ð−Q2; 0; 0Þ þ 2MξB1ðM2ξ2;mðQ2Þ; 0Þ þ 2½Mξ −mi�B1ð−Q2; 0; 0Þ
þ 2miB1ðm2

i ;mðQ2Þ; 0Þ þ 2½m3ðQ2Þ þMmimðQ2Þξ −M2miξ
2 þmðQ2ÞQ2 −Mm2

i ξ�
C0ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ þ 2½m2ðQ2Þ −m2
i þmimðQ2Þ −miMξ −M2ξ2 þMmðQ2Þξ�

ðMξC2ðm2
i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ þmiC1ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0ÞÞ þmi − 4mðQ2Þ þMξ; ðA2Þ

F2 ¼ −2ið2½MξþmðQ2Þ�B0ðM2ξ2;mðQ2Þ; 0Þ þ 2½mi þmðQ2Þ�B0ðm2
i ;mðQ2Þ; 0Þ

þ 2½Mξþmi − 2mðQ2Þ�B0ð−Q2; 0; 0Þ þ 2MξB1ðM2ξ2;mðQ2Þ; 0Þ þ 2miB1ðm2
i ;mðQ2Þ; 0Þ

þ 2½mim2ðQ2Þ − 2m3ðQ2Þ þMm2ðQ2Þξ −Mm2
i ξ −M2miξ

2 þ 2MmimðQ2Þ þmðQ2ÞQ2�
C0ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ þ 2½m2
i − 2mimðQ2Þ −M2ξ2 þ 2MmðQ2Þξ�

ðmiC1ðm2
i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ −MξC2ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0ÞÞ − 3ðmi þMξÞÞ; ðA3Þ
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F3 ¼ 2½mðQ2Þ −Mξ�B0ðM2ξ2;mðQ2Þ; 0Þ þ 2½mðQ2Þ −mi�B0ðm2
i ;mðQ2Þ; 0Þ

þ 2½mðQ2Þ þmi�B0ð−Q2; 0; 0Þ − 2MξB1ðM2ξ2;mðQ2Þ; 0Þ − 2miB1ðm2
i ;mðQ2Þ; 0Þ

þ 2½mi −Mξ�B1ð−Q2; 0; 0Þ þ 2½M2ξ2 þmiðMξþmðQ2ÞÞ þMmðQ2Þξþm2
i −m2ðQ2Þ�

ðMξC2ðm2
i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ þmiC1ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0ÞÞ
þ 2½m3ðQ2Þ þMmimðQ2ÞξþM2miξ

2 þmðQ2ÞQ2 þMm2
i ξ�C0ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ
− ðmi þ 4mðQ2Þ þMξÞ; ðA4Þ

F4 ¼ 2ið2½Mξ −mðQ2Þ�B0ðM2ξ2;mðQ2Þ; 0Þ þ 2½mi −mðQ2Þ�B0ðm2
i ;mðQ2Þ; 0Þ

þ 2½mi þ 2mðQ2Þ þMξ�B0ð−Q2; 0; 0Þ þ 2miB1ðm2
i ;mðQ2Þ; 0Þ þ 2MξB1ðM2ξ2;mðQ2Þ; 0Þ

þ 2½2m3ðQ2Þ þmim2ðQ2Þ þMξm2ðQ2Þ −Mξm2
i −M2ξ2mi − 2MξmimðQ2Þ −mðQ2ÞQ2�

C0ðm2
i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ þ 2½2mimðQ2Þ −M2ξ2 − 2MξmðQ2Þ þm2

i �
ðmiC1ðm2

i ;−Q2;M2ξ2;mðQ2Þ; 0; 0Þ −MξC2ðm2
i ;−Q2;M2ξ2;mðQ2Þ; 0; 0ÞÞ − 3ðmi þMξÞÞ: ðA5Þ

The function mðQ2Þ represents the running of the
quark mass in the loop. For the computation of the quark
masses at different energy scales, we use RunDec [61].
The notation employed for the Passarino-Veltman
loop functions is standard. We use Package-X [62] to

analytically evaluate the loop integrals. CollierLink
extends Package-X so that the Passarino-Veltman func-
tions can be directly evaluated, using the COLLIER
library [63]. Then we use CollierLink to numerically
evaluate our expressions.
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