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We perform an effective field theory analysis to correlate the charged lepton flavor violating processes
li → ljγγ and li → ljγ. Using the current upper bounds on the rate for li → ljγ, we derive model-
independent upper limits on the rates for li → ljγγ. Our indirect limits are about three orders of magnitude
stronger than the direct bounds from current searches for μ → eγγ, and four orders of magnitude better than
current bounds for τ → lγγ. We also stress the relevance of Belle II or a Super Tau Charm Facility to
discover the rare decay τ → lγγ.
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I. INTRODUCTION

The experimental observation of charged lepton flavor
violation (cLFV) would undoubtedly imply the existence of
new physics beyond neutrino oscillations [1]. This has
motivated a strong experimental program over the last
75 years searching for different cLFV processes, see
Fig. 1, each observable providing complementary informa-
tion about possible beyond the Standard Model (BSM)
scenarios.
Here we consider the cLFV decays of leptons to two

photons, li → ljγγ [5,7,8], which have been explored in
less detail than other cLFV processes such as the single
photon process, li → ljγ, especially for the case of τ →
lγγ [6,9–12].
Experimentally, μ → eγγ was searched for by several

experiments aiming also for μ → eγ. The latest of these
experiments was the Crystal Box detector, whose result still
provides the strongest bound for μ → eγγ [13]. This limit is
however two orders of magnitude weaker than present μ →
eγ bounds, see Table I, since the MEG experiment was
optimized for back-to-back topologies and no new dedicated
experiment for μ → eγγ has been carried out since Crystal
Box. On the other hand, τ → lγγ has rarely been searched
for. To the best of our knowledge, the only existing direct
experimental search was performed by ATLAS, setting
an upper limit of BRðτ → μγγÞ < 1.5 × 10−4 after the

LHC run-I [14]. No direct experimental search exists
for τ → eγγ.
An alternative for exploring the li → ljγγ channels is to

recast the searches for li → ljγ, as some of the events of the
former would fall into the signal region defined for the latter
[5]. This idea has been recently applied to recast the BABAR
search for τ → lγ [16], finding that at 90% C.L. BRðτ →
μγγÞ < 5.8 × 10−4 and BRðτ → eγγÞ < 2.5 × 10−4 [6].
These limits are however several orders ofmagnitudeweaker
than the associated ones on τ → lγ due to the low acceptance
of these searches for τ → lγγ events.
In this letter, we consider the theoretical correlation

between the li → ljγγ and the li → ljγ decays. Clearly,
any scenario generating li → ljγ would automatically
generate a (model-independent) contribution to li → ljγγ,
from the radiation of an additional photon in the final state.
Further, any scenario generating li → ljγγ will generate a
(model-dependent) contribution to li → ljγ at the quantum
level. Barring cancellations, the quantum-induced contribu-
tion should not exceed the experimental upper limits on
li → ljγ, which in turn allows us to set indirect limits on the
rates of li → ljγγ.
In this work, we will pursue an effective field theory

(EFT) approach to study these correlations, in order to
ensure the generality of our conclusions. Notably, our
indirect limits on the process li → ljγγ will turn out to
be more stringent than the current direct bounds.
Furthermore, these limits do not preclude the possibility
of observing the rare decays τ → lγγ at Belle II or at a
Super Tau Charm Factory, which then represents a com-
petitive probe of cLFV along with the more studied
channels τ → lγ or τ → ljlkl̄k.
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II. TOTAL RATE FOR li → ljγγ IN THE EFT
APPROACH

The effective interaction Lagrangian between two
charged leptons of different flavor and one photon has
dimension 5 and reads:

Ldim -5 ¼ Dij
R l̄Li

σμνlRj
Fμν þDij

L l̄Ri
σμνlLj

Fμν þ H:c: ð1Þ

where the subscripts LðRÞ indicate the chirality of the
lepton and i, j are generation indices.
On the other hand, the lowest dimensional effective

interaction between two charged leptons of different flavor
and two photons has mass dimension 7 and is given by [5]

Ldim -7 ¼ ðGij
SRl̄Li

lRj
þ Gij

SLl̄Ri
lLj

ÞFμνFμν

þ ðG̃ij
SRl̄Li

lRj
þ G̃ij

SLl̄Ri
lLj

ÞF̃μνFμν þ H:c: ð2Þ

where F̃μν ¼ 1
2
ϵμνσλFσλ is the dual tensor. In Ref. [5], the

Lagrangian also contains the dimension-8 operators
l̄Li

γσlLj
Fμν

∂νFμσ and l̄Li
γσlLj

Fμν
∂νF̃μσ , as well as the

analogous operators for the right-handed fermions. The
effect of these operators is not only suppressed by higher
powers of the cutoff scale of the EFT, but also by the mass
of the decaying lepton, due to the helicity flip, therefore we
will neglect them henceforth.
The effective Lagrangians in Eqs. (1) and (2) generate at

tree level the decay li → ljγγ, through the diagrams shown
in the upper panel of Fig. 2. The expression for the
differential decay rate is complicated and is given in
Appendix. For the specific limits where the rate is domi-
nated by the dimension-5 operators, the total decay rate is
given by:

Γðli → ljγγÞ ¼
αm3

i

48π2
ðjDij

R j2 þ jDij
L j2Þλ

�
Ecut
γ

mi

�
; ð3Þ

with Ecut
γ an energy cutoff introduced to regularize the

infrared and collinear divergences in the rate (see
Appendix), and

λðxÞ ≃ 6þ 2π2 þ 6log22þ 21 logð2xÞ þ 6 logðxÞ logð4xÞ
þ 18xð2 logð2xÞ þ 1Þ þ 6x2ð8 logð2xÞ − 29Þ
þOðx3Þ: ð4Þ

On the other hand, when it is dominated by the dimension-7
operators, we obtain

Γðli → ljγγÞ ¼
jGijj2
3840π3

m7
i ; ð5Þ

where we have neglected the mass of the final lepton
and jGijj2 ¼ jGij

SLj2 þ jGij
SRj2 þ jG̃ij

SLj2 þ jG̃ij
SRj2.

III. CORRELATING li → ljγγ AND li → ljγ

Let us first consider scenarios where the dimension-5
operators are not suppressed, so the rate for li → ljγγ is
approximately given by Eq. (3). Clearly, the dimension-5
operators also induce the decay li → ljγ (see lower panel
of Fig. 2). The rate is given by

Γðli → ljγÞ ¼
m3

i

4π
ðjDij

R j2 þ jDij
L j2Þ; ð6Þ

whence one obtains

TABLE I. Experimental upper bounds on the rates of the li →
ljγðγÞ decays.
Decay Mode Current upper limit on BR (90% C.L.)

μ → eγ 4.2 × 10−13 MEG (2016) [15]
μ → eγγ 7.2 × 10−11 Crystal Box (1986) [13]
τ → eγ 3.3 × 10−8 BABAR (2010) [16]
τ → μγ 4.2 × 10−8 Belle (2021) [17]
τ → μγγ 1.5 × 10−4 ATLAS (2017) [14]

FIG. 1. Historical evolution for the 90% C.L. upper limits on
several cLFV leptonic decays. Solid markers correspond to
published direct experimental searches, while empty ones indicate
future expected sensitivities at MEG II [2], Mu3e [3] and Belle II
[4] (arbitrary year). Lighter markers for li → ljγγ were obtained
by recasting the available searches for li → ljγ [5,6] or μe → γγ
[7]. The evolution for τ → e sector is similar to the τ → μ one, with
the exception that no direct search for τ → eγγ exists.
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Γðli → ljγγÞ ¼
α

12π
λ

�
Ecut
γ

mi

�
Γðli → ljγÞ: ð7Þ

Using the upper limits on the rates for li → ljγ from
Table I and imposing Ecut

γ ¼ 7ð50Þ MeV for μðτÞ decays,
one finds the indirect limits:

BRðμ → eγγÞ≲ 2 × 10−16;

BRðτ → eγγÞ ≲ 8 × 10−11;

BRðτ → μγγÞ ≲ 1 × 10−10: ð8Þ

Alternatively, there could be scenarios where the dimen-
sion-5 operators are suppressed, while not the dimension-7
operators (see Sec. IV). In this case, the decay li → ljγ is
induced at the one loop-level (see lower panel of Fig. 2). In
this case, and keeping only the leading terms, one finds:

Γðli → ljγÞ ∼
αjGijj2
256π4

m7
i log

2

�
Λ2

m2
i

�
; ð9Þ

where Λ is the cutoff energy scale of the effective field
theory. Using Eq. (5) one obtains an approximate corre-
lation between rates

Γðli → ljγÞ ∼
15α

π
log2

�
Λ2

m2
i

�
Γðli → ljγγÞ; ð10Þ

from where one can derive indirect upper limits for li →
ljγγ from the upper limits on li → ljγ:

BRðμ → eγγÞ≲ 6.4 × 10−14
�
1þ 0.15 log

Λ
100 GeV

�
−2
;

BRðτ → eγγÞ≲ 1.5 × 10−8
�
1þ 0.25 log

Λ
100 GeV

�
−2
;

BRðτ → μγγÞ ≲ 1.9 × 10−8
�
1þ 0.25 log

Λ
100 GeV

�
−2
;

ð11Þ

which have a mild sensitivity to the cutoff scale.

Regardless of the underlying physics generating the
process li → ljγγ, our indirect limits are significantly
more stringent than the current direct limits. Concretely,
the limit on μ → eγγ is about three orders of magnitude
stronger than the direct search using the Crystal Box
detector and the limit on τ → μγγ is about four orders of
magnitude stronger than the direct search performed at
ATLAS. Future foreseeable sensitivities of MEG II search-
ing for μ → eγ and of Belle II for τ → lγ will improve our
indirect limits by about one order of magnitude.
Furthermore, the results in Eqs. (11) motivate a dedicated

experimental search for the τ → lγγ decays, since this
decay might be at the reach of future experiments [18]. Let
us consider the specific case of the Belle II experiment.
Assuming that Belle II could achieve the same sensitivity
for double than for single photon processes, as occurred in
the Crystal Box Detector for muon decays [19], Belle II
could probe the τ → lγγ decays with branching ratios as
small asOð10−9Þ [18]. If this sensitivity is reached, Belle II
will probe uncharted parameter space of the dimension-7
operators, and possibly find evidence for cLFV by the
observation of the decay τ → lγγ.

IV. MODELS WITH ENHANCED li → ljγγ

There are several scenarios where the dimension-5
operators could be suppressed with respect to the dimen-
sion-7 operators, thereby enhancing the rate of li → ljγγ
compared to li → ljγ. For instance, it was argued in [5]
that in models where cLFV was mediated by charged heavy
leptons [20], the GIM suppression [21] could be stronger
for li → ljγ than for li → ljγγ. Also, in Ref. [8] it was
argued that in some new physics models the dimension-7
operators could actually arise at Oð1=Λ2Þ, instead of the
naive expectation ofOð1=Λ3Þ, so their contributions would
be less suppressed than expected.
Another interesting possibility arises in models where

the cLFV is mediated by heavy scalars, such as a two Higgs
doublet model (2HDM) with off-diagonal Yukawa inter-
actions. In this scenario, li → ljγ decays are induced at
one-loop level, however they are suppressed by three chiral
flips and therefore the two-loop (Barr-Zee diagrams)

FIG. 2. Feynman diagrams contributing to li → ljγγ (top panel) and li → ljγ (bottom panel) in the effective field theory described
by the Lagrangians in Eqs. (1) (black squares) and (2) (black circles). The dots represent higher order contributions.
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contributions are actually the dominant ones [22]. On the
other hand, the li → ljγγ decays do not suffer from this
chirality suppression, the dominant contributions are at the
one-loop and, consequently, they can have ratios compa-
rable to those of li → ljγ.
More concretely, one can consider a scenario containing

a heavy scalar S with off-diagonal Yukawa couplings to
leptons and an effective vertex to two photons (which
matches to the framework in Ref. [22] when integrating out
the top andW boson). The double and single photon decays
are then generated by diagrams such as those in Fig. 3,
which in the heavy scalar limit reduce to a local interaction
and Fig. 2, respectively. We have explicitly checked that, in
this heavy limit, we recover our EFT result of Eq. (10)
with Λ ¼ mS.

V. CONCLUSIONS

Pursuing an effective field theory approach, we have
derived model-independent upper limits on the rates of
li → ljγγ from the current experimental limits on
li → ljγ. Our indirect limits are, even under the most
conservative assumptions, significantly more stringent than
the current direct limits, concretely three orders of magni-
tude for μ → eγγ and four orders of magnitude for τ → μγγ.
When li → ljγγ is dominantly generated by the same
dimension-5 operators generating li → ljγ, the stringent
limits on the latter preclude the observation of the former in
planned experiments. In contrast, in scenarios where the
dimension-5 operators are suppressed compared to the
dimension-7 operators, the rare decays li → ljγγ can be
enhanced compared to li → ljγ, which in our EFT
approach is only generated at the one-loop level. In this
class of scenarios, the rare decay τ → μγγ could be at the
reach of the Belle II experiment or at a proposed Super Tau
Charm Facility, and could constitute an stringent probe of
lepton flavor violation. We also discussed some possible
UV-complete scenarios where li → ljγγ is enhanced.
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APPENDIX: DIFFERENTIAL DECAY RATES

In this appendix we present the double differential decay
width for the li → ljγγ processes, including the contri-
butions from effective operators up to dim-7. The differ-
ential rate can be cast as:

d2Γðli → ljγγÞ
dEγdEγ0

¼ d2Γðli → ljγγÞ
dEγdEγ0

����
dim -5

þ d2Γðli → ljγγÞ
dEγdEγ0

����
dim -7

þ d2Γðli → ljγγÞ
dEγdEγ0

����
int
; ðA1Þ

where in an obvious notation, dim-5 denotes the contri-
bution from the Lagrangian Eq. (1), dim-7 from the
Lagrangian Eq. (2), and int is the interference term.
Explicitly, and neglecting the mass of the lepton in the
final state, we obtain:

d2Γðli → ljγγÞ
dEγdEγ0

����
dim -7

¼ jGijj2
16π3

m2
i ðmi − Eγ − Eγ0 Þ

× ðmi − 2ðEγ þ Eγ0 ÞÞ2; ðA2Þ

d2Γðli → ljγγÞ
dEγdEγ0

����
dim -5

¼ αðjDij
R j2 þ jDij

L j2Þ
4EγEγ0 þm2

i − 2miðEγ þ Eγ0 Þ
mi − 2ðEγ þ Eγ0 Þ

4π2E2
γE2

γ0
f48E3

γE3
γ0 −m4

i ðEγ − Eγ0 Þ2

þ 2EγEγ0m2
i ðE2

γ þ 6EγEγ0 þ E2
γ0 Þ − EγEγ0miðEγ þ Eγ0 Þð24EγEγ0 þm2

i Þg; ðA3Þ

FIG. 3. Example of diagrams generating li → ljγγ and li →
ljγ mediated by a scalar with off-diagonal Yukawa couplings and
an effective vertex to two photons.
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d2Γðli → ljγγÞ
dEγdEγ0

����
int

¼ −
emiðmi − 2ðEγ þ Eγ0 ÞÞ2

4π3
RefDij�

L ðGij
SL þ iG̃ij

SLÞ þDij�
R ðGij

SR − iG̃ij
SRÞg; ðA4Þ

with kinematical ranges for the photon energies 0 ≤
Eγ ≤ mi=2, mi=2 − Eγ ≤ Eγ0 ≤ mi=2. Notice that the di-
mension-5 contribution suffers from both infrared and
collinear singularities, which we can avoid by introducing

a regulator such that Ecut
γ ≤ Eγ ≤ mi=2 − Ecut

γ , m=2 − Eγ ≤
Eγ0 ≤ mi=2 − Ecut

γ . Strictly, one should introduce different
regulators, however we assume them to be the same for
simplicity.
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