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Abstract Starting from a general effective Lagrangian for
lepton flavor violation (LFV) in quark-lepton transitions,
we derive constraints on the effective coefficients from the
high-mass tails of the dilepton processes pp → �k�l (with
k �= l). The current (projected) limits derived in this paper
from LHC data with 36 fb−1 (3 ab−1) can be applied to
generic new physics scenarios, including the ones with scalar,
vector and tensor effective operators. For purely left-handed
operators, we explicitly compare these LHC constraints with
the ones derived from flavor-physics observables, illustrating
the complementarity of these different probes. While flavor
physics is typically more constraining for quark-flavor vio-
lating operators, we find that LHC provides the most strin-
gent limits on several flavor-conserving ones. Furthermore,
we show that dilepton tails offer the best probes for charm-
quark transitions at current luminosities and that they provide
competitive limits for tauonic b → d transitions at the high-
luminosity LHC phase. As a by-product, we also provide
general numerical expressions for several low-energy LFV
processes, such as the semi-leptonic decays K → π�±

k �∓
l ,

B → π�±
k �∓

l and B → K (∗)�±
k �∓

l .

1 Introduction

Lepton flavor symmetry is accidental in the SM and it is
known to be explicitly broken by the nonzero neutrino masses
and mixing, as established by neutrino oscillation experi-
ments. Neutrino masses are also responsible for flavor vio-
lation in the charged-lepton sector, with unobservable rates
suppressed by (mν/mW )4 ≈ 10−48. This makes charged
Lepton Flavor Violation (LFV) an appealing target for exper-
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imental searches beyond the SM (BSM), as its observation
would clearly point to the existence of new phenomena.

From a theoretical perspective, LFV is predicted in various
BSM scenarios, such as the ones involving sterile neutrinos
[1–3], extended Higgs sectors [4,5], Z ′ bosons [6] and lep-
toquarks [7,8]. Under the assumption of heavy new physics
states, the low-energy LFV data can be described by means of
an Effective Field Theory (EFT), with the information on the
underlying dynamics encoded in effective coefficients that
can be probed experimentally.

On the experimental side, there is a rich flavor-physics pro-
gram dedicated to LFV in both lepton and meson decays. The
current sensitivity will be significantly improved in the com-
ing years by the ongoing effort at the present NA62 [9], LHCb
[10] and Belle-II [11], as well as at the future Mu2E [12],
Mu3E [13] and COMET [14] experiments. While up to date
there is no evidence for charged LFV, there are hints of Lep-
ton Flavor Universality Violation (LFUV) in B-meson semi-
leptonic decays (see e.g. Ref. [15] for a recent review), which
have attracted a lot of attention in the particle physics commu-
nity. Notably, several BSM resolutions of these discrepancies
predict sizeable LFV effects in semi-leptonic operators, see
e.g. [16–20] and references therein.

In recent years, the large luminosity accumulated at the
LHC has offered many opportunities to indirectly test flavor-
physics scenarios at high-pT . In particular, recasts of reso-
nant searches in the invariant mass tails of the pp → �−�+
and pp → �±ν� processes have been used to derive strin-
gent limits on various new physics models [21–24]. These
constraints turn out to be complementary to the ones com-
ing from flavor physics observables and, in particular, they
have been useful to identify the viable solutions of the LFUV
anomalies observed in B-meson decays [25,26]. The main
focus of this study is to perform an analogous analysis of
the LFV processes pp → �k�l (with k �= l) at the LHC,
which have not been thoroughly explored thus far, and which

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-020-8210-5&domain=pdf
http://orcid.org/0000-0002-5418-8040
mailto:aangelescu2@unl.edu
mailto:faroughy@physik.uzh.ch
mailto:olcyr.sumensari@pd.infn.it


641 Page 2 of 15 Eur. Phys. J. C (2020) 80 :641

can also provide complementary information to low-energy
observables.

In this paper, we derive constraints on four-fermion LFV
operators by using LHC data. To this purpose, we formulate
an EFT with generic semileptonic dimension-6 operators and
we study their impact onto the LFV dilepton tails at the LHC.
Previous phenomenological analyses have considered effec-
tive operators with particular Lorentz and/or flavor structures
[27,28]. We update and extend these analyses by considering
the most recent LHC data, as well by accounting for the most
general effective operators. Furthermore, for a specific exam-
ple with left-handed operators, we explicitly compare the
high-pT limits derived in this paper with the ones obtained
from low-energy data, by showing their complementarity.

The remainder of the paper is organized as follows. In
Sect. 2 we define our setup, we describe the details of our
recast of LHC data and derive the corresponding limits. In
Sect. 3 we derive constraints, by using flavor physics observ-
ables, on a specific scenario with purely left-handed opera-
tors, which are then compared with the high-pT limits we
have derived in Sect. 4. Our findings are summarized in
Sect. 5.

2 LFV tails at the LHC

2.1 Framework

We start by defining our framework. We consider the follow-
ing dimension-6 effective Lagrangian,

Leff ⊃
∑

α

∑

i jkl

Ci jkl
α

v2 Oi jkl
α , (1)

where v = (
√

2G f )
−1/2 is the electroweak vacuum expecta-

tion value, Oi jkl
α are the semi-leptonic operators collected in

Table 1 andCi jkl
α are the corresponding effective coefficients.

The index α accounts for the possible Lorentz structures,
while {i, j, k, l} denotes flavor indices. Note that qi, j can be
either up or down-type quarks in our notation. Furthermore,
dipole operators are not considered in Eq. (1) since these are
already tightly constrained by radiative LFV decays [29].

Under the assumption of heavy new physics, which we
adopt henceforth, the Wilson coefficients in Eq. (1) should
be matched onto the SU (3)c × SU (2)L × U (1)Y invariant
basis of dimension-6 operators, as given in the last column
of Table 1 [30,31]. From this matching, we learn that the
vectorial coefficients CVXY (with X,Y ∈ {L , R}) can cou-
ple to both down and up-type quarks for all possible chi-
rality combinations. On the other hand, if we restrict our-
selves to dimension-6 operators, CSR can only be generated
for down-type quarks, while CSL and CT only appear for

Table 1 Operators Oα appearing in Eq. (1) and their corresponding
operators in the SMEFT (third column). Flavor indices are denoted by
i, j, k, l, and q stands for either up or down-type quarks in the mass
basis. Wilson coefficients are assumed to be real. See Appendix A for
details

Eff. coeff. Operator SMEFT

Ci jkl
VLL

qLiγμqL j
)(

�̄Lkγ
μ�Ll

) O(1)
lq , O(3)

lq

Ci jkl
VRR

(
qRiγμqRj

)(
�̄Rkγ

μ�Rl
) Oed , Oeu

Ci jkl
VLR

(
qLiγμqL j

)(
�̄Rkγ

μ�Rl
) Oqe

Ci jkl
VRL

(
qRiγμqRj

)(
�̄Lkγ

μ�Ll
) Olu , Old

Ci jkl
SR

(
qRiqL j

)(
�̄Lk�Rl

) + h.c. Oledq

Ci jkl
SL

(
qLi qR j

)(
�̄Lk�Rl

) + h.c. O(1)
lequ

Ci jkl
T

(
qLiσμνqRj

)(
�̄Lkσ

μν�Rl
) + h.c. O(3)

lequ

up-type quarks. The complete details of this matching are
provided in Appendix A.

With the Lagrangian defined above, one can compute the
partonic cross-section for qi q̄ j → �−

k �+
l , with k �= l, at lead-

ing order. By neglecting the fermion masses, we can gener-
ically express the differential partonic cross-section for this
process as

[
dσ̂

dt̂

]

i jkl
= (ŝ + t̂)2

48πv4ŝ2

{[
|CVLL |2 + |CVLR |2 + (L ↔ R)

]

+ ŝ2

4(ŝ + t̂)2

[
|CSL |2 + |CSR |2

]
+ 4(ŝ + 2t̂)2

(ŝ + t̂)2
|CT |2

− 2 ŝ(ŝ + 2t̂)

(ŝ + t̂)2
Re

(
CSL C

∗
T

) }
, (2)

where ŝ denotes the partonic energy and t̂ ∈ (−ŝ, 0). After
integration, we obtain

[
σ̂ (ŝ)

]
i jkl = ŝ

144π v4

∑

αβ

CαC
∗
β Mαβ, (3)

where α, β ∈ {VLL , VRR, VLR, VRL , SL , SR, T } and Mαβ is
a matrix of numeric coefficients. In this equation, chirality-
conserving operators should be replaced by

CVX,Y → Ci jkl
VX,Y

, (4)

with X,Y ∈ {L , R}, while the replacement for the chirality-
breaking ones reads

CSX →
√∣∣Ci jkl

SX

∣∣2 + ∣∣C jilk
SX

∣∣2
,

CT →
√∣∣Ci jkl

T

∣∣2 + ∣∣C jilk
T

∣∣2
.

(5)

The terms with inverted flavor indices in Eq. (5) arise from
the Hermitian conjugates in Table 1. Since fermion masses
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Fig. 1 Parton-parton luminosity functions Lqi q̄ j (see Eq. (7)) are depicted for quark-flavor conserving and violating processes in the left and right
panels, respectively. The PDF set PDF4LHC15_nnlo_mc [33–36] has been used to extract the central value (dashed lines) and the 1σ contours
(solid envelope)

are negligible in this process, the off-diagonal elements of M
vanish, so that Mαβ ≡ δαβ Mα , with

M =
(

1, 1, 1, 1,
3

4
,

3

4
, 4

)
. (6)

where we use the same ordering of effective coefficients
as in Eq. (3). The values reported in Eq. (6) result from
integrating over the full range of angular variables, i.e.
t̂ ∈ (−ŝ, 0), which corresponds to the lepton rapidity interval
η ∈ (−∞,∞). For the recast of LHC searches in Sect. 2, a
rapidity selection cut for final state leptons of η ∈ (−2.5, 2.5)

introduces an operator dependent angular efficiency εα not
considered in Eq. (3). We have explicitly checked that these
selection efficiencies are approximately 98%, 99%, and 96%
for the vector, scalar, and tensor operators, respectively, mak-
ing Eq. (3) a good approximation. The partonic cross-section
should be convoluted with the relevant parton-parton lumi-
nosities [32], which in this work we define by the dimension-
less functions1

Lqi q̄ j (τ )=τ

∫ 1

τ

dx

x

[
fqi (x, μF ) fq̄ j (τ/x, μF )+(qi ↔ q̄ j )

]
,

(7)

where fqi denotes the quark qi parton distribution functions
(PDF), μF is the factorization scale and

√
s stands for the

proton-proton center-of-mass energy, with τ = ŝ/s. The non-
trivial flavor hierarchies of the luminosity functions for dif-
ferent pairs of colliding partons are depicted in Fig. 1 for
μF = τ s, where we have used the PDF4LHC15_nnlo_mc
PDF set [33–36] and included the 1σ PDF uncertainties

1 This definition of the parton luminosity functions differs from the one
in [32] by a multiplicative factor of ŝ.

derived by using the MC replica method [37]. The hadronic
cross-section is then given by the expression

σ(pp → �−
k �+

l ) =
∑

i j

∫
dτ

τ
Lqi q̄ j (τ )

[
σ̂ (τ s)

]
i jkl , (8)

where q denotes both down and up-type quarks. The summa-
tion extends over all quark flavors, with the exception of the
top quark which only contributes at one-loop to this process
[38,39]. Notice that if the partonic cross-section σ̂ is a lin-
ear function in τ , as it is our case, then the only dependence
on τ of the integrand in Eq. (8) comes from the luminosity
functions defined in Eq. (7).

From Eq. (6), we see that the largest partonic cross-section
comes from the tensor operator, which is a factor of 4 larger
than the vectorial ones. On the other hand, scalar and vector
operators have comparable cross-sections. Given the small
differences in the angular efficiencies for these operators, the
limits derived on a single operator can be easily translated
into others by simply accounting for the numerical factors
given in Eq. (6). For this reason, we focus in what follows
on a single effective coefficient, which we choose to be C ≡
CVLL , with flavor indices defined by

Leff ⊃
∑

i jkl

C�k�l
qi q j

v2

(
q̄LiγμqL j

)(
�̄Lkγ

μ�Ll
)
, (9)

where i, j are flavor indices of down (d, s, b) or u-type quarks
(u, c), and k, l of charged leptons (e, μ, τ ), in the mass basis.
Hermiticity implies that

(
C�k�l
qi q j

)∗ = C�l�k
q j qi . In Sect. 2.3, we

describe how to apply the high-pT constraints derived for the
Lagrangian given above to the most general effective scenario
in Eq. (1).

The relevant observable for probing the LFV operators
is the high-mass tail of the invariant mass spectrum m�k�l of
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the final state dilepton. For instance, for the set of left-handed
effective operators defined in Eq. (9), this observable is com-
puted from the differential hadronic cross-section (Eq. (8)),
which is integrated over a fixed interval τ ∈ [τmin, τmax],
[
σ(pp → �∓

k �±
l )

]τmax
τmin

= s

144π v4

∑

i≤ j

∫ τmax

τmin

dτ Lqi q̄ j (τ )

×
[
|C�k�l

qi q j
|2 + |C�l�k

qi q j
|2

]
,

(10)

where we have used the fact LHC searches do not distinguish
the charges of the final lepton states. The integration interval
is chosen to map a specific invariant mass window into the
tail of the dilepton distribution, far away from the SM reso-
nance poles, and we have summed over the lepton charges,
i.e. �±

k �∓
l ≡ �+

k �−
l + �−

k �+
l . The choice of the invariant mass

windows should ultimately correspond to the most sensitive
mass bins in the experiment. Our recast of LHC data will be
detailed in Sect. 2.2.

Lastly, we briefly discuss the quark-flavor dependence in
Eq. (8). There are two sources of flavor entering the hadronic
cross-section: (i) the underlying flavor structure present in the
hard partonic process, which is encoded by the effective coef-
ficients, and (ii) the flavor dependent non-perturbative parton
distribution functions (PDF) of the proton. Assuming a large
scale separation, these structures factorize at leading order as
shown in Eq. (8). For scenarios with effective coefficients that
do not distinguish quark flavor, it is clear from Fig. 1 that the
leading contribution to the dilepton tails would come from
the partonic process initiated by light quarks. This conclu-
sion is no longer valid if the parton luminosities are weighted
by effective coefficients that are hierarchical in quark-flavor
space, such as scenarios based on a non-universalU (2) flavor
symmetry, for which b-quarks can induce the largest contri-
bution [40]. Another scenario often considered is Minimal
Flavor Violating (MFV) [41]. In this case, the parton lumi-
nosity functions Lqi q̄ j should be scaled with the appropriate
CKM factors. In the down-quark sector, the individual con-
tributions to the hadronic cross-section should be weighted
as |Vti V ∗

t j |2 Ldi d̄ j
, for i �= j , suppressing the flavor changing

transitions, i.e. sd̄ , bd̄ and bs̄, which become then compara-
ble.

2.2 Recast of existing LFV searches

We first implemented the effective Lagrangian (9) in
FeynRules [42]. After importing the resulting UFO model
into Madgraph5 [43], we simulated statistically significant
event samples of pp → e±μ∓, e±τ∓, and μ±τ∓ for each
combination of initial flavor quarks: uū, dd̄ , ss̄, cc̄, bb̄, uc̄,
db̄, ds̄, sb̄, as well as their Hermitian conjugates. Each sam-
ple was then showered and hadronized usingPythia8 [44].

Table 2 Current (projected) LHC (HL-LHC) constraints to 2σ accu-
racy on the effective coefficients defined in Eq. (9) for a luminosity
of 36.1 fb−1 (3 ab−1). Since the LHC searches do not distinguish
the final lepton charges, these constraints apply to the combination√

|C�k�l
qi q j |2 + |C�k�l

qi q j |2, with the lepton (quark flavor) indices depicted
in the columns (rows)

Ceff
(×103

)
eμ eτ μτ

uu 1.0 (0.3) 2.6 (0.5) 3.0 (0.7)

dd 1.4 (0.5) 4.1 (0.9) 4.5 (1.2)

ss 6.5 (2.4) 21 (5.3) 22 (6.7)

cc 10 (4.0) 35 (9.5) 36 (11)

bb 18 (6.8) 59 (17) 62 (21)

uc 2.0 (0.7) 5.8 (1.2) 6.4 (1.6)

ds 2.5 (0.9) 7.6 (1.7) 8.2 (2.2)

db 3.9 (1.4) 12 (2.8) 13 (3.6)

sb 9.9 (3.7) 34 (9.0) 37 (11)

For final state object reconstruction and detector simulation
we used the fast simulator Delphes3 [45] with parameters
tuned to the experimental searches described right below. Jets
were clustered with the anti-kT algorithm with a cone of size
R = 0.4 using fastJet [46].

For our recast, we used the latest ATLAS search of heavy
vector resonances decaying into a pair of different flavor lep-
tons, pp → Z ′ → �±

1 �∓
2 , performed at

√
s = 13 TeV with

36.1 fb−1 of pp collision data [47]. Their search strategy
starts by imposing a basic set of pT and η cuts to the recon-
structed leptons in each events, for details see Ref. [47]. τ -
leptons were reconstructed using a τ -tagger based on iden-
tifying the visible part of the hadronic τ -lepton (τh), i.e. the
τ -jet composed of 1-prong or 3-prong pion tracks. Events
with exactly two isolated leptons with different flavors (and
arbitrary electric charges) were selected and then categorized
into the three non-overlapping signal regions denoted by eμ,
eτh and μτh , each corresponding to one of the three LFV
decay channels Z ′ → e±μ∓, Z ′ → e±τ∓

h and Z ′ → μ±τ∓
h ,

respectively. Given that the search focuses on the decay of a
heavy resonance, the resulting leptonic pair is expected to fly
away back-to back in the azimuthal plane. Hence, in order to
reduce the leading backgrounds, the cut |φ�1�2 | > 2.7 on
the leptonic pair was imposed. For the eτh and μτh channels
the 4-momentum of the hadronic tau τh was reconstructed by
adding the 4-momenta of the τ -jet and the missing transverse
energy of the event, which is assumed to come exclusively
from ντ and was taken to be collinear with the τ -jet. After
event selection and categorization of events, the invariant
mass spectra for each channel, meμ, meτ and mμτ , is recon-
structed bin-by-bin.

After imposing the same selection cuts described above
on each of the pp → �k�l simulated samples we binned
the data into five invariant mass windows defined by the
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edges m�k�l ∈ {300, 600, 1200, 2000, 3000} GeV including
the overflow bin m�k�l > 3000 GeV, and extracted the event
selection efficiency ε and detector acceptance A. The num-
ber of signal events per mass bin at 36.1 fb−1 was estimated
by computing the cross-section using Eq. (10) rescaled with
the corresponding efficiency factor εA. A statistical analysis
was then performed using as input the estimated background
events, the background systematic and statistical uncertain-
ties (added in quadrature) and the observed data provided by
the ATLAS collaboration in Table I of Ref. [47]. In our anal-
ysis we did not include systematics for the signal process. To
set limits on each Wilson coefficient, we combined all five
invariant mass bins into a likelihood function based on Pois-
sonian distributions. The 95% confidence level (CL) upper
limits were extracted using the CLs method [48] with the
pyhf package [49]. For High Luminosity (HL) projections,
we repeated the procedure above for a luminosity of 3 ab−1 of
data expected at the HL-LHC, assuming that the data scales
naively with the luminosity ratio and that all uncertainties
scale with the square-root of the luminosity ratio. Although
this assumption might seem too optimistic, it is worth empha-
sizing that higher invariant masses will become accessible
at the HL-LHC. Therefore, the leading contribution to the
future limits will not come from the data in the invariant mass
bins used in our projections, but rather from data populating
invariant mass bins deeper in the tails that are currently out
of reach and that have a larger signal-to-background ratio.
For this reason we consider our projections to be a rather
conservative estimate of the full reach of the HL-LHC.

2.3 Summary of high-pT constraints

The constraints we obtain for each individual Wilson coef-
ficient C�k�l

qi q j defined in Eq. (9) by using pp (qi q̄ j ) → �k�l
data are given in Table 2. The quark (lepton) flavor com-
binations are depicted by the rows (columns). Current LHC
constraints have been obtained from 36.1 fb−1LHC data [47],
while high-luminosity LHC projections have been estimated
at 3 ab−1, as described above.

We explain now how to apply the limits provided in Table 2
to scenarios with more than one effective operator, account-
ing for operators with general Lorentz and quark-flavor struc-
tures. This recast is possible since the different contributions
do not interfere, being only weighted by the Mα factors in
Eq. (8) and the different parton luminosity functions. If we
denote by ζ

i jkl
VLL

the limits extracted in Table 2 for the effective

coefficient C�k�l
qi q j ≡ Ci jkl

VLL
, then the limits on a scenario with

several operators can be expressed in the general form,2

2 Note that the selection efficiencies of scalar, vector and tensor oper-
ators are expected to be very similar for this recast, as explained below
Eq. (6).

∑

i≤ j

(
ζ
i jkl
VLL

)−2
{ ∑

X,Y

[∣∣Ci jkl
VXY

∣∣2 + ∣∣Ci jlk
VXY

∣∣2
]

+ 3

4

∑

X

[∣∣Ci jkl
SX

∣∣2 + ∣∣Ci jlk
SX

∣∣2 + (i ↔ j)
]

+ 4
[∣∣Ci jkl

T

∣∣2 + ∣∣Ci jlk
T

∣∣2 + (i ↔ j)
] }

≤ 1, (11)

where X,Y = L , R and the summation extends over both
down and up-type quarks in the mass basis. Lepton flavor
indices are fixed since they are constrained by different LHC
searches. The numeric pre-factors for scalar and tensor oper-
ators correspond to the coefficients MSX and MT defined in

Eq. (6). The coefficientsCi jkl
α appearing implicitly in Eq. (11)

can then be explicitly matched onto the SMEFT basis, as
described in Appendix A. In particular, for operators involv-
ing quark doublets, one should account for the flavor mixing
induced by the CKM matrix, which can be relevant for certain
flavor ansatz.

3 Low-energy limits

In this Section we compare the LHC bounds derived above
with the ones obtained from flavor-physics observables at
tree-level. The complementarity of both approaches will be
illustrated for the purely left-handed operators defined in
Eq. (9), since LHC and flavor experiments can provide com-
petitive bounds in this case. For these operators, QCD run-
ning of the Wilson coefficients is forbidden by the Ward
identities, while electroweak and QED running effects are
small, allowing for a direct comparison between the two
approaches.

There are four types of processes which are relevant for our
study: (i) μ → e conversion in nuclei, (ii) flavor-changing
neutral current (FCNC) decays of mesons, (iii) quarkonium
decays, and (iv) hadronic τ decays. The most up-to-date
experimental limits, on which we rely for the analysis in this
Section, are listed in Table 3. In the following, we provide
the expressions for each of these observables and derive the
relevant 2σ constraints from existing data.3

3.1 μ → e conversion in nuclei

The strongest bounds on four-fermion operators involving eμ
and first generation quarks come from considering μ → e
conversion in nuclei. For a nucleus N with atomic number Z
and mass number A, the expression for the spin-independent
conversion rate reads [50],

3 In Appendix B, we provide the needed theoretical inputs for the most
general EFT setup, including scalar and tensor interactions.
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Table 3 Most relevant experimental limits at 95% CL on LFV τ and
leptonic meson decays [29] and future prospects for NA62 [59], LHCb
[10,60,61] and Belle-II [11,62]. Limits available in the literature only
at 90% CL have been rescaled to 95% CL following Ref. [63]

Flavor physics limits

Decay mode Exp. limit Future prospects Refs.

KL → μ∓e± 6.1 × 10−12 – [29]

K+ → π+μ+e− 1.7 × 10−11 ≈ 10−12 [29]

φ → μ±e∓ 2.6 × 10−6 – [29]

D → μ±e∓ 1.6 × 10−8 – [29]

J/ψ → μ±e∓ 2.1 × 10−7 – [29]

Bd → μ∓e± 1.3 × 10−9 ≈ 2 × 10−10 [56]

B+ → π+μ∓e± 2.2 × 10−7 – [29]

Bs → μ∓e± 6.3 × 10−9 ≈ 8 × 10−10 [56]

B+ → K+μ+e− 8.8 × 10−9 – [57]

B0 → K ∗μ∓e± 2.3 × 10−7 – [29]

τ → eρ 2.3 × 10−8 ≈ 5 × 10−10 [29]

τ → eK ∗ 4.2 × 10−8 ≈ 7 × 10−10 [29]

τ → eφ 4.0 × 10−8 ≈ 7 × 10−10 [29]

J/ψ → τ±e∓ 1.1 × 10−5 – [29]

Bd → τ±e∓ 3.6 × 10−5 ≈ 1.6 × 10−5 [29]

B+ → π+τ±e∓ 9.7 × 10−5 – [29]

B+ → K+τ±e∓ 3.9 × 10−5 ≈ 2.1 × 10−6 [29]

ϒ(3S) → τ±e∓ 5.4 × 10−6 – [29]

τ → μρ 1.6 × 10−8 ≈ 3 × 10−10 [29]

τ → μK ∗ 7.7 × 10−8 ≈ 10−9 [29]

τ → μφ 1.1 × 10−7 ≈ 2 × 10−9 [29]

J/ψ → τ±μ∓ 2.6 × 10−6 – [29]

Bd → τ±μ∓ 1.4 × 10−5 ≈ 1.3 × 10−5 [58]

B+ → π+τ±μ∓ 9.4 × 10−5 – [29]

Bs → τ±μ∓ 4.2 × 10−5 – [58]

B+ → K+τ±μ∓ 6.2 × 10−5 ≈ 3.3 × 10−6 [29]

ϒ(3S) → τ±μ∓ 4.0 × 10−6 – [29]

B(μ → e, N )SI � α3G2
Fm

5
μZ

4
eff F

2
p

8π2Z �capt

× ∣∣(A + Z)Cμe
uu + (2A − Z)Cμe

dd

∣∣2
,

(12)

with Zeff the effective nuclear electric charge, Fp the nuclear
matrix element, and �capt the muon capture rate. The best
current limit on this process comes from measurements per-
formed on (197

79 Au) nuclei at the SINDRUM-II experiment,
and reads CR(μ → e, Au) < 9.1 × 10−13 [51] at 95% CL.
Using the values for gold nuclei from Refs. [52,53], namely
Zeff � 33.5, Fp � 0.16, and �capt � 8.6 × 10−18 GeV, and
considering a single Wilson coefficient at a time, we find the
following limits,

∣∣Cμe
uu

∣∣ < 1.7 × 10−7,
∣∣Cμe

dd

∣∣ < 1.5 × 10−7 . (13)

These bounds are going to be improved by the future exper-
iments COMET [14] and MU2E [12] which will use 27

13Al
targets. For instance, the projected limit from the COMET
experiment is CR(μ → e, Al) � 10−16, which will improve
the limits in Eq. (13) by two orders of magnitude. Such
improvement will also open the possibility to probe spin-
dependent contributions, such as the one induced for axial-
vector operators, which are not coherently enhanced. An
interesting example is the effective coefficient Cμe

ss , which
only contributes via the axial current, since the conservation
of the vector current implies that 〈N |s̄γ μs|N 〉 = 0, with
N denoting a nucleon. In this case, by using the theoreti-
cal inputs provided in Refs. [54,55] for 27

13Al targets, and by
neglecting the spin-independent contributions, we estimate
that the future sensitivity on Cμe

ss will be of O(10−6).
We also note that Cμe

uu and Cμe
dd can be constrained by

limits on the LFV decay π0 → μe. As we have checked,
these limits are orders of magnitude weaker than the ones
from μ → e conversion, mainly due to the very short lifetime
of π0.

3.2 FCNC meson decays

We consider next quark flavor violating decays of mesons.
The simplest observables one can consider are leptonic
decays of pseudoscalar mesons, such as Bs → �k�l , with
k > l. By using the effective Lagrangian (9), one can show
that

B(Bs → �±
k �∓

l ) =
(
|C�k�l

bs |2 + |C�l�k
bs |2

)

× f 2
Bs
mBsm

2
�k

64π�Bsv
4

(
1 − m2

�k

m2
Bs

)2

,
(14)

where we have used m�k � m�l . In this equation, fBs =
224(5) MeV is the Bs-meson decay constant [64], λ(a2, b2,

c2) ≡ (a2 − (b − c)2)(a2 − (b + c)2) and we have summed
over the lepton charges, i.e. �±

1 �∓
2 ≡ �+

1 �−
2 + �−

1 �+
2 . Expres-

sions for other pseudoscalar meson decays can be obtained
by making the suitable replacements.

Relevant constraints can also be obtained from semi-
leptonic decays P → P ′�±

1 �∓
2 , with P, P ′ being pseu-

doscalar mesons. The branching ratio expressions can be
found Ref. [65] for the b → s�1�2 transition, which can
be easily adapted to the other transitions. We provide the
needed expressions and numerical inputs for the most rele-
vant decay modes in Appendix B. We discuss now each of
the relevant observables:

• s → d: Contributions from new physics to the transition
s → deμ are constrained by the stringent experimental limits
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listed in Table 3. The most constraining bound is obtained
from KL → μ±e∓ and reads

|Ceμ
sd + Cμe

sd | < 7 × 10−7 . (15)

where we have used fK = 155.7(0.3) [66]. Complemen-
tary constraints can be extracted from the experimental lim-
its on the K+ → π+e−μ+ and K+ → π+e+μ− decay,
cf. Table 3, which provide separate limits on these effective
coefficients,

|Ceμ
sd | < 7 × 10−5, |Cμe

sd | < 5 × 10−5 . (16)

Prospects of improving these limits at LHCb have been
recently discussed in Refs. [60,61].

• b → d: Another quark-level transition which is being
tested experimentally is the b → d�k�l , with �k,l = e, μ, τ .
The relevant decays for this mode are the leptonic B0 → �k�l
and semi-leptonic B → π�k�l decays. Using the correspond-
ing limits from Table 3 and the form factors available from
Ref. [66], we derive the following bounds:

√
|Ceμ

db |2 + |Cμe
db |2 < 3 × 10−4, (17)

√
|Ceτ

db|2 + |Cτe
db|2 < 5 × 10−3, (18)

√
|Cμτ

db |2 + |Cτμ
db |2 < 3 × 10−3. (19)

• b → s: Several limits are available for the transition
b → s�k�l , with �k,l = e, μ, τ [29], the most constrained
modes being the ones with electrons and muons. For the
operators we consider, the most constraining limits come
from the recent LHCb searches for B(B → Kμ+e−) and
B(B → Kμ−e+) [57]. These results independently con-
strain the Wilson coefficients we consider,

|Ceμ
sb | < 5 × 10−5, |Cμe

sb | < 5 × 10−5 . (20)

The decay channels with τ ’s in the final state face weaker
limits. Using the results from Table 3, we obtain

√
|Ceτ

sb |2 + |Cτe
sb |2 < 5 × 10−3, (21)

√
|Cμτ

sb |2 + |Cτμ
sb |2 < 5 × 10−3. (22)

• c → u: Finally, let us comment on constraints from D-
meson decays. In this case, one cannot directly determine the
μτ coefficient, since the decays D0 → τμ and τ → μD0

are kinematically forbidden. Experimental limits are only
available for B(D0 → e±μ∓), from which we derive that

√
|Ceμ

uc |2 + |Cμe
uc |2 < 5 × 10−3 . (23)

Note that limits on semi-leptonic decays D → πe±μ∓ are
less constraining than the leptonic ones due to the still weaker
experimental sensitivity [29].

3.3 Quarkonium decays

The second class of flavor processes we consider are quarko-
nium decays into leptons. Measurements of such decays
represent the only possibility to directly constrain quark-
flavor conserving effective coefficients at low-energies. For
instance, the decays ϒ → �1

±�2
∓ are induced at tree-level

by the operators in Eq. (9), giving

B(ϒ → �±
k �∓

l ) = |C�k�l
bb |2
v4

f 2
ϒm

3
ϒ

24π�ϒ

(
1 − 3m2

�k

2m2
ϒ

+ m6
�k

2m6
ϒ

)
,

where we have assumedm�k � m�l and fϒ = 649(31) MeV
is the relevant decay constant [67]. Due to Hermiticity, we
have |Ceμ

bb | = |Cμe
bb |. Expressions for the other quarko-

nium decays can be obtained after making the necessary
adjustments. We shall now determine the constraints on new
physics from the available experimental results for each tran-
sition:

• s s̄: The only kinematically allowed decay of the φ-
meson is φ → μe. The experimental limit onB(φ → μ±e∓)

from Table 3 can be translated into the bound

|Ceμ
ss | < 2 × 102, (24)

which is considerably weaker than the limits derived from
FCNC decays. Much more stringent limits will be available
in the future via spin-dependent μ → e conversion in light
nuclei, see discussion in Sect. 3.1.

• c c̄: J/ψ is heavy enough to produce all possible LFV
final states. Using the relevant experimental bounds and the
decay constant f J/ψ = 418(9) MeV [68,69], we are able to
determine

|Ceμ
cc | < 1.1, |Ceτ

cc | < 10, |Cμτ
cc | < 5 . (25)

These limits are considerably weaker than the ones derived
above from FCNC decays.

• b b̄: Finally, we discuss LFV decays of ϒ(nS) mesons,
with experimental bounds only available for eτ and μτ final
states. The most stringent limits on the relevant Wilson coeffi-
cients come from ϒ(3S) decays. By using the decay constant
fϒ(3S) = 539(84) MeV [70], we obtain

|Ceτ
bb | < 0.3, |Cμτ

bb | < 0.3 . (26)

Although these limits are more constraining than the ones
derived from J/ψ decays, they remain once again much
weaker than the ones coming from FCNC decays. This can
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be understood from the fact that vector quarkonia have a
total width which is orders of magnitude larger than the ones
of kaons, D and B-mesons. For this reason, such a large
width suppresses the branching ratio, making these observ-
ables much less sensitive to new physics.

3.4 τ -lepton decays

Finally, we turn our attention to LFV hadronic τ decays.
Experimental limits on such processes can constrain the Wil-
son coefficientsC�τ

i j (� = e, μ), with i, j = d, s. Particularly
efficient constraints on new physics comes from the decays
τ → φ �l , which are described by,

B(τ− → φ �−
l ) = |Clτ

ss |2
v4

f 2
φm

3
τ

128π�τ

(
1 − 3m2

V

m2
τ

+ 2
m6

V

m6
τ

)
,

from which we derive the following bounds,

|Ceτ
ss | < 7 × 10−4, |Cμτ

ss | < 1 × 10−3 . (27)

Similarly, one can use the limits on B(τ → eρ) and B(τ →
μρ) from Table 3 to obtain

|Ceτ
uu − Ceτ

dd | < 8 × 10−4,

|Cμτ
uu − Cμτ

dd | < 7 × 10−4 .
(28)

We have checked that analogous limits from τ → �π and
τ → �ω are less constraining than the ones derived above,
see also Ref. [71]. Nevertheless, we quote below the limits
coming from τ → �ω, as they probe a different linear com-
bination of Wilson coefficients compared to τ → �ρ. These
limits read

|Ceτ
uu + Ceτ

dd | < 2 × 10−3,

|Cμτ
uu + Cμτ

dd | < 2 × 10−3 .
(29)

Finally, as there are no experimental bounds on the τ → �KL

decay, we use the existing limits on τ → �KS , also listed in
Table 3. We find the following constraints:

|Ceτ
ds − Cτe

ds | < 10−3,

|Cμτ
ds − Cτμ

ds | < 10−3 .
(30)

Note that for scenarios predicting Ceτ
ds = (

Cτe
ds

)∗, the contri-
butions to B(τ → �KS) would be proportional to the imag-
inary part of Ceτ

ds , which we assume to be zero in this study.
In this case, an alternative would be to consider bounds on
B(τ → �K ∗) and B(τ → �K ∗) decays, from which we
derive the following bounds, by using the decay constant
reported in Ref. [72],

|Ceτ
ds | < 7 × 10−4 , |Cτe

ds | < 7 × 10−4,

|Cμτ
ds | < 10−3 , |Cτμ

ds | < 10−3 .
(31)

4 Results and discussion

We now compare the constraints on left-handed operators
derived in Sect. 2 from high-pT data with the ones obtained
from flavor-physics observables, as discussed in Sect. 3. This
comparison is made in Fig. 2 where we depict the current
and projected LHC limits from Table 2 at 36 fb−1 (blue) and
3 ab−1 (red), respectively. In the same plot, we include flavor
constraints from quarkonium decays (light blue), μ → e
nuclear conversion (magenta), FCNC meson decays (green)
and LFV τ -decays (yellow). There are several interesting
features of this plot which we discuss in the following.

Firstly, the high-pT limits on quark-flavor conserving Wil-
son coefficients C�k�l

qi qi are significantly better than the limits
coming from quarkonium decays irrespective of the LFV
dilepton pair. The latter are less competitive because they
are obtained from measuring relatively wide (short lived) qq̄
vector mesons (φ, J/ψ,ϒ). Due to the large widths of these
quarkonia, their LFV branching ratios are suppressed, and
thus the low-energy bounds on the relevant Wilson coef-
ficients are weaker. As a striking example, the high-pT
bound on Cμτ

cc (Ceμ
ss ) is a factor of ∼ 300 (∼ 4 × 104)

times more stringent than the flavor bound. This conclu-
sion can be extended to lepton flavor conserving transitions
where analogous LHC searches in high-pT dilepton tails
qi q̄i → �+�− are expected to provide stronger bounds than
the ones extracted from quarkonium decays.

Secondly, the low-energy limits from FCNC meson
decays involving down-quarks or those from LFV τ -decays
are typically more constraining than high-pT dilepton tails
at current luminosities. However, for some specific transi-
tions, the constraints that we estimate at the high-luminosity
phase of the LHC can become competitive with the limits
derived from low-energy data. This is the case, for instance,
in the tauonic channels where the HL-LHC bounds at 3 ab−1

from bd̄ → eτ and bd̄ → μτ production become compara-
ble to the LFV bounds from semi-leptonic B → πlτ decay
(with l = e, μ). Note that a similar result was obtained in
Ref. [23] for the corresponding semi-tauonic charged current
transition b → uτ ν̄, for which mono-tau production at the
LHC can provide competitive limits with the current limits
on B0 → π−τ+ν from B-factories.

Another case for which LHC data provides meaning-
ful constraints is the c → u transition. Interestingly, the
only direct bound on the Ceτ

uc and Cμτ
uc Wilson coefficients

comes from high-pT measurements. The corresponding low-
energy two-body decays D0 → μτ and τ → D0l (with
l = e, μ) are kinematically forbidden since mτ > mD0
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Fig. 2 Limits derived from high-pT LFV dilepton tails on the coef-

ficients
√

|C�k�l
qi q j |2 + |C�l�k

qi q j |2 by using 13 TeV ATLAS searches [47]
into the eμ channel (left panel), the eτ channel (middle panel) and the
μτ channel (right panel). For comparison, we show the limits obtained
by the flavor physics observables, namely quarkonium decays (cyan),

μN → eN (magenta), FCNC meson decays (green) and LFV τ -decays
(yellow). The LHC and flavor results for uu, dd → eμ, eτ, μτ have
been rescaled by an additional factor of ×10 for visibility. The limits
from μN → eN have been rescaled by a factor of ×103 to become
visible

and
∣∣mD0 − mτ

∣∣ < mμ, whereas the D0 → eτ decay is
strongly phase-space suppressed (see also Ref. [73]). This
result also extends to lepton flavor conserving transitions
involving charm quarks where the LHC dilepton tails are
expected to provide competitive limits in comparison to
(semi)leptonic D-meson decays, cf. Ref. [22].

To make the complementarity between flavor physics and
LHC constraints even more explicit, we translate the LHC
limits obtained in Table 2 into bounds on the correspond-
ing LFV decays, for the benchmark scenario with purely
left-handed defined in Eq. (9), as shown in Table 4. We
do not consider the processes that involving the unflavored
mesons π0, ω, ρ and KL , since they would depend on several
Wilson coefficients, making this comparison less straightfor-
ward, cf. e.g. Eq. (28)–(30). For the remaining processes, we
obtain indirect limits on the branching fractions which can
be directly compared to Table 3, reinforcing the conclusions
drawn above. For instance, an improvement of the experi-
mental sensitivity on the quarkonium decay rates by several
orders of magnitude would be needed to make them compara-
ble to the LHC constraints, as discussed above. For B-meson
decays, there is an interplay between low and high-energy
constraints, as one can see for example by comparing the cur-

rent experimental limit onB(B → πμ±τ∓)exp < 9.4×10−5

(95%CL) [29], with the projected limit for the LHC high-
luminosity phase that we obtain, namelyB(B → πμ±τ∓) �
2.4 × 10−5. Lastly, we are able to obtain the indirect limit
B(D0 → eτ) < 2.7 × 10−8 (95% CL), for which there
is no experimental search yet. Note that these conclusions
are only valid for scenarios based on left-handed operators
(cf. Eq. 9). The relative importance of direct flavor constraints
and the indirects ones inferred from high-pT data will cer-
tanly change if scalar and tensor operators are also present.
In this paper, we do not perform a comparison between fla-
vor and LHC constraints for the most general new physics
scenario that include these operators, but we provide all the
needed ingredients for such analysis in Appendix B.

Finally, we comment on the validity of the EFT formula-
tion when quoting high-pT bounds on LFV Wilson coeffi-
cients. In our definition from Eq. (9), we absorb a factor of
v2/�2 into the Wilson coefficients, where the cutoff � corre-
sponds approximately to the mass of a heavy mediator which
has been integrated out at tree level. For left-handed operators
there are two possible ultra-violet completions one can con-
sider: (i) a color-singlet vector boson, i.e. a Z ′, or (ii) a color-
triplet vector boson, i.e. a leptoquark. These particles would
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Table 4 Limits on LFV branching fractions at 95% obtained from the
recast of high-pT dilepton tails in Table 3 for the left-handed scenario
(cf. Eq. (9)). Decay modes for which the projected high-luminosity LHC
limits are more stringent or comparable to the direct flavor ones (see
Table 3) are highlighted in bold

Selected LHC limits (left-handed scenario)

Decay mode Current (36 fb−1) Future (3 ab−1)

φ → μ±e∓ 8.7 × 10−18 1.2 × 10−18

D0 → μ±e∓ 3.1 × 10−9 3.8 × 10−10

J/ψ → μ±e∓ 1.0 × 10−11 1.6 × 10−12

Bd → μ∓e± 9.7 × 10−8 1.2 × 10−8

B+ → π+μ∓e± 4.3 × 10−5 5.6 × 10−6

Bs → μ∓e± 9.1 × 10−7 1.3 × 10−7

B+ → K+μ∓e± 4.0 × 10−4 5.6 × 10−5

B0 → K ∗μ∓e± 8.2 × 10−4 1.1 × 10−4

ϒ(3S) → μ±e∓ 9.3 × 10−9 1.3 × 10−9

D0 → τ±e∓ 6.4 × 10−8 2.7 × 10−9

J/ψ → τ±e∓ 6.4 × 10−11 4.8 × 10−12

Bd → τ±e∓ 2.0 × 10−4 2.0 × 10−5

B+ → π+τ±e∓ 2.6 × 10−4 2.7 × 10−5

Bs → τ∓e± 2.4 × 10−3 1.7 × 10−4

B+ → K+τ±e∓ 3.1 × 10−3 2.1 × 10−4

B0 → K ∗τ±e∓ 5.1 × 10−3 3.6 × 10−4

ϒ(3S) → τ±e∓ 9.5 × 10−8 7.9 × 10−9

J/ψ → τ±μ∓ 6.8 × 10−11 6.4 × 10−12

Bd → τ±μ∓ 2.4 × 10−4 1.8 × 10−5

B+ → π+τ±μ∓ 3.1 × 10−4 2.4 × 10−5

Bs → τ±μ∓ 2.9 × 10−3 2.5 × 10−4

B+ → K+τ±μ∓ 3.5 × 10−3 3.1 × 10−4

B0 → K ∗τ±μ∓ 6.0 × 10−3 5.3 × 10−4

ϒ(3S) → τ±μ∓ 1.0 × 10−7 1.2 × 10−8

contribute to dilepton production via the s- and t-channel,
respectively. In both cases, if the mass of the new media-
tor is lower than the energy scale involved in this process,
the EFT expansion would breakdown and our high-pT EFT
limits cannot be used. This breakdown is not so significant
for t-channel mediators, since the cross-sections computed
in the EFT and full model do not differ significantly [74,75].
However, this reinterpretation of EFT constraints would be
very problematic for s-channel mediators such as Z ′ bosons.
To put this on more quantitative grounds, we studied the
applicability of our EFT limits by directly comparing the
bounds of the EFT with those obtained from a concrete LFV
Z ′ model with couplings to bottom quarks. We found that
the limits extracted from dilepton tails in the Z ′ coupling–
mass (g∗, MZ ′) plane quickly converge to the EFT limits for
mediator masses MZ ′ above the 4 − 6 TeV range. Below this
mass range the limits quoted in Table 2 are not valid anymore

and the limits extracted from the complete model should be
used.

5 Summary

In this paper, we have derived limits on LFV quark-lepton
dimension-6 operators by using LHC data from pp → �i� j

tails (with i �= j) at high-pT . For left-handed operators,
these limits are summarized in Table 2, which represents the
central result of this paper. For the case of general semi-
leptonic operators, including the scalar and tensor ones, the
results from Table 2 can be adapted by using the guidelines
from Sect. 2.3 and, in particular, Eq. (11).

For the specific case of left-handed semi-leptonic oper-
ators, we have compared the bounds coming from dilep-
ton tails with the low-energy flavor bounds, highlighting
the complementarity between the two approaches. We have
found that, in the case of operators violating quark flavor as
well, low-energy constraints coming from FCNC meson or
τ -lepton decays provide in most cases much tighter bounds
compared to the high-pT constraints. The only exception to
this rule involves theCeτ

uc andCμτ
uc Wilson coefficients, which

are not constrained at all by flavor measurements due to the
fact that there is no experimental search for D0 → eτ , which
is heavily phase-space suppressed, while the D0 → μτ and
τ → μD0 decays are kinematically forbidden.

We have also found that operators that conserve quark fla-
vor are generally better constrained by high-pT dilepton tails
at the LHC. In particular, quarkonium decays provide rela-
tively weak bounds on the effective coefficients, which are
thus better constrained by the LHC dilepton tails. Notice that
this result also extends to lepton flavor conserving operators,
that is, LHC searches in the dilepton tails qq̄ → ee, μμ, ττ

provide much stronger limits than the corresponding quarko-
nium decay limits from low energy experiments. As excep-
tions, μ → e conversion in nuclei and LFV τ decays involv-
ing light unflavored mesons such as τ → �ρ and τ → �φ pro-
vide more competitive bounds on the relevant Wilson coef-
ficients compared to high-pT dilepton production. Another
interesting example are the decays B → πτ l, with l = e, μ,
for which the projected HL-LHC limits become more con-
straining than the present flavor limits. All these compar-
isons are summarized in Fig. 2. Finally, to further illustrate
the complementarity of both approaches for the benchmark
scenario with purely left-handed operators, we translate the
high-pT bounds from Table 2 into limits on the correspond-
ing low-energy processes, as shown in Table 4. Decay modes
for which LHC constraints in the high-luminosity phase will
be more stringent than low-energy constraints are highlighted
in blue, reinforcing the conclusions drawn above.
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Appendix A: Matching to the Warsaw basis

In this Appendix we provide the tree-level matching of Eq. (1)
to the Warsaw basis. We consider the same notation for the
operators of Refs. [76–78] and we assume that down-quark
Yukawas are diagonal. Operators with down and up-type
quarks are treated separately as they can arise from different
operators in the SMEFT:

For down-type quark operators in Eq. (1), we find

Ci jkl
VLL

= v2

�2

(
C (1)

lq
kli j

+ C (3)
lq
kli j

)
, (A1)

Ci jkl
VRR

= v2

�2 C ed
kli j

, (A2)

Ci jkl
VLR

= v2

�2 C qe
i jkl

, (A3)

Ci jkl
VRL

= v2

�2 C ld
kli j

, (A4)

Ci jkl
SR

= v2

�2 Cledq
kli j

, (A5)

Ci jkl
SL

= Ci jkl
T = 0 . (A6)

For up-type quarks operators,

Ci jkl
VLL

= v2

�2 VipV
∗
jr

(
C (1)

lq
klpr

− C (3)
lq
klpr

)
, (A7)

Ci jkl
VRR

= v2

�2 C eu
kli j

(A8)

Ci jkl
VLR

= v2

�2 VipV
∗
jr C qe

prkl
, (A9)

Ci jkl
VRL

= v2

�2 C lu
kli j

, (A10)

Ci jkl
SL

= − v2

�2 Vip C (1)
lequ
klpj

, (A11)

Ci jkl
T = − v2

�2 Vip C
(3)
lequ
klpj

, (A12)

Ci jkl
SR

= 0, (A13)

where V ≡ VCKM denotes the CKM matrix and the sum-
mation over repeated flavor indices is implicit. Right-handed
fermions are assumed to be in the mass basis. Contributions
induced by renormalization group evolution are neglected in
the above equations.

The equations given above can now be combined with
Eq. (11) to constrain any effective scenario formulated above
the electroweak scale. We stress once again that both up and
down-type quark flavors should be added in Eq. (11), since
they can both contribute to the cross-section. For operators
involving quark doublets, one should be careful as different
quark-flavor combinations are induced by the CKM matrix,
which should then be added in Eq. (11), cf. Eqs. (A7), (A8),
(A11) and (A12).

Appendix B: General expressions for meson decays

In this Appendix we generalize the expressions for LFV
meson decays, accounting for all operators introduced in
Eq. (1). In the following, we consider decays based on the
transition q j → qi�

−
k �+

l , with k > l. To express the decay
rates in a compact form, it is convenient to consider operators
with a definite parity in the quark current,4

C(SP )R = Ci jkl
SL

± Ci jkl
SR

2
, C(VA )X = Ci jkl

VRX
± Ci jkl

VLX

2
,

C(SP )L =
(
C jilk
SR

)∗ ± (
C jilk
SL

)∗

2
, (B1)

4 These expressions should be corrected for processes involving neutral
kaons, as will be discussed in the following.
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where X = L , R, as before, and the upper (lower) subscript
correspond to a plus (minus) sign in the expressions. We also
define CT = Ci jkl

T and ĈT = (
C jilk
T

)∗. We assume that these
Wilson coefficients are evaluated at the same scale μ in which
the hadronic parameters have been determined. For scalar and
tensor operators, the QCD running from � ≈ 1 TeV down
to mb is known to be sizeable, see Ref. [79] and references
therein. Furthermore, the electroweak running can induce a
non-negligible mixing of OT into OSL [80,81].

• P → �k�l We first consider the leptonic decays of
a pseudoscalar meson of type P = q̄i q j , for which it is
straightforward to show that [65]

B(P →�−
k �+

l ) = τP f 2
PmPm2

�k

16πv4

(
1 − m2

�k

m2
P

)2

×
{∣∣∣∣CAL − CPL m2

P

m�k (mqi + mqj )

∣∣∣∣
2

+ (L ↔ R)

}
,

(B2)

where we have used m�k � m�l to simplify the expression,
and the decay constant fP is defined in the usual way, namely
〈0|q̄iγ μγ5q j |P(p)〉 = i fP pμ. The most recent determina-
tion of fP for the relevant mesons are summarized in Ref.
[66]. Note that Eq. (B2) should be amended for the neutral
kaon system, KL(S) � (K 0 ± K 0)/

√
2, by making the fol-

lowing replacements,

CAX → Csdkl
VRX

− Csdkl
VLX

2
√

2
± (s ↔ d),

CPR → Csdkl
SL

− Csdkl
SR

2
√

2
± (s ↔ d)

CPL →
(
Cdslk
SR

)∗ − (
Cdslk
SL

)∗

2
√

2
± (s ↔ d),

(B3)

where the plus (minus) sign corresponds to KL (KS). Fur-
thermore, note that the expression for the mode with con-
jugate electric charge, i.e. B(P → �+

k �−
l ), is analogous to

Eq. (B2) with the replacement CPL ↔ −CPR , which can
be understood from the non-conservation of the LFV vector
current, i∂μ(�̄kγ

μ�l) = (m�l − m�k ) �̄k�l .
• τ → �l P The general expression for τ → �l P decays

(with l = e, μ) reads

B(τ− → �−
l P) = ττ f 2

Pm
3
τ

32πv4

(
1 − m2

P

m2
τ

)2

×
{∣∣∣∣CAL + CPR m2

P

m�k (mqi + mqj )

∣∣∣∣
2

+ (L ↔ R)

}
, (B4)

where lepton flavor indices in Eq. (B1) are such that k = τ .
For decays into kaons, one should use the replacements given

in Eq. (B3). Similarly to previous observable, the expression
for the decay with opposite leptonic charges can be obtained
by replacing CPR ↔ −CPL .

• V → �k�l Next, we consider leptonic decays of quarko-
nia V ∈ {ψ, J/ψ,ϒ}. We obtain

B(V → �−
k �+

l ) = τV m3
V f 2

V

24πv4

(
1 − m2

�k

m2
V

)2

×
{[

|CV L |2 + |CV R |2
](

1 + m2
�k

2m2
V

)

+ 6
f TV
fV

m�k

mV
Re

(
CT C∗

V R + ĈT C∗
V L

)
,

+ 2

(
f TV
fV

)2[
|CT |2 + |̂CT |2

](
1 + 2m2

�k

m2
V

)}
,

(B5)

where fV and f TV stands for the vector and tensor decay
constants, which are defined by

〈0|q̄γ μq|V (p, λ)〉 = fV mV e
μ(λ),

〈0|q̄σμνq|V (p, λ)〉 = i f TV
[
eμ(λ)pν − eν(λ)pμ

]
,

(B6)

where eμ(λ) is the polarization vector of V = qq̄ . See Refs.
[67–70,82] for recent lattice QCD determinations for φ, J/ψ
and ϒ , respectively. The tensor decay constant has also been
computed on the lattice for J/ψ and it is found to be similar
to the vector one, i.e. f Tψ ≈ fψ [68,69]. Note also that the
interference term in the above expression changes sign for
the charge-conjugate mode.

• τ → �l V We also compute the expressions for LFV
τ decays into vector mesons such as V = K ∗, ρ or φ, for
which we find

B(τ → �l V ) = ττ m3
τ f 2

V

32πv4

(
1 − m2

V

m2
τ

)2

×
{[

|CV L |2 + |CV R |2
](

1 + 2m2
V

m2
τ

)

+ 12
f TV
fV

mV

mτ

Re
(
CT C∗

V L + ĈT C∗
V R

)
,

+ 8

(
f TV
fV

)2[
|CT |2 + |̂CT |2

](
1 + 2m2

V

2m2
τ

)}
,

(B7)

where leptonic flavor indices in Eq. (B1) are such that k = τ .
The vector (tensor) decay constants can be found in Ref. [72].

• P → M�k�l Lastly, we provide general expression for
the most relevant semi-leptonic decays, namely the one based
on the transitions K → π , B → π and B → K (∗). We
focus on vector and scalar operators, since tensor operators
are absent at dimension-6 in the SMEFT for di → d j�

−
k �+

l
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decays, cf. Eq. (A6). We parametrize the general branching
fractions as [65]

B(P → M�−
k �+

l ) =
∑

α

[
a+
α |Cα,L+R |2 + a−

α |Cα,L−R |2]

+ a+
V S Re[CV,L+R (CS,L+R)∗]

+ a−
V S Re[CV,L−R (CS,L−R)∗]

+ a+
AP Re[CA,L+R (CP,L+R)∗]

+ a−
AP Re[CA,L−R (CP,L−R)∗], (B8)

where the summation extends over α = {V, S, P, A}, and M
denotes a generic pseudoscalar or vector meson. The effective
coefficients are defined in Eq. (B1) for charged kaon and
B-meson decays, which are evaluated at μ = 2 GeV and
μ = mb, respectively. For neutral kaons, one should use
instead

CV X → Csdkl
VRX

+ Csdkl
VLX

4
∓(s ↔ d),

CSR → Csdkl
SL

+ Csdkl
SR

4
± (s ↔ d)

CSL →
(
Cdslk
SR

)∗ + (
Cdslk
SL

)∗

4
± (s ↔ d),

(B9)

where the upper (lower) sign corresponds to the KL → π0μe
(KS → π0μe) decay, and k, l ∈ {e, μ}. The values for the
numeric coefficients a±

i are collected in Table 5. We have
used the K → π [83] and B → K [84,85] form factors
computed on the lattice, see also Ref. [66]. For the B → π

transition, we have use the combined fit of experimental and
LQCD data from Ref. [86]. For the B → K ∗ transition we
use the results from Ref. [87].
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