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Charged lepton flavor violation (cLFV) processes, potentially important for various beyond the Standard
Model physics scenarios are analyzed in the Standard Model effective field theory framework. We consider
the most relevant two-quark–two-lepton ð2q2lÞ operators for the leptonic and semileptonic LFV B-decay
(LFVBD) processes Bs → μþe−; Bþ → Kþμþe−; B0 → K�0μþe−, and Bs → ϕμ−eþ. We analyze the
interplay among the Wilson coefficients responsible for these LFVBDs and other cLFV processes, like
CRðμ → eÞ, li → ljγ, li → ljlklm, and Z → lilj, to find the maximal possible LFVeffects in B-meson
decays. We probe the scale of new physics in relation to the constraints imposed by both classes of the LFV
decays while considering both the present bounds and future expectations. In view of proposed experiments
at LHCb-II and Belle II to study charged LFV processes, we have also provided the upper limits on the
indirect constraints on such LFVBDs. For the processes where the B meson is decaying to μ� and e∓, we
show that new physics can be constrained by an enhancement of 2–4 orders of magnitude on the current
sensitivities of the branching ratios of Bþ → Kþμþe−; B0 → K�0μþe−, and Bs → ϕμ�e∓.
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I. INTRODUCTION

The Standard Model (SM) [1] has been extraordinarily
successful in elucidating the fundamental interactions
between constituent particles. It has made precise predic-
tions that have been verified by experiments at accelerators
such as the CERN large electron positron (LEP) [2],
Tevatron [3], and the LHC [4]. The discovery of the
Higgs boson at the LHC in 2012 [5] was the last missing
piece of the SM puzzle, and it firmly establishes the SM
as the appropriate theory for the energy range we have
explored. However, SM is still far from becoming a
comprehensive account of particle physics [6]. There are
several experimental facts and theoretical questions that
cannot be addressed by staying within the SM framework.
These include the gauge hierarchy problem, the mass of
neutrinos, the lack of a particle dark matter candidate, and
baryon asymmetry of the Universe, among other significant
problems that drive our investigation of physics beyond the
SM (BSM) scenarios. Direct and indirect avenues exist for

exploring the potential existence of new physics (NP).
Direct approaches involve detecting new particles through
ongoing and upcoming collider experiments, while indirect
probes rely on evidence gathered from various low-energy
processes. Among the many potential BSM signals, lepton
flavor violation (LFV) stands out as an intriguing and
promising candidate for investigating NP scenarios.
The SM assumption of the left-handed neutrinos to be

massless renders a lepton family number to be a conserved
quantity, but the neutrino oscillation experiments con-
firmed that the lepton flavor conservation is not a symmetry
of nature [7,8]. In the minimum extension of the SM
where neutrinos have nonvanishing masses, charged lepton
flavor violation (cLFV) is enabled via neutrino oscilla-
tion. However, it is heavily suppressed1 by the Glashow-
Iliopoulos-Maiani mechanism, making them unobservable
in the current experiments [9,10]. We will briefly review
the present experimental status of cLFV processes across
various sectors, encompassing lepton decays, boson
decays, and hadronic decays.
Before the discovery of neutrino oscillation, cLFV was

searched in the decays of atmospheric muons without
neutrinos [11]. cLFV in muons is well studied in the
decays such as μþ → eþγ, μþ → eþe−eþ, and μ → e
conversion via various nuclei (Au, Al, Ti). MEG [12,13]
and PSI [14,15] experiments provide the current limit on
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1By a factor proportional to ðΔm2=m2
WÞ2 ∼ 10−50, Δm2 being

the squared mass differences of the neutrino mass eigenstates.
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μþ → eþγ, with MEG setting an upper limit of 4.2 × 10−13

at 90% confidence level (CL) [12]. This bound is the
strongest known in the LFV sector. PSI and upgraded
MEG II aim to double the muon measurement rate [13].
The SINDRUM experiment at PSI sets the limit for μþ →
eþe−eþ at < 1.0 × 10−12 at 90% CL [14]. Mu3e at PSI
targets an upper limit of 10−16 by 2030 [16]. Similarly, the
best upper bound on neutrinoless μ → e conversion using
gold targets is 7 × 10−13 by SINDRUM II at PSI [15].
Mu2e at Fermilab projects sensitivity to Oð10−17Þ using
aluminum targets [17], while COMET at J-PARC aims for
Oð10−15Þ andOð10−17Þ sensitivities in phases 1 and 2 with
the same target [18]. DeeMe at J-PARC projects Oð10−13Þ
sensitivity using silicon carbide targets [19]. In the τ sector,
constraints on τ-cLFV decays are challenging due to lower
production rates and shorter lifetime. Moreover, the con-
straints from τ-cLFV are not as stringent as those for the
case of muons. On the other hand, τ-cLFV decays have the
potential for neutrinoless semileptonic decays. B factories,
such as BABAR [20] and Belle [21], have set upper limits on
branching fractions like τ− → μ−γ and τ− → e−γ [22,23].
Belle II aims for greater sensitivity [24]. In addition,
τ− → l−lþl− decays are background-free and attractive
for LHC experiments, with the strongest limit from LHCb
[25]. Apart from the lepton sector, there are promising LFV
searches in the bosonic sector involving Z [26,27] and
Higgs bosons [28,29] that require high-energy colliders.
μ-cLFV and τ-cLFV indirectly constrain the branching
fraction of Z=H → ll0 decays (lð0Þ ∈ e, μ, τ) [30].
LFV in B-meson decays complements LFV searches in

other sectors and these studies are strongly motivated by
dedicated experiments, including LHCb and Belle II.
Leptonic B-cLFV searches include decays like B0

s → eμ
and B0

s → τl, where l∈ e, μ. The LHCb experiment has
established the most stringent upper limit on the branching
fraction at BðB0

s → e�μ∓Þ < 6.3 × 10−9 [31] at 90% CL.
Similarly, searching for B0

s → τl channels presents exper-
imental difficulties due to missing energy from τ decays.
Nonetheless, LHCb has achieved the strongest constraints
on B0

s → τl branching fraction to be <4.2 × 10−5 [32]
at 95% CL. Semileptonic B-cLFV searches include
well-known decays like B → Kð�Þll0, with l∈ e, μ, τ.
The LHCb Collaboration reported an exclusion limit of
BðBþ → Kþμ−eþÞ < 7 × 10−9 [33] at 90% CL, based
on run I data with an integrated luminosity of 3 fb−1.
Similar searches were performed for decays B0 →
K�0ð→ Kþπ−Þμ�e∓ and Bs → ϕð→ KþK−Þμ�e∓ using
LHCb data up to 13 TeV, corresponding to a total integrated
luminosity of 9 fb−1 [34]. The current limits set by LHCb
on the branching ratios (BRs) are BðB0 → K�0μ−eþÞ <
6.8 × 10−9 [34] and BðBs → ϕμ�e∓Þ < 10.1 × 10−9 [34]
at 90% CL. The involvement of τ leptons in the final states
of these transitions leads to less stringent constraints
due to the challenges posed by missing energy during

reconstruction. However, with upgrades planned for
LHCb (I and II) [35,36] and the full dataset expected from
Belle II [24] by the end of this decade, there is a possibility
of improving the upper limits on these processes by up to an
order of magnitude. In Table I, we have compiled the
current and future prospects for all the LFV processes
discussed above. In view of these present and predicted
future measurements, in this work, we plan to perform
an assessment of the maximal possible LFV effects in
B-meson decays in a model-independent way.
In the model-dependent category, various popular mod-

els have been used to accommodate cLFV processes. These
models include the two Higgs doublet model [53–57],
supersymmetric (SUSY) extensions of the SM [58–69],
the minimal supersymmetric Standard Model [70], and the
seesaw mechanism, which explains neutrino masses and
mixing, leading to cLFV processes [9,71–75] or flavor
symmetry models [76]. Since the last decade, anomalies in
B decays proceeding via b → slilj quark level transition
have drawn significant attention due to their association
with lepton flavor universality violation (LFUV) based on
symmetry arguments as provided in Ref. [77]. Various
BSM models, which aim to explain LFUV2 and also
introduce the possibility of LFV in B decays, have been
studied extensively [78–83]. In addition, such LFV B
decays (LFVBDs) appear in Leptoquark models [84–90],
extended gauge sectors [91–94], or SUSY models [95].
To date, searches at the LHC have not yielded any direct

evidence of a new particle near the electroweak scale.
Strong arguments in support of BSM physics and these
null results can become the motivation for considering an
effective field theory (EFT) approach [96–99] to estimate
the level of unknown physics interactions. In contrast to
considering a BSM model that is associated with a top-
down approach to an EFT framework, one can adopt a
bottom-up approach [98,99], and here this refers to the
model-independent investigation within the Standard
Model effective field theory (SMEFT) [97–100], where
the energy scale Λ of effective interactions can be above
the reach of current experiments. In SMEFT one considers
higher-dimensional effective local operators out of SM
fields only. The operators respect SM gauge invariance, and
they are suppressed by appropriate powers of Λ. In regard
to LFV processes, SMEFT is shown to be a useful tool for
estimating any new physics effect at the scale Λ [101–108].
For B-meson decays in particular, such model-independent
approaches have been implemented in a few works; a
partial set of references include [109,110].
In this work, we study cLFV decays with more emphasis

on the leptonic and semileptonic B decays in the SMEFT
formalism consisting of dimension-six (dim-6) operators.
We also check for indirect constraints on the important
Wilson coefficients (WCs) coming from some LFV

2Our analysis, in particular, hardly includes any LFUV studies.
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processes other than those involving LFVBDs. The above
particularly include limits from decays like Conversion
Rate (CR) CRðμ → eÞ, li → ljγ, li → ljlklm, and
Z → lilj. We will henceforth collectively refer to these
as “other LFV processes.” We estimate the effects on the
WCs by including both current data as well as future
expectations from measurements related to the other LFV
processes, along with the same from LFVBDs. Thus, we
will also probe the interplay of different LFV bounds
between the two sets of decays on the WCs considering the

prospective improved limits. We discuss scenarios con-
structed from different SMEFT coefficients by considering
one operator at a time or turning on two operators to have
nonvanishing WCs at the scale Λ simultaneously. All other
operators vanish at the same scale. As mentioned earlier, at
the juncture of not receiving any NP result from the LHC, it
is important to rely on indirect constraints from LFVBDs,
as well as the same from other LFV decays, and thereby
limit the SMEFT operators. We are not aware of a
comprehensive and updated analysis in this regard in

TABLE I. Present upper bounds (with 90% CL, unless otherwise specified) and future expected sensitivities of branching ratios for the
set of low-energy cLFV transitions relevant for our analysis. For LFVBDs, the numbers within the parenthesis represent the results
obtained with 95% CL.

Observables
of cLFV modes Present bounds Expected future limits

BRðμ → eγÞ 4.2 × 10−13 MEG(2016) [12] 6 × 10−14 MEG II [13]
BRðμ → eeeÞ 1.0 × 10−12 SINDRUM(1988) [14] 10−16 Mu3e [37]

CRðμ − e;AuÞ 7.0 × 10−13 SINDRUM II(2006) [15] � � � � � �
CRðμ − e;AlÞ � � � � � � 6 × 10−17 COMET/Mu2e

[17,38]
� � � � � � 10−15 (phase I)

& 10−17 (phase II)
J-PARK [18]

BRðτ → eγÞ 3.3 × 10−8 BABAR (2010) [22] 3 × 10−9 Belle II [24]
BRðτ → eeeÞ 2.7 × 10−8 BABAR (2010) [39] 5 × 10−10 Belle [40]
BRðτ → eμμÞ 2.7 × 10−8 BABAR (2010) [39] 5 × 10−10 Belle II [24]

BRðτ → μγÞ 4.2 × 10−8 Belle (2021) [23] 10−9 Belle II [24]
BRðτ → μμμÞ 2.1 × 10−8 BABAR (2010) [39] 4 × 10−10 Belle II [24]
BRðτ → μeeÞ 1.8 × 10−8 BABAR (2010) [39] 3 × 10−10 Belle II [24]

BRðτ → πμÞ 1.1 × 10−7 BABAR (2006) [41] 5 × 10−10 Belle II [24]
BRðτ → ρμÞ 1.2 × 10−8 BABAR (2011) [42] 2 × 10−10 Belle II [24]

BRðZ → μeÞ 1.7×10−6 LEP (95% CL) [43] 7.5×10−7 LHC (95% CL) [44] 10−8–10−10 CEPC/FCC-ee [45–48]
BRðZ → τeÞ 9.8 × 10−6 [43] 5.0 × 10−6 [44,49] 10−9 CEPC/FCC-ee [45–48]
BRðZ → τμÞ 1.2 × 10−5 [50] 6.5 × 10−6 [44,49] 10−9 CEPC/FCC-ee [45–48]

BRðBþ → Kþμ−eþÞ 7.0ð9.5Þ × 10−9 LHCb (2019) [33] � � � � � �
BRðBþ → Kþμþe−Þ 6.4ð8.8Þ × 10−9 LHCb (2019) [33] � � � � � �
BRðB0 → K�0μþe−Þ 5.7ð6.9Þ × 10−9 LHCb (2022) [34] � � � � � �
BRðB0 → K�0μ−eþÞ 6.8ð7.9Þ × 10−9 LHCb (2022) [34] � � � � � �
BRðB0 → K�0μ�e∓Þ 10.1ð11.7Þ × 10−9 LHCb (2022) [34] � � � � � �
BRðB0

s → ϕμ�e∓Þ 16ð19.8Þ × 10−9 LHCb (2022) [34] � � � � � �
BRðBþ → Kþμ−τþÞ 0.59 × 10−5 Belle (2022) [51] � � � � � �
BRðBþ → Kþμþτ−Þ 2.45 × 10−5 Belle (2022) [51] 3.3 × 10−6 Belle II [24]
BRðBþ → Kþτ�e∓Þ 1.52 × 10−5 Belle (2022) [51] 2.1 × 10−6 Belle II [24]
BRðB0 → K�0τþμ−Þ 1.0ð1.2Þ × 10−5 LHCb (2022) [52] � � � � � �
BRðB0 → K�0τ−μþÞ 8.2ð9.8Þ × 10−6 LHCb (2022) [52] � � � � � �
BRðB0

s → μ∓e�Þ 5.4ð6.3Þ × 10−9 LHCb (2018) [31] 3 × 10−10 LHCb-II [35]
BRðB0 → μ�e∓Þ 1.0ð1.3Þ × 10−9 LHCb (2018) [31] � � � � � �
BRðB0

s → τ�e∓Þ 7.3 × 10−4 ð95%Þ LHCb (2019) [32] � � � � � �
BRðB0 → τ�e∓Þ 2.1 × 10−5 ð95%Þ LHCb (2019) [32] � � � � � �
BRðB0

s → τ�μ∓Þ 4.2 × 10−5 ð95%Þ LHCb (2019) [32] � � � � � �
BRðB0 → τ�μ∓Þ 1.4 × 10−5 ð95%Þ LHCb (2019) [32] 1.3 × 10−6 Belle II [24]
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relation to the above. This additionally motivates us to
include the effects of considering at least two-order more
stringent BRs for LFVBDs and explore these in relation to
the possible future bounds of the other LFV processes.
The paper is organized as follows: In Sec. II, we give a

general description of the SMEFT approach to cLFV, with
more emphasis given to leptonic and B cLFV decays. In
Sec. III, wewrite down themost general low-energy effective
Hamiltonian relevant for cLFV B decays and the effective
Lagrangian for other cLFV decays, including μ → eee
and CRðμ → eÞ. We also enumerate all the relevant
SMEFT operators for current analysis and briefly discuss
their correlation through renormalization group evolutions
(RGEs). In Sec. IV, we discuss our results by constructing
various NP scenarios for different SMEFT operators in 1D
and 2D analyses. Finally, we conclude in Sec. V.

II. SMEFT APPROACH
TO LEPTON FLAVOR VIOLATION

SMEFT describes new physics effects via higher-
dimensional operators, with mass dimension greater than
4 and consisting of SM fields at an energy scale Λ that is
above the reach of current experiments. The operators are
suppressed by appropriate powers of Λ ð≫mWÞ and cor-
responding Wilson coefficients parametrize the low-energy
behavior of such high-energy theory through the running
of RGEs of masses and coupling parameters of the theory.
The SMEFT Lagrangian is thus given by [99,100]

LSMEFT ¼ LSM þ 1

Λ
Cð5ÞOð5Þ þ 1

Λ2

X
n

Cð6Þ
n Oð6Þ

n þO
�

1

Λ3

�

þ � � � ; ð1Þ

where LSM is the usual renormalizable SM Lagrangian,
Oð5Þ represents the gauge-invariant mass dimension-five
operators, known as the neutrino mass generatingWeinberg
operator, and Cð5Þ is the corresponding WCs. Similarly,

Oð6Þ
n and Cð6Þ

n represent mass dimension-six operators and
corresponding WCs, respectively. In this work, we will
adopt the conventions of the Warsaw basis [100] and will
not consider any more terms with suppression level greater
than 1=Λ2.
It is known that flavor-changing neutral current (FCNC)

processes can be substantially large in many BSM scenar-
ios, whereas they are heavily suppressed in the SM by
small Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments, loop effects, etc. Probing NP models with FCNC
effects can thus be quite useful. Therefore, studying
flavor observables in the SMEFT approach, which
can provide sensitive NP contributions, has been quite
popular. For example, SMEFT has been used to study
general LFV processes [102,111,112], B-meson LFV
decays [92,93,110,113,114], Z boson LFV decays [115],
Higgs boson LFV decays [116], or quarkonium LFV

decays [117]. Although these references are hardly an
exhaustive list of such works, it has been shown in all of
them that most dominant contributions to LFV processes
come from dimension-six operators and, furthermore, the
operators contributing to semileptonic processes are either of
the Higgs-fermion or four-fermion type. With our focus on
LFV B-meson decays only, we will not consider the former
type in our analysis. A complete list of dimension-six
operators is provided in Table II with the boldfaced ones
contributing directly to LFVBDs.
In general studies of low-energy observables in SMEFT,

there are three energy scales. A high-energy scale Λ,
an intermediate energy scale of electroweak symmetry-
breaking mW , and a low-energy scale like ∼mb or mτ=μ.
Therefore, for probing the level of contributions of the
higher-dimensional operators for LFV studies that may be
consistent with experimental constraints, a general method
of “match and run” of RGEs is described below. At the first
step, the SMEFT one-loop RGEs [118–120] of relevant
WCs would be initialized at the scale Λð∼TeVÞ and run
down to the electroweak scale ∼mZ;W . The WCs under
study are given a nonvanishing value like unity, while other
WCs are set to zero at the scale Λ and RGE is completed
until the electroweak scale mW . Of course, the WCs are
hardly expected to remain at their initial values, including
also the ones that were vanishing at the higher scale.

TABLE II. A comprehensive list of dimension-six operators
that remain invariant under the SM gauge group and contribute
to LFV observables. The boldfaced ones are mainly responsible
for generating LFVBDs at the tree level. In these expressions,
Q and L represent left-handed quark and lepton SUð2Þ doublets,
respectively, with indices a, b ¼ 1, 2. U;D, and E denote right-
handed up and down quark and lepton singlets, with Φ represent-

ing the Higgs doublet [and φ†D
↔

μφ≡Φ†ðDμΦÞ − ðDμΦÞ†Φ]. Bμν

and WI
μν stand for the Uð1Þ and SUð2Þ field strengths, respec-

tively, while τI with I ¼ 1, 2, 3 denotes the Pauli matrices. For
brevity, flavor indices are not explicitly shown in this list.

Four-lepton operators Two-lepton–two quark operators

Oll ðL̄γμLÞðL̄γμLÞ Oð1Þ
lq

ðL̄γμLÞðQ̄γμQÞ
Oee ðĒγμEÞðĒγμEÞ Oð3Þ

lq
ðL̄γμτILÞðQ̄γμτIQÞ

Ole ðL̄γμLÞðĒγμEÞ Oqe ðQ̄γμQÞðĒγμEÞ
Lepton-Higgs operators Old ðL̄γμLÞðD̄γμDÞ
Oð1Þ

φl iðφ†D
↔

μφÞðL̄γμLÞ Oed ðĒγμEÞðD̄γμDÞ
Oð3Þ

φl iðφ†D
↔I

μφÞðL̄τIγμLÞ Oledq ðL̄aEÞðD̄QaÞ
Oφe iðφ†D

↔

μφÞðĒγμEÞ Oð1Þ
lequ

ðL̄aEÞϵabðQ̄bUÞ
Oeφ ðL̄EΦÞðΦ†ΦÞ Oð3Þ

lequ
ðL̄aσμνEÞϵabðQ̄bσμνUÞ

Dipole operators Olu ðL̄γμLÞðŪγμUÞ
OeW ðL̄σμνEÞτIΦWI

μν Oeu ðĒγμEÞðŪγμUÞ
OeB ðL̄σμνEÞΦBμν
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This level of evolutions is adequate for the LFV decays of
the Z or Higgs bosons, but not enough for processes
referring to energies below the electroweak scale. Further
down the scale, in the second step, as in a top-down
approach of EFT, the heavy particles of the theory (W�, Z,
the Higgs boson, and the top quark) are integrated out and
the operators invariant under the QCD × QED gauge
groups and consisting of fields of light charged fermions
ðu; d; c; s; b; e; μ; τÞ, neutral fermions ðνe; νμ; ντÞ, and
gauge bosons ðFμν; Ga

μνÞ describe the effective interactions.
These operators are known as low-energy effective
field theory (LEFT) operators that contribute to the total
LEFT Lagrangian containing dimension-three and higher-
dimensional (d > 4) operators. The most relevant LEFT
operators for our purpose are dimension-six operators
containing four fermions with at least one spinor combi-
nation consisting of two different charged lepton flavors
[121]. Schematically, these operators take the form

OSAB ¼ ðliΓSPAljÞðf̄αΓSPBfβÞ; ð2Þ

where li;j are the lepton pairs, fα;β are the fermion pairs,
PA;B are the left and right projection operators, and
ΓS ¼ 1; γμ, and σμν for scalar, vector, and tensor, respec-
tively. Following the match and run procedure, one-loop
RGEs of these LEFT operators are matched at tree level to
the SMEFT operators, the details of which can be found in
Refs. [122,123]. In the third and final step of the process,
the running of these LEFToperators to the low-energy scale
of mτ, mμ, or mb is performed to evaluate the desired
experimental observables. We implement all these
procedures in our numerical analysis with the help of
the WILSON [124] and FLAVIO [125] packages.

III. LOW-ENERGY EFFECTIVE HAMILTONIAN
AND BRANCHING RATIOS FOR LFV DECAYS

Keeping the prime focus on the lepton flavor violating
B-meson decays, in this section, we shall discuss the
effective Hamiltonian or Lagrangians for LFV processes
such as b → slilj, CRðμ → eÞ, and li → ljlklm that are
relevant to our analysis. We shall also provide the expres-
sion for branching ratios of corresponding processes
and that will be followed by the classification of higher-
dimensional operators responsible for such processes.
Being a relatively less important process for our analysis,
the details of Z LFV are given in the Appendix.

A. Lepton flavor violating b → slilj decays

The most general effective Hamiltonian for the weak
decay process of a bottom (b) quark to strange (s) quark
transition along with two leptons ðli;jÞ, b → slilj, in
terms of low-energy dim-6 operators ðOnÞ and correspond-
ing Wilson coefficients ðCnÞ is given by [114,126]

HΔB¼1
eff ¼ −

4GFffiffiffi
2

p VtbV�
ts

�X10
n¼7

CnðμÞOnðμÞ þ C0
nðμÞO0

nðμÞ
�
;

ð3Þ
whereGF is the Fermi coupling constant, characterizing the
strength of weak interactions, and Vtb; V�

ts are the CKM

matrix elements. Both Oð0Þ
n and Oð0Þ

n are the functions of the
renormalizable energy scale μ, which for our low-energy
processes would be taken as the mass of the b quark ðmbÞ.
The primed operators are obtained by flipping the chirality,
and they are usually highly suppressed compared to their
unprimed counterparts in the SM. In Eq. (3), n ¼ 7, 8
represent the photon and gluon “magnetic-penguin” oper-
ators, whereas n ¼ 9, 10 refer to the “semileptonic”
operators. They are defined as [114,126]

O7 ¼
e

16π2
m̄b½s̄LiσμνbRi�Fμν;

O8 ¼
gs

16π2
m̄b½s̄LiσμνTa

ijbRi�Ga
μν; ð4Þ

O9 ¼
e2

16π2
½s̄LγμbL�½liγ

μlj�;

O10 ¼
e2

16π2
½s̄LγμbL�½liγ

μγ5lj�; ð5Þ

where li;j ¼ e, μ, τ, respectively. Fμν and Ga
μν are the

photon and gluon field strength tensor, respectively, and R,
L denote the right- and left-handed projection operators,
PR;L ¼ ð1� γ5Þ=2. In Eq. (4), gs is the strong coupling
constant, m̄b denotes the running of b quark mass in the
minimal subtraction ðMSÞ scheme, and Ta

ij represents the
color charges. O7, O8, O9, and O10 also have their chiral
counterparts, whose explicit structures are given by

O0
7 ¼

e
16π2

m̄b½s̄RiσμνbLi�Fμν;

O0
8 ¼

gs
16π2

m̄b½s̄RiσμνTa
ijbLi�Ga

μν; ð6Þ

O0
9 ¼

e2

16π2
½s̄RγμbR�½liγ

μlj�;

O0
10 ¼

e2

16π2
½s̄RγμbR�½liγ

μγ5lj�: ð7Þ

In addition to these operators, two scalar, two pseudoscalar,
and two tensor NP operators can potentially contribute to
B-meson decays [114,127],3

OS ¼ ½s̄LbR�½lilj�; O0
S ¼ ½s̄RbL�½lilj�; ð8Þ

3It is shown in [113] that the contribution of tensor operators to
such decays can be neglected because of not satisfying their
noninvariant character under SUð2ÞL × Uð1ÞY symmetry.
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OP ¼ ½s̄LbR�½liγ5lj�; O0
P ¼ ½s̄RbL�½liγ5lj�; ð9Þ

OT ¼ ½s̄σμνb�½liσ
μνlj�; OT5 ¼ ½s̄σμνb�½liσ

μνγ5lj�: ð10Þ

Generally, b → s transitions, of which the above-
mentioned process is an example, lead to FCNC, which

are described in the SM by one-loop diagrams as shown
in Fig. 1.
After decomposing the hadronic matrix elements for

Bs → l−
i l

þ
j decay mode into h0jb̄γμγ5sjBsðpÞi ¼ ifBs

pμ,
where fBs

is the Bs-meson decay constant, one can obtain
the branching fraction containing both vector and scalar
kinds of operators as [93]

Br½Bs → l−
i l

þ
j � ¼

τBs

64π3
α2G2

F

m3
Bs

f2Bs
jVtbV�

tsj2λ1=2ðmBs
; mi; mjÞ

×

�
½m2

Bs
− ðmi þmjÞ2� ·

����ðClilj
9 − C

0lilj

9 Þðmi −mjÞ þ ðClilj
S − C

0lilj
S Þ m2

Bs

mb þms

����
2

þ ½m2
Bs
− ðmi −mjÞ2� ·

����ðClilj

10 − C
0lilj
10 Þðmi þmjÞ þ ðClilj

P − C
0lilj
P Þ m2

Bs

mb þms

����
2	

: ð11Þ

For B → Kð�Þlþ
i l

−
j , the branching fraction containing both vector and scalar kinds of operators is written as

Br½B → Kð�Þlþ
i l

−
j � ¼ 10−9

n
aKð�Þlilj

���Clilj
9 þ C

0lilj
9

���2 þ bKð�Þlilj

���Clilj
10 þ C

0lilj
10

���2
þ cK�lilj

���Clilj
9 − C

0lilj
9

���2 þ dK�lilj

���Clilj
10 − C

0lilj
10

���2
þ eKð�Þlilj

���Clilj

S þ C
0lilj
S

���2 þ fKð�Þlilj

���Clilj
P þ C

0lilj
P

���2
þ gKð�Þlilj

���Clilj
S − C

0lilj
S

���2 þ hKð�Þlilj

���Clilj
P − C

0lilj
P

���2o: ð12Þ

In Eq. (11), τBs
and MBs

represent the lifetime and
mass of the Bs particle, respectively, ml’s are lepton
masses, α is the fine-structure constant, and λða; b; cÞ ¼
½a2 − ðb − cÞ2�½a2 − ðbþ cÞ2�. In Eq. (12), aKð�Þlilj � � �
hKð�Þlilj represent numerical values multiplying the WCs

are different for a different choice of flavors [93,109]. The
experimental data on such LFV processes in B-meson
decays are provided by different experimental collabora-
tions as shown in Table I.
When the heavy fields are integrated out from the

SMEFT, equating the Hamiltonian (3) at mW scale with
the four-fermion currents that are listed in Table II and
keeping the relevant operators only, we get [113]

C
lilj
9 ¼ ð4πÞ2

e2λbs

v2

Λ2



C
lilj
qe þ C

ð1Þlilj
lq þ C

ð3Þlilj
lq

�
; ð13Þ

C
0lilj
9 ¼ ð4πÞ2

e2λbs

v2

Λ2



C
lilj
ed þ C

lilj
ld

�
; ð14Þ

C
lilj
10 ¼ ð4πÞ2

e2λbs

v2

Λ2



C
lilj
qe − C

ð1Þlilj
lq − C

ð3Þlilj

lq

�
; ð15Þ

C
0lilj

10 ¼ ð4πÞ2
e2λbs

v2

Λ2



C
lilj
ed − C

lilj

ld

�
ð16Þ

and similarly for scalar and pseudoscalar operators,

FIG. 1. Feynman diagrams for Bþ → Kþlþl0−. Replacing u quark by d quark leads to similar diagrams for B0 → K�0lþl0−.
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C
lilj

S ¼ −Clilj
P ¼ ð4πÞ2

e2λbs

v2

Λ2
C
lilj
ledq; ð17Þ

C
0lilj
S ¼ C

0lilj
P ¼ ð4πÞ2

e2λbs

v2

Λ2
C
0lilj
ledq; ð18Þ

where the primed operator C
0lilj
ledq represents a different

flavor entry of the Hermitian conjugate of the correspond-
ing unprimed operator, λbs ¼ VtbV�

ts.

Looking at the structure of the operators Oð0Þ
9 , Oð0Þ

10, O
ð0Þ
S ,

and Oð0Þ
P we find that the 2q2l operators listed in Table II

are most relevant for our purpose, as we have already
mentioned above. The associated WCs of all these

operators are to be evaluated at the b-quark mass scale
ðμ ¼ mbÞ as we are interested in LFV processes in
B-meson decays. Therefore, the RGEs of those WCs are
needed to run down from some high-energy scale and,
as we have mentioned before, such SMEFT running will
induce several other WCs that are not explicitly related to
LFVBDs. In the following sections, we shall list all dim-6
SMEFT operators contributing to the processes under our
consideration.

B. Muon to electron conversion in nuclei [CRðμ → eÞ]
The most general LFV interaction Lagrangian, which

contributes to the μ − e transition in nuclei, is given
by [128]

Leff ¼ −
4GFffiffiffi
2

p ðmμARμ̄σ
μνPLeFμν þmμALμ̄σ

μνPReFμν þ H:c:Þ − GFffiffiffi
2

p
X

q¼u;d;s

�

gðqÞLS ēPRμþ gðqÞRS ēPLμ

�
q̄q

þ


gðqÞLPēPRμþ gðqÞRPēPLμ

�
q̄γ5qþ



gðqÞLVēγ

μPLμþ gðqÞRVēγ
μPRμ

�
q̄γμq

þ


gðqÞLAēγ

μPLμþ gðqÞRAēγ
μPRμ

�
q̄γμγ5qþ 1

2



gðqÞLT ēσ

μνPRμþ gðqÞRT ēσ
μνPLμ

�
q̄σμνqþ H:c:

�
; ð19Þ

where AL;R and g’s are all dimensionless coupling constants for the corresponding operators. From this effective
Lagrangian, the μ-e conversion rate in nuclei can be expressed by the formula [129]

Γμ→e conv ¼
m5

μ

ωcaptΛ4

n���C̃DLDþ C̃ðpÞ
SL S

ðpÞ þ C̃ðnÞ
SLS

ðnÞ þ C̃ðpÞ
VLV

ðpÞ þ C̃ðnÞ
VLV

ðnÞ
���2þjL ↔ Rj2

o
; ð20Þ

where ωcapt is the muon capture rate in nuclei N and
D; Sðp=nÞ, Vðp=nÞ represent dimensionless overlap integrals
for dipole, scalar, and vector operators, respectively. Their
numerical values depend on the nuclei and can be found in
Ref. [129]. After tree-level matching [122], we obtain that
the dipole form factors are given by

AL ¼ v

2
ffiffiffi
2

p
mμ

Ceμ
γ ; AR ¼ v

2
ffiffiffi
2

p
mμ

Cμe�
γ ; ð21Þ

the vector form factors by

C̃ðpÞ
VL ¼ 2gðuÞLV;RV þ gðdÞLV;RV;

C̃ðnÞ
VL ¼ gðuÞLV;RV þ 2gðdÞLV;RV; ð22Þ

with

gðuÞVL ¼


Cð1Þ
lq − Cð3Þ

lq þ Clu

�
eμuu

þ
�
1 −

8

3
s2w

�

Cð1Þ
φl þ Cð3Þ

φl

�
eμ
; ð23Þ

gðdÞVL ¼


Cð1Þ
lq þ Cð3Þ

lq þ Cld

�
eμdd

−
�
1 −

4

3
s2w

�

Cð1Þ
φl þ Cð3Þ

φl

�
eμ
; ð24Þ

gðuÞVR ¼ Ceμuu
eu þ Cuueμ

qe þ
�
1 −

8

3
s2w

�
Ceμ
φe; ð25Þ

gðdÞVR ¼ Ceμdd
ed þ Cddeμ

qe −
�
1 −

4

3
s2w

�
Ceμ
φe; ð26Þ

and finally, the scalar form factors by

C̃ðp=nÞ
SL ¼ −Gðu;p=nÞ

S Cð1Þeμuu
lequ þGðd;p=nÞ

S Ceμdd
ledq

þ Gðs;p=nÞ
S Ceμss

ledq; ð27Þ

C̃ðp=nÞ
SR ¼ −Gðu;p=nÞ

S Cð1Þμeuu�
lequ þ Gðd;p=nÞ

S Cμedd�
ledq

þ Gðs;p=nÞ
S Cμess�

ledq ; ð28Þ
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with the numerical coefficients [129]

Gðu;pÞ
S ¼ Gðd;nÞ

S ¼ 5.1; Gðu;nÞ
S ¼ Gðd;pÞ

S ¼ 4.3; Gðs;pÞ
S ¼ Gðs;nÞ

S ¼ 2.5: ð29Þ

C. Lepton flavor violating three-body leptonic decays ðli → ljlklmÞ
Starting from the LEFT Lagrangian [122], the relevant terms for the tree-level three-body decays are

LLEFT ⊃ CVLL
ee ðējγμPLeiÞðēkγμPLemÞ þ CVRR

ee ðējγμPReiÞðēkγμPRemÞ þ CVLR
ee ðējγμPLeiÞðēkγμPRemÞ

þ
n
CSRR
ee ðējPReiÞðēkPRemÞ þ H:c:

o
þ
n
CγðējσμνPReiÞFμν þ H:c:

o
: ð30Þ

The expressions for the decays depend on the flavor combinations of the final leptons, as they could involve new possible
contractions and symmetry factors. Therefore, the general expression for the branching ratio of three-body charged lepton
decays is given by [111]

Brðli → ljlkllÞ ¼
NcM5

6144π3Λ4Γli

ð4ðjCVLLj2 þ jCVRRj2 þ jCVLRj2 þ jCVRLj2ÞþjCSLLj2

þ jCSRRj2 þ jCSLRj2 þ jCSRLj248ðjCTLj2 þ jCTRj2Þ þ XγÞ; ð31Þ

whereNc ¼ 1=2 if two of the final state leptons are identical,
Nc ¼ 1 in all other cases, and Γli is the total decay width of
the initial lepton. Because of the hierarchy of the charged
lepton masses, it is assumed thatmi ≡M ≫ mj;mk;ml and
the lighter lepton masses are neglected. CX are different for
different processes. For decay of the type li → ljljlj,

CVLL ¼ 2


ð2s2W − 1Þ



Cð1Þji
φl þ Cð3Þji

φl

�
þ Cjijj

ll

�
; ð32Þ

CVRR ¼ 2


2s2WC

ji
φe þ Cjijj

ee

�
; ð33Þ

CVLR ¼ −
1

2
CSRL ¼ 2s2W



Cð1Þji
φl þ Cð3Þji

φl

�
þ Cjijj

le ; ð34Þ

CVRL ¼ −
1

2
CSLR ¼ ð2s2W − 1ÞCji

φe þ Cjjji
le ; ð35Þ

CSLL ¼ CSRR ¼ CTL ¼ CTR ¼ 0; ð36Þ

CγL ¼
ffiffiffi
2

p
Cij⋆
γ ; ð37Þ

CγR ¼
ffiffiffi
2

p
Cji
γ ; ð38Þ

whereCji
γ , known as the photon dipole operator, is defined as

Cfi
γ ≡



cWC

fi
eB − sWC

fi
eW

�
ð39Þ

and

Xγ ¼ −
16ev
M

Re

��
2CVLL þ CVLR −

1

2
CSLR

�
C⋆
γR

þ
�
2CVRR þ CVRL −

1

2
CSRL

�
C⋆
γL

�

þ 64e2v2

M2

�
log

M2

m2
−
11

4

�
ðjCγLj2 þ jCγRj2Þ: ð40Þ

D. Operators relevant for different LFV processes

In the model-independent approach of EFT, we either
obtain the experimental constraints on theWCs or determine
the nonzero value of those coefficients if there is an SM
value-deviating signal. In order to do so, the renormalization
group equations of the WCs of these relevant operators,
represented as the combinations of anomalous-dimension
ðγijÞ matrix of these dimension-six operators, need to be
solved. These anomalous dimensions are defined as

Ċi ≡ 16π2μ
dCi

dμ
¼ γijCj: ð41Þ

Since flavor-changing effects are propagated through the
Yukawa RGEs [119], we shall consider them in detail. There
will be an additional 30 SMEFT operators, besides six
primary operators, that contribute to LFVBD processes in
different strengths. Therefore, it is useful to represent their
contributions in a schematic form as
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0
BBB@

Ċ1

Ċ2

Ċ3

Ċ4

1
CCCA

Y

≡ 16π2μ
d
dμ

0
BBB@

C1

C2

C3

C4

1
CCCA

Y

¼

0
BBB@

γ11 γ12 0 0

γ21 γ22 γ23 0

0 γ32 γ33 γ34

0 0 γ43 γ44

1
CCCA

Y

0
BBB@

C1

C2

C3

C4

1
CCCA

Y

; ð42Þ

with Y denoting the Yukawa RGEs and

ðC1ÞY ≡


Cð1Þ
lq ; C

ð3Þ
lq ; Cqe; Cld; Ced; Cledq

�
T
; ð43Þ

ðC2ÞY ≡


Cð1Þ
φq ; C

ð3Þ
φq ; C

ð1Þ
φl ; C

ð3Þ
φl ; Cφd; Cφe; Clu; Cle; Ceu; C

ð1Þ
qq ; C

ð3Þ
qq ; C

ð1Þ
qd ; C

ð8Þ
qd ; C

ð1Þ
lequ; C

ð3Þ
lequ; C

ð1Þ
quqd; C

ð8Þ
quqd

�
T
; ð44Þ

ðC3ÞY ≡


Cφ□; CφD; Cφu; Cφd; Cφe; Cφud; C

ð1Þ
ud ; C

ð1Þ
qu ; C

ð8Þ
qu ; Cdd; Cll; Cee

�
T
; ð45Þ

ðC4ÞY ≡ ðCuuÞT; ð46Þ

and ðγijÞY represent the anomalous dimensions whose
explicit forms, in terms of other WCs, are given in
Ref. [120]. The form of the γ matrix in Eq. (42) tells us that
RGEs of WCs of primary operators, mainly responsible for
LFVBD and given by Eq. (43), depend on themselves and 17
otherWCs listed inC2 [Eq. (44)].These, in turn, dependon12
other WCs besides themselves and similarly the single WC,
Cuu in C4, completes the list of all WCs involved in LFVBD
processes. These dependencies ofWCs or operators are listed
in C2, C3, and C4, respectively, and thus γ matrix elements
bear nonzero contributions for all elements except γ13 and
γ14, as none of the operators listed in Eq. (43) depend on
operators in Eq. (46). Table III represents the list of most
relevant operators, or “primary operators,” responsible for

LFV processes under consideration in this analysis. In a
similar fashion as described above, one can arrange and
formulate the γ functions for all direct and induced operators
for a particular LFV process.

IV. RESULTS AND DISCUSSION

We focus on probing new physics scenarios in a model-
independent framework like SMEFT while primarily con-
sidering cLFV processes in B decays. Apart from the
operators that directly affect the LFVBDs, we also consider
a few relevant WCs associated with other LFV processes.
We enumerate the operators associated with all the LFV
processes considered in this analysis in Table III.

TABLE III. List of the dimension-six operators (invariant under the SM gauge group) that contribute to different
LFV processes under consideration at the tree- or one-loop level.

Processes Most relevant operators

B → Klilj Oð1Þ
lq ;O

ð3Þ
lq ;Oqe;Old;Oed, Oledq

B → K�lilj Oð1Þ
lq ;O

ð3Þ
lq ;Oqe;Old;Oed, Oledq

Bs → μe Oð1Þ
lq ;O

ð3Þ
lq ;Oqe;Old;Oed, Oledq

li → ljγ OeB;OeW

li → ljljlj Oð1Þ
φl ;O

ð3Þ
φl ;Oφe;Oll;Ole;Oee

li → ljlklk Oð1Þ
φl ;O

ð3Þ
φl ;Oφe;Oll;Ole;Oee

CRðμ → eÞ Oð1Þ
φl ;O

ð3Þ
φl ;Oφe;Oeu;Olu;O

ð1Þ
lq ;O

ð3Þ
lq ;Oqe;Old;Oed;Oledq;Olequ

Z → lilj Oð1Þ
φl ;O

ð3Þ
φl ;Oφe;OeB;OeW

τ → Vl (V ¼ ρ;ϕ) Oð1Þ
φl ;O

ð3Þ
φl ;Oφe;Olu;Oeu;Olequ;OeB;OeW;O

ð1Þ
lq ;O

ð3Þ
lq ;Oqe;Old;Oed

τ → Pl (P ¼ π0; K0) Oð1Þ
φl ;O

ð3Þ
φl ;Oφe;Olu;Oeu;Olequ;OeB;OeW;O

ð1Þ
lq ;O

ð3Þ
lq ;Oqe;Old;Oed;Oledq
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As mentioned earlier, we compute the BRs of charged
lepton flavor violating observables using the package
FLAVIO [125]. The package WILSON [124] is used for the
RGE running of the WCs. Remember that all the con-
straints used in this analysis (Table I) come from the upper
limits of experimental data of the associated LFV processes
rather than any explicit measurements having nonvanishing
central values along with error estimates.
In the first part, we select the SMEFT WCs that are

important for LFVBDs and probe the energy scale Λ from
the experimental bounds of all the LFV processes. The
associated WCs, considered one at a time at the scale Λ, are
set to unity, whereas all the other WCs are set to zero at the
same scale. Certainly, this involves (i) RGE running and
the match and run procedure involving the SMEFT and the
LEFT operators, as described earlier, and (ii) finding the
low-energy observables for LFVBDs at the scale of mb.

The other LFV processes involve further smaller scales
like mτ or mμ. We also remind ourselves that various WCs
vanishing at the scale Λ may receive finite contributions at
mW due to RGE mixing. In this context, we will estimate
the relative strengths of WCs in Table IV.
Going a step further, considering a fixed value of Λ, we

will also consider several cases of two nonvanishing WCs
and study the effects of the combined LFV constraints.
We note that, while considering a given value of BR of a
process, there may be three broad situations: (i) contribu-
tions from one of the WCs may be negligible, (ii) the same
may be comparable to each other, and they add up
constructively, and (iii) the same may interfere destruc-
tively. Plotted on a logarithmic scale, case (i) would result
in contours almost parallel to one of the WC axes, case
(ii) would produce round curves, whereas case (iii) would
show up as cuspy regions. Clearly, in the last case, one

TABLE IV. Order of magnitude display of renormalization group evolved coupling strengths obtained at the energy scale μ ¼ mW for
Λ ¼ 1 TeV. The dark gray boxes with identical row and column indices refer to the WCs that are nonvanishing at the higher scale and
prominent at mW . Tiny coupling values below or equal to 10−14 appear in white boxes, whereas the values that are relatively prominent
and above this limit are shown in light gray boxes.

WCs ½Cð1Þ
lq �1223 ½Cð3Þ

lq �1223 ½Cqe�2312 ½Ced�1223 ½Cld�1223 ½Cledq�1223 ½Cð1Þ
φl �12 ½Cð3Þ

φl �12 ½Cφe�12
½Cð1Þ

lq �1223 10−6 10−8 10−17 10−24 10−14 10−16 10−10 10−11 10−20

½Cð3Þ
lq �1223 10−8 10−6 10−19 10−25 10−16 10−16 10−12 10−9 10−23

½Cqe�2312 10−17 10−18 10−6 10−14 10−24 10−18 10−20 10−22 10−10

½Ced�1223 10−23 10−23 10−13 10−6 10−17 10−16 10−27 10−27 10−17

½Cld�1223 10−13 10−15 10−24 10−17 10−6 10−14 10−17 10−19 10−27

½Cledq�1223 10−15 10−14 10−17 10−15 10−13 10−6 10−18 10−18 10−21

½Cð1Þ
φl �12 10−9 10−11 10−20 10−26 10−16 10−18 10−6 10−12 10−17

½Cð3Þ
φl �12 10−11 10−9 10−22 10−27 10−19 10−18 10−12 10−6 10−23

½Cφe�12 10−19 10−21 10−9 10−16 10−26 10−20 10−17 10−22 10−6

½Cll�1112 10−14 10−15 10−22 10−30 10−22 10−21 10−10 10−9 10−20

½Cle�1112 10−20 10−19 10−15 10−24 10−27 10−20 10−20 10−20 10−10

½Cle�1211 10−15 10−14 10−20 10−27 10−24 10−21 10−9 10−12 10−20

½Cee�1112 10−22 10−22 10−14 10−23 10−30 10−23 10−20 10−22 10−9

½Ceu�1211 10−22 10−22 10−15 10−24 10−31 10−24 10−20 10−22 10−10

½Clu�1211 10−15 10−15 10−22 10−30 10−24 10−21 10−10 10−12 10−20

½Cð1Þ
lq �1211 10−15 10−15 10−23 10−30 10−22 10−21 10−10 10−11 10−21

½Cð3Þ
lq �1211 10−14 10−15 10−23 10−30 10−22 10−21 10−13 10−9 10−23

½Cqe�1112 10−23 10−23 10−15 10−22 10−31 10−24 10−20 10−21 10−10

½Ced�1211 10−23 10−22 10−15 10−19 10−29 10−24 10−20 10−23 10−10

½Cld�1211 10−15 10−15 10−23 10−29 10−19 10−21 10−10 10−12 10−20

½Cledq�1211 10−19 10−18 10−21 10−25 10−23 10−16 10−19 10−18 10−22

½Cledq�1222 10−19 10−17 10−23 10−19 10−16 10−9 10−17 10−17 10−21

½Cð1Þ
lequ�1211 10−19 10−19 10−21 10−28 10−26 10−19 10−19 10−19 10−22

½CeB�12 10−15 10−14 10−17 10−25 10−23 10−17 10−16 10−15 10−18

½CeB�21 10−17 10−17 10−15 10−23 10−25 10−26 10−18 10−18 10−16

½CeW �12 10−15 10−14 10−17 10−25 10−22 10−17 10−16 10−15 10−18

½CeW �21 10−17 10−17 10−15 10−22 10−25 10−26 10−18 10−18 10−16
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requires larger absolute values of both the WCs and the
associated regions correspond to the so-called “flat
directions.”

A. Single operator analysis

As mentioned earlier, in this part we choose a single WC
initialized to unity at the SMEFT scale of μ ¼ Λ and evolve
it toward a low-scale mW via appropriate RGEs. We will
set all other WCs to zero at Λ. Based on our earlier
discussion on LFVBDs, we have the following single
operator scenarios where WCs of primary importance

are ½Cð1;3Þ
lq �ll023, ½Cqe�ll023, ½Ced�ll023, ½Cld�ll023, and

½Cledq�ll023. Here, ll0 ∈ ð12; 13; 23Þ represents the
combinations e − μ, e − τ and μ − τ, respectively. At
the low-energy scale, the first three WCs, namely,

½Cð1Þ
lq �ll023; ½Cð3Þ

lq �ll023, and ½Cqe�ll023, contribute to left-
handed C9;10, the next two contribute to right-handed
C0
9;10, and the last one and its chiral counterpart relate to

CS;P and C0
S;P of LFVBDs, respectively [Eqs. (13)–(18)].

As indicated by the RGEs [Eqs. (41)–(46)], WCs of
different operators mix among themselves, and a given
vanishing WC at a high-energy scale may accumulate a
nonzero value at a low-energy scale like mW . Furthermore,
it is necessary to explore the mutual dependence of the
primarily important WCs associated with the LFVBDs and
a few of the WCs important for the other LFV processes
due to RGE effects. Thus, we choose to study the above
effects of all the WCs grouped under C1Y [Eq. (43)] and

Cð1Þ
φl , C

ð3Þ
φl , and Cφe of C2Y [Eq. (44)] that are relevant from

Table III. This leads to Table IV where we show the
depiction of order of magnitudes of the said WCs due to
RGE effects, while ignoring signs. We use Λ ¼ 1 TeV and
set the desired nonvanishing WC to unity at the same scale,
indicating a coupling ðC=Λ2Þ value of 10−6 GeV−2, where
C refers to a given WC. The first nine rows and nine
columns of Table IV show the interdependence of the said
WCs. Additionally, from the tenth row onward, we explore
the effects on a few more WCs that are relevant in
the context of the other LFV processes (Table III). All
coupling entries in the table are obtained at the energy scale
μ ¼ mW . The dark gray boxes with identical row and
column indices refer to the WCs that are nonvanishing at
the higher scale and prominent atmW . Tiny coupling values
below or equal to 10−14 appear in white boxes, whereas the
values that are relatively prominent and above this limit are
shown in light gray boxes. For example, focusing on the

Cð1Þ
lq column, the RGE effects have significant impacts on

Cð3Þ
lq , C

ð1Þ
φl , and Cð3Þ

φl . However, the same on the rest of the
WCs is hardly significant. A similar behavior holds true

for Cð3Þ
lq as well. Moreover, both Cð1Þ

lq and Cð3Þ
lq can also

affect the dipole operators CeW and CeB, which are quite
important in the context of the stringent limit from μ → eγ.

Considering Cqe, we find that it has a relatively prominent
RGE impact on Cφe, whereas for Cledq the scenario is little
different. In this case, the relevant WC (with specific quark
indices) is ½Cledq�1223, which has significant impact only on
½Cledq�1222 (i.e., with different quark indices).
In Figs. 2 and 3, we probe the maximum attainable

energy scales denoted as Λ by considering the sensitivities
of operators relevant to LFV processes (Table I). We
consider the current experimental limits to probe Λ and
see any prospective change in conclusion by using possible
future bounds of the same processes. We choose the
operators that directly affect the LFVBD processes and
constrain Λ by those, as well as via other LFV limits. We
vary a coupling by changing the scale Λ while fixing the
associated WC to unity at that scale. The x axes in these bar
diagrams display the BRs associated with different LFV
processes, while the y axes represent the requisite energy
scale Λ maximally consistent with the BRs from the table.
For a given operator, each LFV process may, at most, be
shown via a bar with two distinct colors: blue color within
the bar indicating the current experimental bound on the
BRs, and the green color representing the anticipated future
constraint on the same as mentioned in the table. Among the
LFVBDs, the processes that have definite future sensitivity
predictions for BRs like Bs → μþe−, the color codes con-
tinue to remain the same.Additionally, we extend our studies
to probe how robustwould be our conclusions in the presence
of a higher degree of sensitivities for some of the LFVBDs,
likeBþ → Kþμþe− orB0 → K�0μþe−. Accordingly, we use
darker and lighter shadings of red to correspond to sensitivity
enhancement by 2 and 4 orders of magnitude, respectively.
This extended analysis is indeed performed in the same
spirit of the recent work of Ref. [117]. The above levels of
sensitivity of the mentioned LFVBDs place the latter on the
same footing as with the predicted improvements of BRs of
the other LFV processes.
In the top row of Fig. 2, we choose three WCs, namely,

Cð1Þ
lq , C

ð3Þ
lq , and Cqe that are most relevant for LFVBDs,

as well as those that can influence other LFV processes
significantly, although indirectly. On the other hand, Ced
and Cld do not have enough RGE running effects to have
influence on the other LFV processes, hence these are
omitted in this study. As shown in Fig. 2, the LFVBDs
like BðBþ → KþμeÞ, followed by BðB0 → K�0μeÞ and
BðBs → ϕμeÞ, have similar values of Λ, thus they are quite
equally constraining. On the other hand, the effect from
BðBs → μeÞ is quite less significant. Among other LFV
decays, CRðμ → eÞ, followed by μ → eee provide the most
significant constraints to these WCs. Additionally, the
ability of Z → μe to constrain these sets of WCs is hardly
of any significance. Similarly, in the bottom panel of Fig. 2,
for Cledq (considering both flavor indices 1223 and 2132),
we observe that the current constraints predominantly
originate from LFVBDs, particularly from processes such
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as BðBs → μeÞ, rather than from BðB → Kð�ÞμeÞ. This
distinction arises due to the varying combinations of
prefactors associated with Cledq, a fact that can be verified
by referring to Eqs. (47) and (48). In regard to the same
process, looking at the numerical values of the bar diagrams
of Fig. 2, we find that the orders of magnitude of the BRs
for LFVBDs in scenarios involving Cð1Þ

lq , C
ð3Þ
lq , and Cqe are

quite similar and challenging to distinguish, however,Cledq
probes a higher energy scale.
When turning our attention to the anticipated future

constraints referred to in Table I (green shades in bar
diagrams), we find that CRðμ → eÞ, followed by μ → eee
to provide significant bounds on the above sets of WCs.
Although there is no direct correlation between Cð1Þ

lq , C
ð3Þ
lq ,

Cqe, and these LFV processes, the RGE running effects
play crucial roles in enhancing the effect of the constraints
imposed by CRðμ → eÞ and μ → eee. This happens due
to the influence of Higgs-lepton WCs. Consequently, the
future bound for μ → eee sets a cutoff on the energy scale
Λ at ∼138 TeV (as obtained from our numerical analysis)
for Cð1Þ

lq and Cð3Þ
lq , while CRðμ → eÞ (phase II) establishes a

cutoff ∼291 TeV. On the other hand, if we consider the
assumed future sensitivities of BRs for some of the
LFVBDs (lighter and darker red shades), we find that

the dominant constraints come from LFVBDs. Similarly
for Cqe, one has Λ ≃ 313 TeV from CRðμ → eÞ (phase II),
whereas it coincides with the scales associated with Cð1Þ

lq

and Cð3Þ
lq when derived from μ → eee.

Furthermore, investigating the expected future bounds
on Cledq as depicted in the bottom row of Fig. 2, we
observe that the most stringent constraint emanates from
BðBs → μeÞ, effectively placing a cutoff on the energy
scale Λ at around 330 TeV. For other LFV decays, the
future bound of CRðμ → eÞ closely aligns with the pro-
spective bound of BðBs → μeÞ, specifically for ½Cledq�1223.
This correlation arises due to the RGE effects that signifi-
cantly contribute to ½Cledq�1222, thereby directly bolstering
the constraints imposed by CRðμ → eÞ. However, the
situation differs when considering ½Cledq�2132, where there
exist only some mild RGE effects. A distinction between
½Cledq�1223 and ½Cledq�2132 emerges in that the latter
contributes additionally to μ → eγ and μ → eee. The
associated RGEs of the WCs when examined reveal
that the latter contribute to the dipole operators, specifically
OeB and OeW , which in turn make substantial contribu-
tions to these LFV processes. It is important to note that,
while the current constraints from the processes such as

FIG. 2. Display of values of Λ for (a) Cð1Þ
lq , (b) C

ð3Þ
lq , (c) Cqe (in the top row) and (d) and (e) Cledq (in the bottom row), for μ − e, that are

consistent with the present and future experimental bounds of various LFV decays when only one single (perturbative) WC is fixed at
unity. Blue and green bars refer to current and possible future bounds of LFV processes, respectively, as described in Table I. Darker and
lighter red shades, starting above the blue shades, represent the assumed enhancement of the BR sensitivity by 2 and 4 orders of
magnitude, respectively.
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CRðμ → eÞ, μ → eee, and μ → eγ are significant, the
corresponding energy scales remain below the ones estab-
lished by LFVBDs. Nevertheless, if the sensitivities of
the LFVBDs other than BðBs → μeÞ can be enhanced by
2–4 orders of magnitude (shown in red shades), one can
probe the new physics energy scale ∼100 TeV, which is
higher than the same probed by CRðμ → eÞ for both
½Cledq�1223 and ½Cledq�2132. Therefore, if new physics
primarily generates the LFVBD operators above 100 TeV,
we expect that B0 → K�0μþe−; Bþ → Kþμþe−, Bs →
ϕμ−eþ, Bs → μþe−, and CRðμ → eÞ to be quite promising
in regard to future experiments.
We now like to enumerate the relative importance

of the LFV constraints within the μ − τ and e − τ sectors.
While examining the current constraints within the said
sectors (with flavor indices 2323 and 1323) as obtained in
Fig. 3, we find that the most stringent limitations on the

WCs Cð1Þ
lq , C

ð3Þ
lq , and Cqe primarily arise from LFVBDs.

There is hardly any necessity to perform an extended
sensitivity analysis for the τ sector. The reason being, in
the μ − τ and e − τ sectors, even the most optimistic future
sensitivities of BRs for all the other LFVs lie below the
present limits of any of the LFVBDs. Additionally, the
average reach of the excluded energy scales for these
operators is much smaller compared to the same for the
e − μ sector. However, if 2q2l operators serve as the

primary source of lepton flavor violation at the NP scale,
we can constrain the other LFV processes using results of
this sector of LFVBDs. In this context, as displayed in

Table IV, we remind the reader that the WCs Cð1Þ
lq , C

ð3Þ
lq ,

and Cqe responsible for LFVBDs contribute significantly

to the Higgs-lepton WCs (Cð1Þ
φl ; C

ð3Þ
φl ; Cφe) through the

RGE running. We refer to Table V for the bounds
on the BRs of other LFV processes from the strongest
bound available from the future limit of BðBþ → KþμτÞ
corresponding to the three WCs Cð1Þ

lq , C
ð3Þ
lq , and Cqe. We

find that the order of magnitude of BRs in all the processes
is nearly (∼10−12), which is almost 3–4 orders below the
expected bounds reported by the respective experiments.
In regard to τ → μγ and τ → eγ, there are hardly any

contributions from Cð1Þ
lq and Cqe compared to Cð3Þ

lq , a fact
that can be attributed to the RGEs of these WCs.
Coming back to the e − μ sector, we now like to explore

the prospect of constraining LFVBDs via the relevant WCs

Cð1Þ
lq , C

ð3Þ
lq , Cqe, and Cledq while considering the future

limits of μ → eee, and CRðμ → eÞ (phases I and II). The
requirement for finding these numbers in Table VI is that
the BRs of these processes, which are also induced by
the WCs listed in column 2 of the same table, should lie
below their future limits. Therefore, focusing on these

FIG. 3. Similar as Fig. 2 for e − τ (in the top row) and μ − τ (in the bottom row).
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numbers we observe that, from the future bounds of

CRðμ → eÞ (phase I), in scenarios like Cð1Þ
lq , Cð3Þ

lq , and

Cqe, the upper limits of BðB → Kð�ÞμeÞ and BðBs → ϕμeÞ
(∼10−10) are smaller by 1 order of magnitude compared to
the current experimental bounds. It is interesting to note
that these numbers fall within the scope of the future
bounds that are expected to be obtained through upgrades
at LHCb and Belle II as discussed in Sec. I. This also falls
within a two-order smaller LFVBDs zone as explored in
this work. However, the situation is notably different for
BðBs → μeÞ, since the above-mentioned WCs predict
too low BRs that are way beyond the reach of B factories.
This is in contrast to the case of Cledq scenarios. Here,
considering limits as obtained from CRðμ → eÞ (phase I),
the BR bounds LFVBDs are significantly higher than the
current limits, and no data are shown in this regard. For the

process μ → eee in regard to Cð1Þ
lq , C

ð3Þ
lq , and Cqe we also

observe a similar pattern of a lowered BR. The bounds
obtained from μ → eee are about 1 order of magnitude
stronger than those from CRðμ → eÞ (phase I), allowing for
even tighter constraints on the BRs of LFVBDs. We point
out that the Cledq scenarios do not affect μ → eee through
RGEs, thus there are no data corresponding to its entries in
the μ → eee column of Table VI.
Moving forward, the predicted future bound of

CRðμ → eÞ (phase II) provides the most stringent con-
straints on these WCs compared to the other two scenarios.

Consequently, for Cð1Þ
lq , C

ð3Þ
lq , and Cqe, the indirect upper

limit (UL) on the BRs of LFVBDs is further reduced
by several orders of magnitude for BðB → Kð�ÞμeÞ,
BðBs → ϕμeÞ, and BðBs → μeÞ compared to the current
limits. However, in the case of Cledq, a slightly different

TABLE VI. Indirect upper limits from μ → eee, CRðμ → e;AlÞ phases I and II on different LFVBD processes
considering a single operator responsible for such processes, at the scale μ ¼ Λ. See text for the absence of data for
Cledq.

Observable WC
UL from

BRðμ → eeeÞ
UL from

CRðμ → e;AlÞ, phase I
UL from

CRðμ → e;AlÞ, phase II

BRðBþ → Kþμ−eþÞ ½Cð1Þ
lq �1223 2.9 × 10−11 2.2 × 10−10 1.5 × 10−12

½Cð3Þ
lq �1223 1.9 × 10−11 1.5 × 10−10 9.8 × 10−13

½Cqe�2312 3.2 × 10−11 1.8 × 10−10 1.2 × 10−12

½Cledq�1223 � � � � � � 1.9 × 10−11

BRðB0 → K�0μ−eþÞ ½Cð1Þ
lq �1223 6.3 × 10−11 4.7 × 10−10 3.4 × 10−12

½Cð3Þ
lq �1223 4.2 × 10−11 3.3 × 10−10 2.3 × 10−12

½Cqe�2312 6.9 × 10−11 3.8 × 10−10 2.9 × 10−12

½Cledq�1223 � � � � � � 7.9 × 10−12

BRðBs → ϕμ−eþÞ ½Cð1Þ
lq �1223 6.7 × 10−11 4.9 × 10−10 3.4 × 10−12

½Cð3Þ
lq �1223 4.5 × 10−11 3.5 × 10−10 2.3 × 10−12

½Cqe�2312 7.5 × 10−11 4.1 × 10−10 2.8 × 10−12

½Cledq�1223 � � � � � � 8.6 × 10−12

BRðBs → μ−eþÞ ½Cð1Þ
lq �1223 8.0 × 10−14 5.9 × 10−13 4.0 × 10−15

½Cð3Þ
lq �1223 5.3 × 10−14 4.2 × 10−13 2.7 × 10−15

½Cqe�2312 8.9 × 10−14 4.9 × 10−13 3.4 × 10−15

½Cledq�1223 � � � � � � 1.4 × 10−10

TABLE V. Indirect upper limits on the BRs of the other LFV processes in the μ − τ sector, obtained from the future
limit of BðBþ → KþμτÞ (strongest constraint) in the 1D scenario.

Operator BRðZ → μτÞ BRðτ → μγÞ BRðτ → μμμÞ BRðτ → μeeÞ BRðτ → πμÞ BRðτ → ρμÞ
½Cð1Þ

lq �2323 5.7 × 10−12 2.5 × 10−13 1.3 × 10−12 9.7 × 10−13 2.6 × 10−12 1.4 × 10−12

½Cð3Þ
lq �2323 7.2 × 10−12 2.2 × 10−12 1.7 × 10−12 1.2 × 10−12 3.2 × 10−12 1.7 × 10−12

½Cqe�2323 5.0 × 10−12 2.1 × 10−13 1.3 × 10−12 8.5 × 10−13 2.3 × 10−12 1.3 × 10−12
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pattern emerges. The indirect ULs obtained in this scenario
for BðB → Kð�ÞμeÞ and BðBs → ϕμeÞ decays are ∼10−12,
while for BðBs → μeÞ the UL is ∼10−10. The later
UL aligns with the anticipated future limit proposed by
LHCb-II (Table I).

B. Two operator interference

In this section, we discuss the effects when two operators
are turned on at the high-energy scale Λ, particularly in
relation to how their mutual interference can affect the
different LFVobservables including LFVBDs. Prime moti-
vations for such analysis are twofold. First, we can analyze
the operator mixing and interplay of RGE flows among the
operators that are responsible exclusively for LFVBDs.
Second, we can estimate the effects of the nontrivial
cancellations due to appropriately chosen different pairs
of WCs that appear in the BR formulas of LFV processes of
interest. SinceWCs are related to each other via RGEs, they
can combine in different strengths to suppress or enhance
concerned LFV processes.
In the plane of a pair of WCs, the so-called flat directions

are defined as the portions of the contour where there is a
cancellation from the contributing terms within the BR
arising from these WCs [115]. In such scenarios, it is also
possible to tune the parameters to enhance the relative
strengths of LFV processes. Such relations can easily be
found from the BR formula of the corresponding LFV
process and they would appear as cuspy regions in the two-
dimensional plots in this analysis. For our purpose, from
Eqs. (11) and (12), corresponding forms of WCs given in
Eqs. (13)–(17) and considering only the relevant operators
that contribute to LFVBDs, we find that

Br
h
Bs → lþ

i l
−
j

i

∼ k1

�
k2


Cð1Þ
lq þ Cð3Þ

lq þ Cqe

�
þ k3



Cledq − C0

ledq

�	2

þ k4

�
k5


Cð1Þ
lq þ Cð3Þ

lq − Cqe

�
þ k6



Cledq þ C0

ledq

�	2

;

ð47Þ

Br
h
B0 → Kð�Þlþ

i l
−
j

i
∼ k7

�

Cð1Þ
lq þ Cð3Þ

lq

�
2 þ



−Cqe

�
2
	

þ k8

�

Cð1Þ
lq þ Cð3Þ

lq

�
2 þ



Cqe

�
2
	

þ k9


Cledq − C0

ledq

�
2
; ð48Þ

where ki’s refer to appropriate products from Eq. (11).
Considering 2D cases, the above equations show that, for
both types of LFVBD processes, one may have interfering
terms containing a pair of WCs.

In the following discussion, depending on the possibility
of having flat directions in the BRs, we analyze below
five different 2D scenarios. Among them, we study the
cancellation within the pair of WCs responsible for
LFVBDs in the first three scenarios. For this, we simulta-
neously consider the presence of two nonzero coefficients
of 2q2l operators relevant for LFVBDs at the scale Λ.
Considering the operators with significant effects to
LFVBDs and using Eq. (47) and (48) as our guiding

principle, we choose the scenarios with (½Cð1Þ
lq �1223,

½Cð3Þ
lq �1223), (½Cledq�2132, ½Cð1Þ

lq �1223), and (½Cledq�1223,
½Cqe�2312). Similarly, to study the possibility of nontrivial
cancellations, we simultaneously consider (i) the presence
of a nonzero coefficient of 2q2l operators relevant for

LFVBDs (either one from ½Cð1;3Þ
lq �1223, ½Cqe�2312,

½Cledq�1223Þ and (ii) nonvanishing Higgs-lepton operators
that are relevant for μ → eee, CRðμ → e;AlÞ.
Figure 4 illustrates the contours of BðB0 → K�0μeÞ;

μ → eee, and CRðμ → eÞ in the plane of WCs ½Cð1Þ
lq �1223

and ½Cð3Þ
lq �1223, both referring to the energy scale

Λ ¼ 1 TeV. It is observed that similar results hold true
also for higher values of Λ, with only minor logarithmic
modifications due to RGEs. Lighter colors show the
currently allowed regions for μ → eee (brown) and
CRðμ → eÞ (blue) experiments, whereas darker shades of
the same colors represent futuristic experimental limits
tabulated in Table I. For CRðμ → eÞ, we differentiate
between two future expectations: the slightly lighter blue
shade corresponds to phase I (BR ∼ 10−15) as proposed by
J-PARK and Fermilab [130] and the darker blue shade
corresponds to phase II (BR ∼ 10−17 [130]). The contours
for B0 → K�0μe are shown in black, with the solid line
indicating the current limit (BR ∼ 10−9), which is also the
most stringent limit among these three processes for this set
of WCs. However, the future predictions for μ → eee and
CRðμ → eÞ (phase I) impose stronger constraints on both

½Cð1Þ
lq �1223 and ½Cð3Þ

lq �1223. Notably, μ → eee surpasses phase
I of CRðμ → eÞ in terms of constraining these WCs. The
new parameter space constrained by μ → eee for this set of
WCs reduces BðB0 → K�0μeÞ by 1 order of magnitude
from the existing bound. Belle II and LHCb experiments
can potentially probe this limit. Moreover, CRðμ → eÞ
(phase II) impose the strongest constraints on the parameter

space of ½Cð1Þ
lq �1223 and ½Cð3Þ

lq �1223, causing BðB0 → K�0μeÞ
to shrink 2–3 orders of magnitude from the existing bound.
However, achieving this level of BR is very challenging
given the current and the upcoming scopes of B factories

in the near future. The plot in the ½Cð1Þ
lq �1223 and ½Cð3Þ

lq �1223
plane also provides insights into the flat directions among
all three LFV processes. The flat direction for B0 → K0�μe
falls in the second quadrant and the associated cancellation
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is consistent with Eq. (48). In contrast, for the other LFV
processes, namely, μ → eee and CRðμ → eÞ, cancellations
occur on the opposite side. We note that the processes like
μ → eee and CRðμ → eÞ exhibit flat directions resulting

from cancellations between ½Cð1Þ
ϕl �12 and ½Cð3Þ

ϕl �12 and this is
induced by the RGE flows. The latter can be understood by
analyzing the running and matching of SMEFT and LEFT
operators. Using appropriate results from Sec. III, we find

h
Cð1Þ
ϕlðμÞ þ Cð3Þ

ϕlðμÞ
i
12
≈
3YcYt

8π2
log

�
μ

Λ

�

×
h
Cð1Þ
lq ðΛÞ − Cð3Þ

lq ðΛÞ
i
1223

: ð49Þ

The presence of heavy Yukawa terms with top quark in
Eq. (49) represents the fact that large Higgs-lepton oper-
ators can be induced by the 2q2l operators, even though
they were absent at the starting scale Λ. Additionally, in
regard to the contours corresponding to μ → eee and
CRðμ → eÞ, cuspy regions arise in the first quadrant of

the figure drawn in the Cð1Þ
lq − Cð3Þ

lq plane. Thus, a small
value of the right hand side of Eq. (49) for the said region

corresponds to a small value for the sum Cð1Þ
ϕlðμÞ þ Cð3Þ

ϕlðμÞ.
It may easily be seen that the same would appear in the BR
formulas of μ → eee and CRðμ → eÞ, which, in turn,
means a flat direction or cancellation of appropriate terms
induced by RGE effects. A close examination of the plot
also reveals that the cuspy region resulting from the current
limit of B0 → K�0μe mildly constrains the parameter space
allowed by future bounds of μ → eee and CRðμ → eÞ
(phase I). Similarly, the cuspy region stemming from the

current bound of CRðμ → eÞ limits some of the regions
allowed by the B → K�0μe contour. Likewise, the converse
is true in the left quadrant.
Figure 5 represents the contours of BðBs → μeÞ; μ →

eee and CRðμ → eÞ, in the plane of WCs ½C0
ledq�1223 vs

½Cð1Þ
lq �1223 (top) and ½Cledq�2132 vs ½Cqe�2312 (bottom), both

corresponding to the energy scale Λ ¼ 1 TeV. All the
colored contours have similar classifications as described
in the above paragraph. One noteworthy aspect of these
WCs is that, at the low-energy limit mb, they simulta-

neously influence C9 and C10, as well as C
ð0Þ
S and Cð0Þ

P . In
comparison to Fig. 4, we focus here on the contours
corresponding to Bs → μe rather than B → Kð�Þμe. This
choice is justified by the fact that Bs → μe places stronger
constraints on ½C0

ledq�1223 and ½Cledq�2132, as clearly evident
from Fig. 3. Analyzing the contours associated with the
current limits for all the three processes, we observe that the
strongest constraint along the x axes comes from Bs → μe;
however, along the y axes it comes from CRðμ → eÞ.
Turning to future limits, the current limit of Bs → μe
surpasses CRðμ → eÞ (phase I) along the x axes, while
along the y axes, both CRðμ → eÞ (phase I) and μ → eee
exert strong constraints. The limit from CRðμ → eÞ (phase
II), while being the most influential constraint in the top
plot for both WCs, slightly lags behind the current limit of
Bs → μe along the ½Cledq�2132 direction in the bottom plot.
We notice that the contours of μ → eee have negligible
effects along ½C0

ledq�1223, since the RGE effects of
½C0

ledq�1223 have a minimal impact on the WCs contributing
to μ → eee. However, it does contribute to CRðμ → eÞ

FIG. 4. With Λ ¼ 1 TeV, contours for B0 → K�0μe as a function of ½Cð1Þ
lq �1223 and ½Cð3Þ

lq �1223. Lighter colors show the currently allowed
regions for μ → eee (brown) and CRðμ → eÞ (blue) bounds, whereas darker shades represent futuristic limits. For CRðμ → eÞ, the
lighter and darker blue shades correspond to phase I (BR ∼ 10−15) and phase II (BR ∼ 10−17), respectively.
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through ½Cledq�1222, as shown in Table IV. On the other
hand, in the bottom plot, ½Cledq�2132 mildly affects both
μ → eee and CRðμ → eÞ through dipole operators.
Consequently, the current and future constraints on
μ → eee are notably weaker along the x axes when it
comes to constraining both ½C0

ledq�1223 and ½Cledq�2132. This
trivial cancellation observed between the pair of WCs, in
both the top and bottom figures, can be attributed to the
cross terms appearing in Eq. (11). However, prominent
cancellations are not observed in the other LFV processes,
primarily due to the absence of cross terms between the
corresponding WCs responsible for both CRðμ → eÞ and
μ → eee that are affected by the RGE flow.
Figure 6 displays the contours of BðB0 → K�0μeÞ,

μ → eee and CRðμ → eÞ, in the plane of WCs ½Cð1Þ
ϕl �12

and ½Cð1Þ
lq �1223 (top) and ½Cϕe�12 and ½Cqe�2312 (bottom), both

considered at the energy scale Λ ¼ 1 TeV. In this context,

½Cð1Þ
lq �1223 and ½Cqe�2312 pertain to LFVBDs, while ½Cð1Þ

ϕl �12
and ½Cϕe�12 are relevant for μ → eee and CRðμ → eÞ. The
color codes for the contours hold the same meaning as
described in the previous paragraph. Looking into the
current limits of the BRs, we find that the CRðμ → eÞ
process imposes the strongest constraint along ½Cð1Þ

ϕl �12 (top)
and ½Cϕe�12 (bottom). However, along the y axes, the
current limit of BðB0 → K�0μeÞ surpasses the other LFV

processes in constraining ½Cð1Þ
lq �1223 (top) and ½Cqe�2312

(bottom), respectively. Furthermore, considering future
bounds we find that the contours of μ → eee and
CRðμ → eÞ (phase I) strongly constrain the WCs
along x as well as y axes in both the plots. These future
bounds from both the LFV processes closely coincide
with the current bound of BðB0 → K�0μeÞ, especially in

constraining ½Cð1Þ
lq �1223 (top) and ½Cqe�2312 (bottom).

FIG. 5. With Λ ¼ 1 TeV, contours of Bs → μe as a function of ½Cledq�1223 and ½Cð1Þ
lq �1223. Color codes are the same as in Fig. 4.
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Moreover, the future limit of CRðμ → eÞ (phase II),

although it imposes strong constraints on ½Cð1Þ
ϕl �12 (top)

and ½Cϕe�12 (bottom), is less efficient in constraining

both ½Cð1Þ
lq �1223 (top) and ½Cqe�2312 (bottom). We note that,

in regard to CRðμ → eÞ and μ → eee, the observed pattern
of cancellations between pairs of WCs in the top figure can
again be understood from Eq. (49). The large contributions
to both Higgs-lepton operators in Fig. 6 coming from
2q2l operators completely explains why μ → eee and
CRðμ → eÞ processes dominate in constraining these oper-
ators. On the contrary, for the 2q2l operators, strong
constraints mainly arise from LFVBDs. In regard to the
bottom figure, a similar equation relating ½Cφe�12 and
½Cqe�2312 can be found from corresponding RGEs to explain
their behavior seen in the plot.

V. CONCLUSION

Using a model-independent framework of SMEFT, we
analyzed how the limits from leptonic and semileptonic
LFV B decay processes such as Bs → μþe−; Bþ →
Kþμþe−; B0 → K�0μþe−; Bs → ϕμ−eþ may constrain rel-
evant Wilson coefficients associated with dimension-six
operators as mentioned in Table II. We use the usual match
and run procedure where a SMEFT journey of appropriate
Wilson coefficients from a high scale (Λ) to the electro-
weak scale would determine the starting of the evolution
for the LEFT operators. The latter are then evolved down
to a low scale like the mass scale mb used to obtain the
appropriate branching ratios. Apart from the said LFVBD
limits, we also take into account how the bounds from
LFV processes like CRðμ → eÞ, li → ljγ, li → ljlklm,
and Z → lilj, collectively referred as the other LFV

FIG. 6. With Λ ¼ 1 TeV, contours of B0 → K0�μe as a function of ½Cð1Þ
ϕl �12 and ½Cð1Þ

lq �1223 (top) and ½Cϕe�12 and ½Cqe�2312 (bottom).
Color codes are the same as in Fig. 4.
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processes, are able to constrain the WCs. We used present
BRs as well as some expected future limits as given in
Table I while probing the WCs of importance and studied
the interplay of the LFVBD and the other LFV processes.
While direct effects from LFVBDs principally affect the
associated WCs, the same set of the coefficients may
receive constraints from the other LFV processes, too.
Accordingly, the running effects and RGE mixing of
different WCs can be quite important while we do a
combined analysis of all these LFV processes. For each of
the relevant SMEFToperators, we identify a fewWCs that
are heavily influenced because of RGE mixing and
running and are, in turn, able to affect the different
LFV processes considered in this analysis. In addition
to studying the direct effects of LFVBD limits on the
primarily important WCs, we also take into account how
the same are affected indirectly via BR limits from the
other LFV processes. The latter set of LFV limits, on the
other hand, may provide estimates for the maximum levels
of the LFVBDs that may duly be probed. Additionally,
apart from considering prospective limits from Table I, we
also considered two assumed levels of more stringent
LFVBD limits simply to explore the potential of the
interplay of all the LFV processes under discussion. We
divide our analysis into two principal parts, namely,
studying only one or two operators at a time. In the first
part, the single operator analysis identifies the WCs that
are maximally affected via RGE mixing and running
effects for a given SMEFT scale (Λ ¼ 1 TeV). We further
estimated maximum possible values of Λ as obtained from
a given LFV limit while assuming the concerned WC to
be unity.
In regard to the RGE effects of LFVBD operators, it

turns out that only Oð1;3Þ
φl and Oφe, which affect most of the

other LFV processes, receive significant impacts from

Oð1;3Þ
lq and Oqe. This correlation is shown in Table IV.

For Oledq, the prominent RGE effect of ½Cledq�1223 arises
from the same WC with different quark index, namely,
½Cledq�1222. Out of the six operators primarily associated
with LFVBDs as shown in Table II, one finds from the 1D
analysis (performed with Λ ¼ 1 TeV) that only the oper-

ators with left-handed quark currents, such as Cð1;3Þ
lq and

Cqe, are able to contribute to the other LFV processes
significantly (Fig. 2). In contrast, the operators with
right-handed quark currents, namely, Cld and Ced that
contribute to C0

ð9;10Þ, are relevant only for LFVBDs, with

hardly having any effect on the other LFV processes.
The later part of the 1D analysis for the LFV operators

that probed the scale Λ while considering the current and
future experimental bounds results in Fig. 2. The major
takeaway from this energy analysis is that, in the e − μ
sector, current sensitivities (blue bars) of BRs of LFVBDs

coming from operators Oð1;3Þ
lq ;Oqe, and Oledq, are

competitive compared to other similar low-energy observ-
ables, especially with CRðμ → eÞ or sometimes with
μ → eγ. The result remains the same if we consider future
(green shades) or assumed enhancement of sensitivities
(darker and lighter red shades). Therefore, if new physics
primarily generates the LFVBD operators between the
scales Λ¼100 and 1000 TeV, we expect B0→K�0μþe−;
Bþ→Kþμþe−, Bs → ϕμ−eþ, Bs → μþe−, and CRðμ → eÞ
to be quite promising in regard to future experiments.
In this sector, two processes, namely, μ → eee and

CRðμ → eÞ, can put indirect constraints on BRs of
several B-decay processes as shown in Table VI.
From this analysis, we find that for the processes
Bþ → Kþμþe−; B → K�μþe−, and Bs → ϕμ−eþ, the
BRs ∼10−10 which is just 1 order of magnitude below
the current LHCb bounds and within the anticipated future
limit proposed by LHCb-II. On the other hand, the l − τ
sector is more promising, as they can be probed at much
lower energy, clearly seen from the plots of Fig. 3.
In the 2D case, we consider two nonvanishing operators

at a time for a fixed value of Λ ¼ 1 TeV. Both WCs may
directly be related to LFVBDs (Figs. 4 and 5) or one related
to LFVBD and another corresponding to a different
LFV process other than any of the LFVBDs (Fig. 6).
We begin with considering a pair of WCs responsible for
LFVBDs only. Figure 4 shows a plot for the WCs in the

plane of Cð1Þ
lq and Cð3Þ

lq , where present and future BRs
of LFV processes like B → K�μþe−, CRðμ → eÞ, and
μ → eee are used for the contours. Following the current
limits we find that, although B → K�μþe− imposes the
strongest constraints on these two WCs, future predictions
for μ → eee and phase I of CRðμ → eÞ overcome these
limits. To be specific, the new parameter space constrained
by μ → eee for this set of WCs reduces the BðB → K�μeÞ
by 1 order of magnitude from the existing bound that can
potentially be probed by Belle II and LHCb experiments.
Similarly, in Fig. 5 we show the contours for Bs → μþe−,
CRðμ → eÞ, and μ → eee in the plane of ½Cledq�1223 vs

½Cð1Þ
lq �1223 and ½Cledq�2132 vs ½Cqe�2312. The figures show that

RGE running of ½Cledq�1223 has very little impact on the
WCs contributing to μ → eee, whereas its influence on
CRðμ → eÞ via ½Cledq�1222 is relatively more significant.
This is consistent with the result shown in Table IV.
Moreover, it turns out that ½Cledq�2132 has mild influence
on both μ → eee and CRðμ → eÞ through dipole operators.
In further study of our 2D analysis, we picked up a pair of

operators, of which one is exclusively responsible for
LFVBDs and the other one is significant for several other
LFV processes. From Fig. 6 we find that, while constraining

½Cð1Þ
lq �1223 and ½Cqe�2312, future bounds from μ → eee and

CRðμ → eÞ (phase I) closely coincidewith the current bound
of BðB0 → K�0μeÞ. This implies that different LFVBD
processes are competitive in order to impose constraints
on the 2q2l operators. On the other hand, Higgs-lepton
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operators get the strongest constraints from other LFV
processes only. The flat directions in these plots are indicative
of the nontrivial RGE effects between the respective pair of
operators.
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APPENDIX: LEPTON FLAVOR VIOLATING
Z BOSON DECAYS (Z → lilj)

The effective interactions involving the Z boson and the
SM leptons, including those responsible for LFV effects,
are given by the following Lagrangian [131]:

LZ
eff ¼

h

gVRδij þ δgijVR

�
liγ

μPRlj þ


gVLδij þ δgijVL

�
liγ

μPLlj

i
Zμ

þ
h
δgijTRliσ

μνPRlj þ gijTLliσ
μνPLlj

i
Zμν þ H:c:; ðA1Þ

where

gVR ¼ esw
cw

; gVL ¼ e
swcw

�
−
1

2
þ s2w

�
ðA2Þ

are the SM couplings of the Z to, respectively, right- and left-handed lepton currents, with sw (cw) being the sine (cosine) of
the weak mixing angle. New physics effects are encoded in the effective couplings δgV=T , which at the tree level match the
SMEFT operators as follows:

δgijVR ¼ −
ev2

2swcwΛ2
Cij
φe; δgijVL ¼ −

ev2

2swcwΛ2



Cð1Þij
φl þ Cð3Þij

φl

�
; ðA3Þ

δgijTR ¼ δgjiTL ¼ −
vffiffiffi
2

p
Λ2



swC

ij
eB þ cwC

ij
eW

�
; ðA4Þ

where the WCs have to be evaluated at the scale μ ¼ mZ.
The branching ratios of the Z decays into leptons, in particular, of the LFV modes, are then given by the following

expression [111,131]:

BRðZ → liljÞ ¼
mZ

12πΓZ

����gVRδij þ δgijVR

���2 þ ���gVLδij þ δgijVL

���2 þm2
Z

2

���δgijTR
���2 þm2

Z

2

���δgijTL
���2�; ðA5Þ

where ΓZ ¼ 2.4952ð23Þ GeV is the total decay width of the Z boson, and we summed over the two possible combinations
of lepton charges, l�

i l
∓
j .
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