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Recently, several anomalies in flavor physics have been observed, and it was noticed that leptoquarks
might account for the deviations from the Standard Model. In this work, we examine the effects of new
physics originating from a scalar leptoquark model on the kaon sector. The leptoquark we consider is a
TeV-scale particle and within the reach of the LHC. We use the existing experimental data on the several
kaon processes including K0 − K̄0 mixing; rare decays Kþ → πþνν̄, KL → π0νν̄; the short-distance part of
KL → μþμ−; and lepton-flavor-violating decay KL → μ�e∓ to obtain useful constraints on the model.
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I. INTRODUCTION

The discovery of the last missing piece, the Higgs boson,
in the first run of the LHC marks the completion of the
Standard Model (SM) [1,2]. Though the SM has been
exceptionally successful in explaining the experimental
data collected so far, there are many evidences which point
towards the existence of physics beyond the SM (see, for
example, Ref. [3]). Therefore, it is natural to consider the
SM as the low-energy limit of a more general theory above
the electroweak scale. The direct collider searches at the
high-energy frontier (TeVscale) have not found any new
particle, but, interestingly, there are some tantalizing hints
toward new physics (NP) from high-precision low-energy
experiments in the flavor sector. To be specific, in 2012,
BABAR measured the ratios of branching fractions for the
semitauonic decay of the B meson, B̄ → D�τν̄,

RðDð�ÞÞ ¼ BRðB̄ → Dð�Þτν̄Þ
BRðB̄ → Dð�Þlν̄Þ ; ð1Þ

with l ¼ e, μ, and reported 2.0σ and 2.7σ excesses over the
SM predictions in the measurements of RðDÞ and RðD�Þ,
respectively [4]. Very recently, these decays have been
measured by BELLE [5] and LHCb [6]. These results are in
agreement with each other and when combined together
show a significant deviation from the SM. A summary of
the measurements of RðDð�ÞÞ done by different collabo-
rations together with the SM predictions is given in Table I.
Another interesting indirect hint of NP comes from the

data on b → sμþμ− processes. The LHCb Collaboration
has seen a 2.6σ departure from the SM prediction in the
lepton flavor universality ratio RK ¼ BRðB̄ → K̄μþμ−Þ=
BRðB̄ → K̄eþe−Þ ¼ 0.745þ0.090

−0.074 � 0.036 in the dilepton
invariant mass bin 1 GeV2 < q2 < 6 GeV2 [8]. Though
the individual branching fractions for B̄ → K̄μþμ− and

B̄ → K̄eþe− are marred with large hadronic uncertainties in
the SM [9], their ratio is a very clean observable and
predicted to be RK ¼ 1.0003� 0.0001 [9,10]. Also, the
recent data on angular observables of four-body distribu-
tion in the process ðB → K�ð→ K →Þlþl− indicate some
tension with the SM [11,12], particularly the deviation of
∼3σ in two of the q2 bins of angular observable P0

5 [13]. In
the decay Bs → ϕμþμ−, a deviation of 3.5σ significance
with respect to the SM prediction has also been reported by
LHCb [14]. The model-independent global fits to the
updated data on b → sμþμ− observables point toward a
solution with NP that is favored over the SM by ∼4σ [13].
Several NP scenarios have been proposed to explain

these discrepancies. The excesses in RðDð�ÞÞ have been
explained in a generalized framework of 2HDM (two Higgs
doublet model) in Refs. [15–17], in the framework of the
R-parity-violating minimal supersymmetric Standard
Model in Ref. [18], in the E6-motivated alternative left
right symmetric model in Ref. [19], and using a model-
independent approach [20–23], while in Refs. [24–27] the
excesses in RðDð�ÞÞ have been addressed in the context of
leptoquark models. The possible explanation for the
observed anomalies in b → sμþμ− processes preferably
demands a negative contribution to the Wilson coefficient
of semileptonic operator ðs̄bÞV−Aðμ̄γαμÞ [13,28]. Several
NP models, generally involving Z0 vector bosons [29–35]
or leptoquarks [36–44], are able to produce such operators
with the required effects to explain the present data.
In view of this, we are motivated to study a TeV-scale

leptoquark model and analyze NP effects on the kaon
sector. It is known that the studies of kaon decays have
played a vital role in retrieving information on the flavor
structure of the SM. In particular, neutral kaon mixing and
the rare decays of the kaon have been analyzed in various
extensions of the SM and are known to provide some of the
most stringent constraints on NP [45–56]. The NP model
we consider in this paper is a simple extension of the SM by
a single scalar leptoquark. The leptoquark ϕ with massMϕ
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has ðSUð3Þ; SUð2ÞÞUð1Þ quantum numbers ð3; 1Þ−1=3. This
model is interesting, considering that it has all the necessary
ingredients accommodating semileptonic b → c and b → s
decays to explain the anomalies in the LFU (lepton flavor
universality) ratios discussed above [40,41]. To this end, we
must mention that, along with anomalies observed in the
flavor sector, the leptoquark model under study is also
capable of explaining the new diphoton excess recently
reported by the ATLAS and CMS collaborations in their
analysis of

ffiffiffi
s

p ¼ 13 TeVpp collision [57].
Following the conventions of Ref. [40], the Lagrangian

governing the leptoquark interaction with first-family
fermions is given by

LðϕÞ∋λLueūcLeLϕ� þ λRueūcReRϕ
� − λLdνd̄

c
LνLϕ

� þ H:c:; ð2Þ

where L/R are the left/right projection operators
ð1 ∓ γ5Þ=2. The couplings λ’s are family dependent, and
uc ¼ CūT are the charge-conjugated spinors. Similar inter-
action terms for the second and third families can also be
written down. In this model, B → Dð�Þτν̄ proceeds at tree
level through the exchange of leptoquark ðϕÞ. Integrating
out the heavy particles gives rise to low-energy six-
dimension effective operators, which can produce the
required effects to satisfy the experimental data. In
Ref. [40], it was shown that with Oð1Þ left-handed and
relatively suppressed right-handed couplings one can
explain the observed excesses in the rate of B → Dð�Þτν̄
decays. The authors of Ref. [40] were also able to
simultaneously explain the observed anomalies in RK with
large ½∼Oð1Þ� left-handed couplings for a TeV scale
leptoquark. In this model, such large couplings are
possible because the leading contribution to B̄ → K̄μþμ−
comes from one-loop diagrams and therefore additional
GIM (Glashow-Iliopoulos-Maiani) and CKM (Cabibbo-
Kobayashi-Maskawa) suppression compensates for the
“largeness” of the couplings. This is in contrast to NP
models [37,41,58] in which RK arises at tree level, which
renders the couplings very small in order to have lepto-
quarks within the reach of the LHC. Apart from the B
system, this model has also been explored in the context of
flavor changing neutral current (FCNC) decays of the D
meson. In Refs. [59–61], the impact of scalar (as well as
vector) leptoquarks on the FCNC processes D0 → μþμ−

and Dþ → πþμþμ− have been studied, and using the
existing experimental results, strong bounds on the lep-
toquark coupling have been derived. However, to the best
of our knowledge, the effects of new physics on the kaon
sector have not been investigated before in the scalar
leptoquark ð3; 1Þ−1=3 model. We start by writing the
effective Hamiltonian relevant for each case and discuss
the effective operators and corresponding coupling
strengths (Wilson coefficients) generated in the model.
The explicit expressions of new contributions in terms of
parameters of the model are derived. We then discuss NP
affecting the various kaon processes such as Kþ → πþνν̄,
KL → π0νν̄, KL → μþμ−, and LFV (lepton flavor violat-
ing) decay KL → μ�e∓. Using the existing experimental
information on these processes, the constraints on the
leptoquark couplings are obtained.
The rest of the article is organized in the following

way. In Sec. II, we study the K0 − K̄0 mixing in this model
and obtain constraints on the couplings. In Secs. III and IV,
we constrain the parameter space using information on
BRðKþ → πþνν̄Þ and CP-violating BRðKL → π0νν̄Þ,
respectively. In Sec. V, we discuss the new contribution
to the short-distance part of rare decay KL → μþμ− in
this model and obtain constraints on the generation-
diagonal leptoquark couplings using the bounds on
BRðKL→μþμ−ÞSD. In Sec. VI, we discuss the LFV process
KL → μ∓e� and constrain the off-diagonal couplings of
the leptoquark contributing to NP Wilson coefficients.
Finally, we summarize our results in the last section.

II. CONSTRAINTS FROM K0 − K̄0 MIXING

The phenomenon of meson-antimeson oscillation,
being a FCNC process, is very sensitive to heavy particles
propagating in the mixing amplitude, and therefore it
provides a powerful tool to test the SM and a window
to observe NP. In this section, we focus on the mixing of the
neutral kaon meson. The experimental measurement of the
K0 − K̄0 mass difference ΔmK and of CP-violating param-
eter ϵK has been instrumental in not only constraining the
parameters of the unitarity triangle but also providing
stringent constraints on NP. The theoretical calculations
for K0 − K̄0 mixing are done in the framework of effective
field theories (EFT), which allow one to separate long- and
short-distance contributions. The leading contribution to
K0 − K̄0 oscillations in the SM comes from the so-called
box diagrams generated through internal line exchange of
the W boson and up-type quark pair. The effective SM
Hamiltonian for jΔSj ¼ 2 resulting from the evaluation of
box diagrams is written as [62,63]

HjΔSj¼2
eff ¼ G2

FM
2
W

4π2
ðλ2cηccS0ðxcÞ þ λ2t ηttS0ðxtÞ

þ 2λtλcηctS0ðxc; xtÞÞKðμÞQsðμÞ; ð3Þ

TABLE I. Summary of experimental measurement for the ratios
RðDð�ÞÞ and the expectation in the SM. Here, the first (second)
errors are statistical (systematic).

RðD�Þ RðDÞ
LHCb [6] 0.336� 0.027� 0.030 � � �
BABAR [4] 0.332� 0.024� 0.018 0.440� 0.058� 0.042
BELLE [5] 0.293� 0.038� 0.015 0.375� 0.064� 0.026
SM Pred.[7] 0.252� 0.003 0.300� 0.010
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where GF is the Fermi constant and λi ¼ V�
isVid

contains CKM matrix elements. QsðμÞ is a dimension-6,
four-fermion local operator ðs̄γμLdÞðs̄γμLdÞ, and KðμÞ is
the relevant short-distance factor which makes product
KðμÞQsðμÞ independent of μ. The Inami-Lim functions
S0ðxÞ and S0ðxi; xjÞ [64] contain contributions of loop
diagrams and are given by [65]

Sðxc; xtÞ ¼ xcxt

�
−

3

4ð1 − xcÞð1 − xtÞ

þ Lnxt
ðxt − xcÞð1 − xtÞ2

�
1 − 2xt þ

x2t
4

�

þ Lnxc
ðxc − xtÞð1 − xcÞ2

�
1 − 2xc þ

x2c
4

��
; ð4Þ

and the function S0ðxÞ is the limit when y → x of S0ðx; yÞ,
while ηi in Eq. (3) are the short-distance QCD correction
factors ηcc ¼ 1.87, ηtt ¼ 0.57, and ηct ¼ 0.49 [66–68]. The
hadronic matrix element hK̄0jQsjK0i is parametrized in
terms of decay constant fK and kaon bag parameter BK in
the following way:

BK ¼ 3

2
KðμÞ hK̄

0jQsjK0i
f2Km

2
K

: ð5Þ

The contribution of NP to jΔSj ¼ 2 transition can be
parametrized as the ratio of the full amplitude to the SM
one as follows [69]:

CΔmK
¼ RehKjHFull

eff jK̄i
RehKjHSM

eff jK̄i
;

CεK ¼ ImhKjHFull
eff jK̄i

ImhKjHSM
eff jK̄i

: ð6Þ

In the SM, CΔmK
and CεK are unity. The effective

Hamiltonian hK̄0jHeff jK0i can be related to the off-
diagonal element M12 through the relation1

hK̄0jHFull
eff jK0i ¼ 2mKM�

12; ð7Þ

with M12 ¼ ðM12ÞSM þ ðM12ÞNP. In the SM, the theoreti-
cal expression of ðM12ÞSM reads [54]

ðM12ÞSM ¼ G2
F

12π2
f2KBKmKM2

WF
�ðλc; λt; xc; xtÞ; ð8Þ

where the function Fðλc; λt; xc; xtÞ stands for

Fðλc; λt; xc; xtÞ ¼ λ2cηccS0ðxcÞ þ λ2t ηttS0ðxtÞ
þ 2λtλcηctS0ðxc; xtÞ; ð9Þ

with xi ¼ m2
i =M

2
W .

In the ð3; 1Þ−1=3 leptoquark model, the internal line
exchange of the neutrino-leptoquark pair induces new
Feynman diagrams, which contributes to K0 − K̄0 mixing.
The diagrams are shown in Fig. 1. The new effects modify
the observables CΔmK

and CεK , and in the approximation
M2

ϕ ≫ m2
t;W , their expressions are given by

CΔmK
¼ 1þ 1

g42

M2
W

M2
ϕ

ηtt
ReðF�ÞReðξdsÞ

2; ð10Þ

CεK ¼ 1þ 1

g42

M2
W

M2
ϕ

ηtt
ImðF�Þ ImðξdsÞ2; ð11Þ

where we have used notation F for Fðλc; λt; xc; xtÞ for
simplicity. g2 is the SU(2) gauge coupling, and we define

ξds ≡ ðλLλL†Þds ¼
X
i

λLdνiλ
L�
sνi : ð12Þ

Solving Eqs. (10) and (11) for real and imaginary parts of
ξds in terms of the experimental observables CΔmK

and CεK ,
we obtain the following expressions:

ðReξdsÞ2 ¼
�
g42
2

M2
ϕ

M2
W

��
ReðF�Þ
ηtt

�
−1þ CΔmK

��

×

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
ImF�

ReF� ·
CεK − 1

CΔmK
− 1

�
2

s �
; ð13Þ

ðImξdsÞ2 ¼
�
g42
2

M2
ϕ

M2
W

��
ReðF�Þ
ηtt

�
−1þ CΔmK

��

×

�
−1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
ImF�

ReF� ·
CεK − 1

CΔmK
− 1

�
2

s �
: ð14Þ

To constrain the leptoquark couplings Reξds and
Imξds, we use the latest global fit results provided by the
UTfit collaboration and to be conservative evaluate the

FIG. 1. New contribution to K − K̄ mixing induced by the
scalar leptoquark ðϕÞ.

1The observables mass difference ΔmK and CP-violating
parameter εK are related to off-diagonal element M12 through
the following relations: ΔmK ¼ 2½ReðM12ÞSM þ ReðM12ÞNP�
and εK ¼ kεexpiϕεffiffi

2
p ðΔmKÞexp

½ImðM12ÞSMþ ImðM12ÞNP�, where ϕε ≃ 43°

and kε ≃ 0.94 [70–72].
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constraints at the 2σ level: CΔmK
¼ 1.10� 0.44 and CεK ¼

1.05� 0.32 [69]. Here, to account for the significant
uncertainties from poorly known long-distance effects
[73], we allow for a �40% uncertainty in the case of
ΔMK . For Reξds and Imξds, we obtain the following upper
bounds:

ðReξdsÞ2 ≤ 6.0 × 10−4
�

Mϕ

1000 GeV

�
2

; ð15Þ

ðImξdsÞ2 ≤ 3.8 × 10−4
�

Mϕ

1000 GeV

�
2

: ð16Þ

As discussed in the next section, we find that a more
constraining bound on the product of the couplings ReðξdsÞ
and ImðξdsÞ can be obtained from theoretically rather clean
rare processes Kþ → πþνν̄ and KL → π0νν̄ as compared to
K − K̄ mixing.

III. CONSTRAINTS FROM RARE
DECAY Kþ → πþνν̄

The charged and neutral K → πνν̄ are in many ways
interesting FCNC processes and considered as golden
modes. Both the decays can play an important role in
indirect searches for NP because these decays are theo-
retically very clean and their branching ratio can be
computed with an exceptionally high level of precision
(for a review, see Ref. [74]). In the SM, these decays are
dominated by Z-penguin and box diagrams, which exhibit
hard, powerlike GIM suppression as compared to loga-
rithmic GIM suppression generally seen in other loop-
induced meson decays. At the leading order, both modes
are induced by a single dimension-6 local operator
ðs̄dÞV−Aðν̄νÞV−A. The hadronic matrix element of this
operator can be measured precisely inKþ → π0eþν decays,
including isospin breaking corrections [75,76]. The princi-
pal contribution to the error in theoretical predictions
originates from the uncertainties on the current values of
λt and mc. The long-distance effects are rather suppressed
and have been found to be small [77–79].
In the SM, the effective Hamiltonian for K → πνν̄

decays is written as [80]

HSM
eff ¼ GFffiffiffi

2
p 2α

πsin2θW

X
l¼e;μ;τ

ðλcXl
NNL þ λtXðxtÞÞ

× ðs̄LγμdLÞðν̄lLγμνlLÞ: ð17Þ

The index l ¼ e, μ, τ denotes the lepton flavor. The short-
distance function XðxtÞ corresponds to the loop-function
containing top contribution and is given by

XðxtÞ ¼ ηX ·
xt
8

�
xt þ 2

xt − 1
þ 3xt − 6

ðxt − 1Þ2 Lnxt
�
; ð18Þ

where the factor ηX includes the next-to-leading-order
(NLO) correction and is close to unity (ηX ¼ 0.995), while
the remaining part describes the contribution of top quark
without QCD correction. The NLO QCD corrections have
been computed in Refs. [81–83], while two-loop electro-
weak corrections have been studied in Ref. [84]. The loop-
function XNNL summarizes the contribution from the charm
quark and can be written as [55]

XNNL ¼ 2

3
Xe
NNL þ

1

3
Xτ
NNL ≡ λ4PSD

c ðXÞ; ð19Þ

where λ ¼ jVusj. The NLO results for the function XNNL can
be found in Refs. [80,83], while next-to-next-to-leading-
order (NNLO) calculations are done in Refs. [85,86].
In the considered model, leptoquark ϕ mediates Kþ →

πþνν̄ at tree level. The corresponding Feynman diagram
is shown in Fig 2. Integrating out the heavy degrees of
freedom, we obtain the following NP effective Hamiltonian
relevant for Kþ → πþνν̄ decay:

HNP
eff ¼ −

λL�sνlλ
L
dνl

2M2
ϕ

ðs̄γμLdÞðs̄γμLdÞ: ð20Þ

The new contribution alters the SM branching ratio of
Kþ → πþνν̄ [87] as

BRðKþ → πþνν̄Þ ¼ κþð1þ ΔEMÞ
��

Imλt
λ5

Xnew

�
2

þ
�
Reλc
λ

PcðXÞ þ
Reλt
λ5

Xnew

�
2
�
;

ð21Þ

where κþ contains relevant hadronic matrix elements
extracted from the decay rate of Kþ → π0eþν along with
an isospin-breaking correction factor. The explicit form of
κþ can be found in Ref. [88]. ΔEM describes the electro-
magnetic radiative correction from photon exchanges and
amounts to -0.3%. The charm contribution PcðXÞ includes
the short-distance part PSD

c ðXÞ plus the long-distance
contribution δPc (calculated in Ref. [76]). We use PcðXÞ ¼
0.404 given in Ref. [87]. The function Xnew contains a new
short-distance contribution from the leptoquark-mediated
diagram and modifies the SM contribution through

Xnew ¼ XðxtÞ þ
Xϕ

λt
; ð22Þ

FIG. 2. Feynman diagrams for the decay K → πνν̄ induced by
the exchange of scalar leptoquark ϕ.
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where XðxtÞ is the top contribution in the SM already
defined in Eq. (18) and Xϕ is the contribution due to
leptoquark exchange. In terms of the model parameters, Xϕ

is given by

Xϕ ¼ −
ffiffiffi
2

p

4GF

πsin2θW
α

ξds
M2

ϕ

; ð23Þ

where αðMZÞ ¼ 1=127.9 is the electromagnetic
coupling constant and sin2 θW ¼ 0.23 is the weak mixing
angle. Using the experimental value of the branching
ratio from the Particle Data Group, BRðKþ → πþνν̄Þ ¼
ð1.7� 1.1Þ × 10−10 [89], we obtain the constraint on Reξds
and Imξds, shown in Fig 3. A most conservative bound on
individual couplings Reξds and Imξds can be obtained by
taking only one set to be nonzero at a time. We find that
for a leptoquark of 1 TeV mass the constraints are given
by −7.2 × 10−4 < Reξds < 2.2 × 10−4 and −3.3 × 10−4 <
Imξds < 4.9 × 10−4. As pointed out before, these bounds
rule out a large parameter space allowed from K0 − K̄0

mixing. The coupling Imξds can also be probed independ-
ently through the decay KL → π0νν̄, which is the subject of
our next section.

IV. CONSTRAINTS FROM KL → π0νν̄

The neutral decay mode KL → π0νν̄ is CP violating. In
contrast to the decay rate of Kþ → πþνν̄ which depends on
the real and imaginary parts of λt, with a small contribution
from the real part of λc, the rate ofKL → π0νν̄ depends only
on Imλt. Because of the absence of the charm contribution,

the prediction for BRðKL→π0νν̄Þ is theoretically cleaner.
The principal sources of error are the uncertainties on Imλt
and mt. In the SM, the branching ratio is given by [74]

BRðKL → πνν̄Þ ¼ κL

�
Imλt
λ5

XðxtÞ
�

2

; ð24Þ

with [87]

κL ¼ 2.231 × 10−10
�

λ

0.225

�
8

: ð25Þ

The exchange of leptoquark ϕ induces new contribution
to the rate which can be accommodated in the expression
of branching ratio by replacing XðxtÞ with Xnew given in
Eq. (22). Experimentally, only a upper bound on the
branching ratio is available: BRðKL→π0νν̄Þ<2.8×10−8

at 90% C.L. [89]. In Fig 4, we plot the dependence of
the KL → πνν̄ branching ratio on the imaginary part of the
effective couplings ξds. Numerically, the constraints are
given by

−0.0021 <
Imξds

ð Mϕ

1000 GeVÞ2
< 0.0023: ð26Þ

Since the decay has not been observed so far and the
present experimental limits are 3 orders of magnitude above
the SM predictions [87], we find that constraints from
KL → π0νν̄ are weaker compared to those obtained in the
case of Kþ → πþνν̄.

V. CONSTRAINTS FROM KL → μþμ−

The decay KL → μþμ− is sensitive to much of the same
short-distance physics (i.e., λt and mt) as K → πνν̄ and
therefore provides complementary information on the
structure of FCNC jΔSj ¼ 1 transitions. This is important

4 2 0 2 4 6
8

6

4

2

0

2

4

Im ds 10 4

R
e

ds
10

4

FIG. 3. The constraints on ReðξdsÞ − ImðξdsÞ parameter space
from the measured value of BRðKþ → πþνν̄Þ. The blue colored
region shows experimentally allowed values at the 1σ level.

FIG. 4. The dependence of BRðKL → π0νν̄Þ on Imξds. The red
shaded region is currently disfavored by the experimental data
at 90% C.L.
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because experimentally a much more precise measurement
compared to K → πνν̄ is available: BRðKL → μμÞ ¼
ð6.84� 0.11Þ × 10−9 [89]. However, the theoretical situa-
tion is far more complex (for a review, see Refs. [90,91]).
The amplitude for KL → μþμ− can be decomposed into a
dispersive (real) and an absorptive (imaginary) part. The
dominant contribution to the absorptive part [as well as to
total decay rate (KL → μþμ−)] comes from the real two-
photon intermediate state. The dispersive amplitude is the
sum of the so-called long-distance and the short-distance
contributions. Only the short-distance (SD) part can be
reliably calculated. The most recent estimates of the SD
part from the data give BRðKL → μþμ−ÞSD ≤ 2.5 × 10−9

[92]. The effective Hamiltonian relevant for the decay
KL → μþμ− is given by [80]

HeffðKL → μþμ−Þ

¼ GFffiffiffi
2

p α

2πsin2θW
ðλcYNL þ λtYðxtÞÞðs̄γμð1− γ5ÞdÞðμ̄γμγ5μÞ;

¼ GFffiffiffi
2

p V�
usVudΔK

SMðs̄γμð1− γ5ÞdÞðμ̄γμγ5μÞ; ð27Þ

where ΔK
SM describes the Wilson coefficient (WC) of the

effective local operator ðs̄dÞV−Aðμ̄γμγ5μÞ and is given as

ΔK
SM ¼ αðλcYNL þ λtYðxtÞÞ

2πsin2θwV�
usVud

: ð28Þ

The short-distance function YðxtÞ describes contribution
from Z-penguin and box diagrams with an internal top
quark with QCD corrections. Its expression in NLO can be
written as [82,83]

YðxtÞ ¼ ηY ·
xt
8

�
4 − xt
1 − xt

þ 3xt
ð1 − xtÞ2

Lnxt

�
; ð29Þ

where the factor ηY summarizes the QCD corrections
(ηY ¼ 1.012). The function YNL represents the contribution
of loop-diagrams involving internal charm-quark exchange
and is known to NLO [80,83] and recently to NNLO [93].
The charm contribution is also often denoted by PcðYÞ and
is related to YNL analogous to the relation in Eq (19). In the
SM, the branching ratio for the SD part is written as [93,94]

BRðKL → μþμ−ÞSMðSDÞ ¼
N2

K

2πΓKL

�
mμ

mK

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

m2
K

s

× f2Km
3
KðReΔK

SMÞ2; ð30Þ

where NK ¼ GFV�
usVud and ΓKL

is the decay width of KL.
Before proceeding to discuss the constraints on leptoquark
couplings from KL → μþμ−, we give a description of the
“operator basis” we use in the present and next sections.
The effective Hamiltonian for KL → μþμ− in Eq. (27) is

written in the operator basis of fQ7V;Q7Ag following
Ref. [94]. In what follows, we will switch to the
fQK

VLL; Q
K
VLRg operator basis. The operators in both bases

are written as

Q7V ¼ ðs̄γαð1 − γ5ÞdÞðμ̄γαμÞ;
Q7A ¼ ðs̄γαð1 − γ5ÞdÞðμ̄γαγ5μÞ; ð31Þ

and

QK
VLL ¼ ðs̄γαLdÞðμ̄γαLμÞ;

QK
VLR ¼ ðs̄γαLdÞðμ̄γαRμÞ: ð32Þ

To change from the basis fQ7V;Q7Ag to the basis
fQK

VLL; Q
K
VLRg, the following transformation rules hold:

QK
VLL ¼ 1

4
ðQ7V −Q7AÞ;

QK
VLR ¼ 1

4
ðQ7V þQ7AÞ: ð33Þ

The scalar leptoquark ϕ contributes to the quark-level
transition s̄ → d̄μþμ− at the leading order through loop
diagrams. The Feynman diagrams relevant for KL → μþμ−
are shown in Fig 5. These diagrams are similar to the ones
calculated in the case of b → sμμ in Ref. [40]. We adapt the
results in Ref. [40] to the case of s → dμþμ− to obtain the
NP Wilson coefficients of effective operators QK

VLL and
QK

VLR given by,

CKðnewÞ
VLL ¼ −

1

8π2
λt
λu

m2
t

M2
ϕ

jλLtμj2 þ
ffiffiffi
2

p

64GFπ
2M2

ϕ

ξdsξ
L
μμ

λu
; ð34Þ

CKðnewÞ
VLR ¼ −

1

16π2
λt
λu

m2
t

M2
ϕ

jλRtμj2
�
Ln

M2
ϕ

m2
t
− fðxtÞ

�

þ
ffiffiffi
2

p

64GFπ
2M2

ϕ

ξdsξ
R
μμ

λu
; ð35Þ

where the function fðxtÞ depends on the top-quark mass
and is given in Ref. [40] and we define

ξLðRÞll0 ¼
X
i

λLðRÞ�uil
λLðRÞuil0

: ð36Þ

FIG. 5. Feynman diagrams relevant for the decay KL → μþμ−
induced by the scalar leptoquark ϕ.
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The one advantage we get by the change of basis is that
the contribution of right-handed interaction terms in the

Lagrangian [Eq. (2)] is contained only in CKðnewÞ
VLR . After

accommodating the leptoquark contribution to the SM
value, the total SD branching ratio for the decay KL →
μþμ− is given by

BRðKL → μþμ−ÞSD ¼ N2
K

2πΓKL

�
mμ

mK

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

m2
K

s

× f2Km
3
Kλ

10

�
Reλc
λ

αPcðYÞ
2πsin2θWλu

þ 1

λ5

�
Reλt

αYðxtÞ
2πsin2θWλu

þ 1

4
ReðCKðnewÞ

VLR − CKðnewÞ
VLL Þ

��
2

:

ð37Þ

To simplify further the analysis, we invoke the assumption
that, except the SM contribution, only one of the NP
operators contributes dominantly. This assumption helps
us in determining the limits on the dominant WC from
BRðKL → μþμ−ÞSD, and the generalization of this situation
to incorporate more than one NP operator contribution is
straight forward. Therefore, in what follows, we will ignore
the contribution of the right-handed operator in further
analysis. In Fig. 6, we show the dependence of the SD part

of BRðKL → μþμ−Þ on ReCKðnewÞ
VLL . Numerically, the bound

on the WC reads −1.00×10−4<ReCKðnewÞ
VLL <0.27×10−4.

We use the upper bound to constrain the generation-diagonal
leptoquark couplings in the following way. Employing
Eq. (34), the upper bound on the WC can be written in
terms of model parameters as

�
−

1

8π2
Reλt
λu

m2
t

M2
ϕ

jλLtμj2 þ
ffiffiffi
2

p

64GFπ
2M2

ϕ

Reξds
λu

ξLμμ

�

< 0.27 × 10−4: ð38Þ

Assuming the worst possible case in which the bound
on Reξds from Kþ → πþνν̄ (as obtained in Sec. III) is
saturated, i.e., using Reξds ¼ 2.2 × 10−4 in the above
equation, we get

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jλLuμj2 þ jλLcμj2 þ

�
1þ 2.52

ð Mϕ

1000 GeVÞ2
�
jλLtμj2

s
< 11.83: ð39Þ

We find that constraints from the SD branching ratio of
KL → μþμ− are not severe and large ∼Oð1Þ generation-
diagonal leptoquark couplings are allowed. To this end, we
must mention that the above bound is in agreement with the
constraint obtained in Ref. [40] [see Eq. (17) therein] while
explaining the anomaly in RK in this model. We also note
from Eq. (39) that the top contribution to s̄ → d̄μþμ− for the
considered masses of the leptoquark ð∼1 TeVÞ is largely
enhanced in contrast to the effects found in the case of
b → sμþμ− processes [40] where the top contribution is
suppressed for the same choice of the leptoquark masses.

VI. CONSTRAINTS FROM
LFV DECAY KL → μ∓e�

In this section, we discuss the effects of the leptoquark ϕ
on LFV process K → μ∓e�. Experimentally, there is
only an upper bound on this process: BRðKL → μ∓e�Þ <
4.7 × 10−12 [89]. LFV processes are interesting because in
the SM they are forbidden. Therefore, any observation of
such process immediately indicates toward the presence of
NP. The leptoquark ϕ can mediate KL → μe decay through
similar diagrams shown in Fig. 5 with one of the μ lines
being replaced with e. After integrating out heavy particles,
new effective operators relevant for KL → μe are gener-
ated. The operators are similar to those in Eq. (32) but with
one of the μ changed to e. The branching ratio in terms of
the newWilson coefficientsCμe

VLL andC
μe
VLR is given by [94]

BRðKL → μeÞ ¼ N2
Kf

2
K

64πΓKL

�
mμ

mK

�
2
�
1 −

m2
μ

m2
K

�
2

× ðjCμe
VLLj2 þ jCμe

VLRj2Þ: ð40Þ

Adjusting the results of Eq. (34) to the LFV case, we find

Cμe
VLL ¼ −

1

8π2
λt
λu

m2
t

M2
ϕ

ðλLteλL�tμ Þ

þ
ffiffiffi
2

p

64GFπ
2M2

ϕ

ξdsξ
L
μe

λu
; ð41Þ

FIG. 6. The dependence of BRðKL → μþμ−Þ on the Wilson

coefficient CKðnewÞ
VLL . We have assumed one-operator dominance

as discussed in the text. The red shaded region shows the
experimentally disallowed values at 1σ.
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Cμe
VLR ¼ −

1

16π2
λt
λu

m2
t

M2
ϕ

ðλRtμλRteÞ
�
Ln

M2
ϕ

m2
t
− fðxtÞ

�

þ
ffiffiffi
2

p

64GFπ
2M2

ϕ

ξdsξ
R
μe

λu
: ð42Þ

Using the current experimental bound on KL → μe, we get
½jCμe

VLLj2 þ jCμe
VLRj2�1=2 < 3.9 × 10−6. Following the similar

analysis as done in Sec. V for the case of KL → μμ, we
obtain the constraints on the leptoquark couplings, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðλLuμλLueÞ þ ðλLcμλLceÞ þ
�
1þ 2.52

ð Mϕ

1000 GeVÞ2
�
ðλLtμλLteÞ

s !

< 4.49; ð43Þ

where the top contribution is again enhanced. For simplic-
ity, we assumed the couplings to be real. Here, we would
like to mention that the same Wilson coefficients also
contribute to other LFV processes such as K → πμe.
However, as pointed out in Ref. [94], the constraints on
Wilson coefficients ðjCμe

VLLj2 þ jCμe
VLRj2Þ1=2 are about an

order of magnitude weaker than the one from KL → μ∓e�.
Therefore, experimental data on K → πμe do not improve
the constraints obtained in Eq. (43).

VII. RESULTS AND DISCUSSION

In light of several anomalies observed in semileptonic B
decays, often explained by invoking leptoquark NP models,
we have studied a scalar leptoquark model in the context
of rare decays of kaons and neutral kaon mixing. The
model is interesting because it can provide one of the
possible explanations for the observed discrepancies in
semileptonic B decays. We examined the effects of lep-
toquark contribution to the several kaon processes involv-
ingK0−K̄0 mixing,Kþ→πþνν̄,KL → π0νν̄,KL → μþμ−,
and LFV decay KL → μ∓e�. Working in the framework of
EFT, we have discussed the effective operators generated
after integrating out heavy particles and written down the
explicit expressions of the corresponding Wilson coeffi-
cient in terms of the leptoquark couplings. Using the

present experimental information on these decays, we
derived bounds on the couplings relevant for kaon proc-
esses. We found that the constraints from K0 − K̄0 on the
real and imaginary parts of left-handed coupling ξds are
∼Oð10−2Þ. However, the same set of couplings can also be
constrained from BRðKþ → πþνν̄Þ, BRðKL → π0νν̄Þ, and
it was found that constraints from the rare process
BRðKþ → πþνν̄Þ are about 2 orders of magnitude more
severe than those obtained from the mixing of neutral
kaons. In fact, the decay BRðKþ → πþνν̄Þ gives the most
stringent constraints on the leptoquark couplings among all
the processes studied in this work and therefore is the most
interesting observable to test the NP effects of a scalar
leptoquark in the kaon sector. Assuming a one-operator
dominance scenario, we constrained the NP Wilson
coefficient contributing to the rate of KL → μþμ−. We
further used the bounds on the NP Wilson coefficient to
obtain the constraints on generation-diagonal leptoquark
couplings. We found that the present measured value of
BRðKL → μþμ−Þ allows generation-diagonal coupling of
the leptoquark to be ∼Oð1Þ. The constraint on the combi-
nation of generation-diagonal couplings from KL → μþμ−
is in agreement with the one obtained in Ref. [40] for
explaining experimental data on RK . However, whereas the
top contribution to b → sμþμ− is suppressed, we found that
in the case of s̄ → d̄μþμ− the top contribution is enhanced
for the considered range of leptoquark masses. We also did
a similar analysis for the case of LFV decay KL → μ∓e�,
which involves generation-diagonal as well as off-diagonal
couplings. We found that present experimental limits on
BRðKL → μ∓e�Þ do not provide very strong constraints,
and involved couplings can be as large as ∼Oð1Þ.
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