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Abstract We extend the contents of the standard model
(SM) by introducing TeV-scale scalar leptoquarks to gen-
erate neutrino masses and explain some current observed
deviations from the SM predictions, including the anomalous
magnetic moments of charged leptons (electron and muon)
and B-physics anomalies (RK (∗) and RD(∗)). The model con-
sists of SU(2)L singlet leptoquark S1 ∼ (3̄, 1, 1/3), dou-
blet leptoquark R̃2 ∼ (3, 2, 1/6) and triplet leptoquark
S3 ∼ (3̄, 3, 1/3). We combine the constraints arising from
the low-energy lepton flavor violation, meson decay and mix-
ing observables. We perform a detailed phenomenological
analysis and identify the minimized texture of leptoquark
Yukawa matrices to accommodate a unified explanation of
the anomalies and neutrino oscillation data.

1 Introduction

The neutrino oscillation experiments have firmly estab-
lished that neutrinos are massive and have non-trivial mixing
between different generations [1–4]. The experiments also
indicate that the neutrino masses are much smaller than that
of charged fermions, which suggests that neutrinos may have
specific sources of mass generation. In the recent decades,
a plethora of models have been proposed to explain the
neutrino mass and the natural way is the so called seesaw
mechanism [5]. Type-I seasaw model [6–10] provides neu-
trino masses at the tree-level by extending the particle con-
tent of the SM with three SU(2)L -singlet right-handed neu-
trino fields, while type-II [10–12] and type-III [13] models
introduce SU(2)L -triplet scalar and SU(2)L -triplet fermions,
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respectively. Beyond tree level, the tiny neutrino masses
could radiatively originate from loop levels [14–18].

Extending the SM to include the source of the origin of
neutrino mass and mixing brings new physics, especially to
the flavor sector. The intensity frontier precision measure-
ments may pin down the possible connections between neu-
trino physics and flavor physics. Such as the anomalous mag-
netic moments of electron and muon, there are long-standing
discrepancies between the theoretical predictions and mea-
sured values [19–41]. The anomalies also include the ratios
RK (∗) and RD(∗) in B-decays, pointing towards the lepton fla-
vor universality violation, measured by BaBar [42,43], Belle
[44–46] and LHCb [47–51] collaborations. In this work, we
propose a model with scalar leptoquarks to provide a com-
mon explanation of neutrino mass and these flavor anomalies.

Leptoquarks (LQs) have been introduced in many new
physics models beyond the SM and are very popular to
explain B-physics anomalies with one or more leptoquark
states [52–54]. The unified solution to both RK (∗) and RD(∗)

anomalies seems rule out single scalar leptoquark models
[55]. Among the scalar leptoquarks, triplet S3 ∼ (3̄, 3, 1/3)

can accommodate the RK (∗) anomalies, while the RD(∗)

anomalies can be resolved by introducing either a singlet
S1 ∼ (3̄, 1, 1/3) or a doublet R2 ∼ (3, 2, 7/6) leptoquark.
The double leptoquarks models were proposed to explain
both RK (∗) and RD(∗) anomalies, involving S1 and S3 combi-
nation [56–61] or R2 and S3 combination [62–64]. Extend-
ing with leptoquarks will give contribution to the anomalous
magnetic moment of charged lepton at one-loop level and the
no-chiral scalar leptoquarks S1 or R2, which have both left-
chiral and right-chiral couplings, can provide good expla-
nations to the aμ and ae deviations [65,66] simultaneously.
The mixing between different type leptoquarks can also gen-
erate non-trivial Majorana neutrino mass terms at one-loop
level. The minimal model to generate neutrino mass by the
scalar leptoquark mixing requires a pair of leptoquarks and

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-022-10920-x&domain=pdf
mailto:chensl@mail.ccnu.edu.cn
mailto:wwjiang@mails.ccnu.edu.cn
mailto:zekunliu@mails.ccnu.edu.cn


  959 Page 2 of 18 Eur. Phys. J. C           (2022) 82:959 

the possible combinations are S1 − R̃2(3, 2, 1/6), S3 − R̃2

and S3 − R2 [67–71]. Motivated by the leptoquark abundant
phenomenologies, we attempt to extend the SM contents by
scalar leptoquarks to generate neutrino mass and explain the
flavor anomalies mentioned above.

This paper is organized as follow: In Sect. 2, we briefly
introduce the model set-up and the neutrino mass generation
mechanism. In Sect. 3, we show how to explain the flavor
anomalies in the model, including RK (∗) , RD(∗) , aμ and ae.
We discuss the observables constraints on the leptoquark cou-
plings in Sect. 4 and then we perform a detailed analysis of
model parameter space and identify two benchmark points
in Sect. 5 and we conclude in the final section.

2 The model and neutrino mass generation

2.1 The model

In addition to the SM fields, we introduce three scalar lep-
toquarks, including an SU(2)L singlet S1 ∼ (3̄, 1, 1/3), a
doublet R̃2 ∼ (3, 2, 1/6) and a triplet S3 ∼ (3̄, 3, 1/3). The
scalar leptoquarks are denoted as

S1(3̄, 1, 1/3) = S1/3
1 , R̃2(3, 2, 1/6) = (R̃2/3

2 , R̃−1/3
2 )T,

S3(3̄, 3, 1/3) = τ i Si3 =
(

S1/3
3

√
2 S4/3

3√
2 S−2/3

3 −S1/3
3

)
, (1)

where τ i (i = 1, 2, 3) are the Pauli matrices and we define
S4/3

3 = (S1
3 − iS2

3 )/
√

2, S−2/3
3 = (S1

3 + iS2
3 )/

√
2 and

S1/3
3 = S3

3 . The corresponding Yukawa terms that describe
the interactions between leptoquarks and fermions are given
by

LY = − yi j1Ru
iC
R e jR S1 − yi j1L Q

iC
L iτ 2 L j

L S1

− yi j2L diR R̃
T
2 iτ 2 L j

L

− yi j3L QiC
L iτ 2 S3L

j
L + h.c., (2)

where Q and L denote the SU(2)L doublet left-handed quarks
and leptons, uR , dR and eR denote the SU(2)L singlet right-
handed up-type quarks, down-type quarks and charged lep-
tons, respectively. All fields in Eq. (2) are represented in the
flavor basis. For phenomenological analysis, it is more con-
venient that we re-parametrize the couplings in the fermion
mass basis. The Yukawa coupling terms are then rewritten in
the mass basis of fermions as the following form,

LY = −yi j1Ru
iC
R e jR S

1/3
1 + (V T y1L)i j diCL ν

j
L S

1/3
1

− yi j1Lu
iC
L e jL S

1/3
1 + yi j2L diRν

j
L R̃

−1/3
2

− yi j2L diRe
j
L R̃

2/3
2 + (V T y3L)i j diCL ν

j
L S

1/3
3

+ √
2(V T y3L)i j diCL e jL S

4/3
3

− √
2yi j3L uiCL ν

j
L S

−2/3
3 + yi j3L uiCL e jL S

1/3
3 + h.c., (3)

where V is the CKM matrix. Since in our analysis of (g −
2)e,μ and B-physics anomalies, the choice of neutrino mass
or flavor basis has negligible effect, the neutrino states in the
above equation are kept in flavor basis.

The renormalizable and gauge invariant scalar potential
involving H , S1, R̃2 and S3 is described by

V ⊃ m2
H H†H + m2

1 S
†
1 S1 + m2

2 R̃†
2 R̃2 + 1

2
m2

3 Tr
(
S†

3 S3
)

+ λH

(
H†H

)2 + λ1

(
S†

1 S1

)2

+ λ2

(
R̃†

2 R̃2

)2 + λ3

[
Tr(S†

3 S3)
]2

+ λ′
3 Tr(S†

3 S
†
3)Tr(S3S3) + λH1 H

†HS†
1 S1

+ λH2 H†H R̃†
2 R̃2 + 1

2
λH3 H

†H Tr
(
S†

3 S3
)

+ (
λ13 H

†S†
3 HS1 + μ1 R̃†

2HS∗
1

+ μ2 R̃†
2S

†
3 H + h.c.

)
, (4)

where H is the SM Higgs doublet. More general inter-
actions of leptoquarks and SM Higgs can be found in
Ref. [72]. After the spontaneous electroweak symmetry
breaking, the Higgs field H acquires a vacuum expecting
value (VEV) with 〈H〉 = v/

√
2, v = 246 GeV. The physi-

cal scalar particles include one electric neutral Higgs boson
h, three 1/3-charged leptoquarks, two 2/3-charged lepto-
quarks, and one 4/3-charged leptoquark. In the basis of
ρ1/3 ≡ (S1/3

1 , R̃1/3
2 , S1/3

3 )T and ρ2/3 ≡ (R̃2/3
2 , S2/3

3 )T , the
mass matrices for the two groups of charged scalar particles
are given by

M2
1/3 =

⎛
⎜⎜⎝

m2
1 + 1

2λH1v
2 1√

2
μ1v − 1

2λ13v
2

1√
2
μ1v m2

2 + 1
2λH2v

2 − 1√
2
μ2v

− 1
2λ13v

2 − 1√
2
μ2v m2

3 + 1
2λH3v

2

⎞
⎟⎟⎠ ,

(5)

M2
2/3 =

(
m2

2 + 1
2λH2v

2 μ2v

μ2v m2
3 + 1

2λH3v
2

)
. (6)

After diagonalization of the above mass matrices, we obtain
the physical scalar fields: charge-1/3 leptoquarks (φ1, φ2, φ3)

and charge-2/3 leptoquarks (ω1, ω2), which satisfy

φi = R1/3
i j ρ

1/3
j , (7)

ωi = R2/3
i j ρ

2/3
j , (8)
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where R1/3 and R2/3 are the corresponding rotation matrices.
The rotation matrix R2/3 can be parametrized as

R2/3 =
(

cos α sin α

− sin α cos α

)
, (9)

where the mixing angle is given by

tan 2α = 2μ2v

m2
2 − m2

3 + (λH2 − λH3)v2/2
. (10)

The rotation matrix R1/3 need three rotation angles to be
parametrized,

R1/3 = R(θ12)R(θ13)R(θ23). (11)

In the limit where off-diagonal elements are much smaller
than the diagonal elements, the mixing angle in the rotation
matrix R1/3 can be approximatively calculated by

θi j 


(
M2

1/3

)
i j(

M2
1/3

)
i i

−
(
M2

1/3

)
j j

. (12)

The charge-4/3 component S4/3
3 has no mixing with other

scalar fields and we denote the mass by mS3 . In our analy-
sis of the low energy processes, we assume the leptoquark
multiplets to be quasi-degenerate and set the LQ masses as
mS1 = mφ1 , mR2 = mφ2 ≈ mω1 and mS3 = mφ3 ≈ mω2 .

2.2 Neutrino masses

In our model, the neutrino masses are induced at one-loop
level through the Feynman diagrams as shown in Fig. 1, in
which the loop is mediated by the down-type quarks and 1/3-
charged leptoquarks. The neutrino mass matrix is given by
[67]

(Mν)αβ = 3

16π2

∑
i=1,2,3
k=d,s,b

mk B0(0,m2
k,m

2
φi

)

×
{
R1/3
i1 R1/3

i2

[
(V T y1L)kα ykβ2L + (V T y1L)kβ ykα2L

]
+R1/3

i2 R1/3
i3

[
(V T y3L)kα ykβ2L+(V T y3L)kβ ykα2L

]}
,

(13)

where B0(0,m2
k,m

2
φi

) is the Passarino–Veltman function and
its finite part is given by

B0(0,m2
k,m

2
φi

) = m2
k log(m2

k) − m2
φi

log(m2
φi

)

m2
k − m2

φi

. (14)

The first term in the bracket of Eq. (13) is associated with
the S1 − R̃2 combination, while the second term is associated
with the S3 − R̃2 combination. To simplify the analysis, we
consider one term dominates the other. For example, when

Fig. 1 Feynman diagram of Majorana neutrino masses generation at
one-loop level

S1 − R̃2 contribution is dominant (μ1 � μ2, λ13v), the neu-
trino mass matrix can be written as

(Mν)αβ = (
ŷT1L�y2L + yT2L�T ŷ1L

)
αβ

, (15)

where we define ŷ1L ≡ (V T y1L) and

� ≡
⎛
⎝�d 0 0

0 �s 0
0 0 �b

⎞
⎠ ,

with �k 
 3

32π2 mk

√
2μ1v

m2
φ1

− m2
φ2

log

(
m2

φ1

m2
φ2

)
. (16)

Using the method of master parametrization [73,74], we
parametrize the coupling matrices ŷ1L and y2L as

ŷ1L = 1√
2

−1/2W AD̂1/2U †, (17)

y2L = 1√
2

−1/2W ∗BD̂1/2U †, (18)

where U is the 3 × 3 unitary neutrino mixing matrix, which
brings the neutrino mass matrix to diagonal form by

UT Mν U = diag(m1,m2,m3). (19)

The forms of matrix 
,W, A, B and D̂ depend on the
ranks of neutrino mass matrix Mν and matrix �. Neutrino
oscillation data requires that Mν should contain two or three
non-vanishing eigenvalues. In our numerical analysis of neu-
trino masses, for simplicity, we neglect the d−quark contri-
bution in neutrino mass loop (�d = 0) and consider the
normal ordering neutrino mass hierarchy with m1 = 0. In
this scenario, the ranks of matrices Mν and � are both 2
and the neutrino mass matrix Mν only depends on the sec-
ond and third columns of couplings ŷ1L and y2L . In this
case, 
 takes form as diag(�s,�b) and D̂ takes the form
as diag(κ,m2,m3), where κ can be arbitrary value, since it
can always be absorbed by rescaling relevant elements in
matrices A and B. Equations (17) and (18) give the elements
of second and third columns of couplings ŷ1L and y2L . The
matrix W is a 2 × 2 unitary complex matrix that contains 4

123
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Table 1 The corresponding Wilson coefficients (in units of v2/4m2
LQ) in Eqs. (21, 22, 23) induced by the leptoquarks at tree level. The matching

scale is set at the leptoquark mass scale

S1 R̃2 S3

ui → u j �̄m�n gLLV,u = −(y1L )im(y∗
1L ) jn gLLV,u = −(y3L )im(y∗

3L ) jn

gRRV,u = −(y1R)im(y∗
1R) jn

gLLS,u = (y1R)im(y∗
1L ) jn

gRRS,u = (y1L )im(y∗
1R) jn

gLLT,u = − 1
4 (y1R)im(y∗

1L ) jn

gRRT,u = − 1
4 (y1L )im(y∗

1R) jn

di → d j �̄m�n gRLV,d = (y2L ) jm(y∗
2L )in gLLV,d = −2(V T y3L )im(V †y∗

3L ) jn

ui → u j ν̄mνn hLLV,u = 2(y3L )im(y∗
3L ) jn

di → d j ν̄mνn hLLV,d = −(V T y1L )im(V †y∗
1L ) jn hRL

V,d = −(y2L ) jm(y∗
2L )in hLLV,d = (V T y3L )im(V †y∗

3L ) jn

di → u j�n ν̄m cLLV = (V T y1L )im(y∗
1L ) jn cLLV = −(V T y3L )im(y∗

3L ) jn

cLLS = −(V T y1L )im(y∗
1R) jn

cLLT = 1
4 (V T y1L )im(y∗

1R) jn

real degrees of freedom. The matrices A and B are defined
as A = TC1 and B = (T T )−1(C1C2 + KC2), where T is
an upper-triangular 2 × 2 complex matrix with positive real
values in the diagonal and contains 4 degrees of freedom,
K is a 2 × 2 anti-symmetric complex matrix that contains 2
degrees of freedom. The matrices C1 and C2 are given by

C1 =
(
z1 0 0
z2 0 0

)
, C2 =

⎛
⎝−1 0 0

0 1 0
0 0 1

⎞
⎠ , (20)

where z1 and z2 are two complex numbers that contains 2
degrees of freedom with the condition z2

1 + z2
2 = 0. The

possible values of the second and third columns of matrices
ŷ1L and y2L can be obtained by scanning these 12 real free
parameters.

2.3 Effective Lagrangians

The tree-level contributions of leptoquarks to the related phe-
nomenologies can be described by the following effective
Lagrangians,

Lq̄q �̄� = −4GF√
2

[ (
gLLV,q

)i j,mn
(q̄iLγ μq j

L)(�̄mL γμ�nL)

+
(
gRL
V,q

)i j,mn
(q̄iRγ μq j

R)(�̄mL γμ�nL)

+
(
gLRV,q

)i j,mn
(q̄iLγ μq j

L)(�̄mRγμ�nR)

+
(
gRR
V,q

)i j,mn
(q̄iRγ μq j

R)(�̄mRγμ�nR)

+
(
gLLS,q

)i j,mn
(q̄iRq

j
L)(�̄mR�nL)

+
(
gRR
S,q

)i j,mn
(q̄iLq

j
R)(�̄mL �nR)

+
(
gLLT,q

)i j,mn
(q̄iRσμνq j

L)(�̄mRσμν�
n
L)

+
(
gRR
T,q

)i j,mn
(q̄iLσμνq j

R)(�̄mL σμν�
n
R)

]
, (21)

Lq̄q ν̄ν = 4GF√
2

[ (
hLLV,q

)i j,mn
(q̄iLγ μq j

L)(ν̄mL γμνnL)

+
(
hRL
V,q

)i j,mn
(q̄iRγ μq j

R)(ν̄mL γμνnL)
]
, (22)

Lūd �̄ν = −4GF√
2

[ (
cLLV

)i j,mn
(ūiLγ μd j

L)(�̄mL γμνnL)

+
(
cLLS

)i j,mn
(ūiRd

j
L)(�̄mRνnL)

+
(
cLLT

)i j,mn
(ūiRσμνd j

L)(�̄mRσμνν
n
L)

]
+ h.c. (23)

The Wilson coefficients at the leptoquark mass scale are
determined by the combinations of Yukawa couplings and
summarized in Table 1. To analyze the low-energy processes,
these Wilson coefficients are needed to RGE run down to the
appropriate scale. We take the low-energy scale at the bottom-
quark mass (mb = 4.18 GeV) and the Wilson coefficients at
the leading logarithm approximation can be calculated by the
following form [75–78],

CJ (μ = mb) =
[
αs(mb)

αs(mt )

]−γ J
1 /β

(5)
1

[
αs(mt )

αs(mLQ)

]−γ J
1 /β

(6)
1

CJ (μ = mLQ), (24)

with the QCD running coefficient β
(n f )

1 = (2n f − 33)/6,
where n f is the relevant number of quark flavors at the
hadronic scale. The coefficients γ J

1 are the anomalous dimen-
sion and given by γ V

1 = 0, γ S
1 = 2 and γ T

1 = −2/3. In
our numerical analysis, we use the package Wilson [79] to
calculate the running of Wilson coefficients and obtain the
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following Wilson coefficient correlations between the two
scales,

cLLV (mb) = 1.01 cLLV (mLQ),(
cLLS (mb)

cLLT (mb)

)
=

(
1.64 −0.275

−3.87 × 10−3 0.867

)(
cLLS (mLQ)

cLLT (mLQ)

)

(25)

where we have taken the leptoquark masses scale as mLQ =
1 TeV. In the following discussion of the various physi-
cal processes, we utilize the Flavio package [80] to get the
favored region of Wilson coefficients at the leptoquark mass
scale.

3 The flavor anomalies

In this section, we present the observed flavor anomalies
between current experimental observations and the SM pre-
dictions, and explore how to alleviate these tensions by intro-
ducing scalar leptoquarks in our framework.

3.1 RK and RK ∗

The first observed anomalies we consider are the lepton flavor
universality violation ratios RK and RK ∗ , which are defined
as

RK = Br(B+ → K+μ+μ−)

Br(B+ → K+e+e−)
,

RK ∗ = Br(B0 → K ∗0μ+μ−)

Br(B0 → K ∗0e+e−)
. (26)

The SM predictions [81,82] for these two ratios are

RSM
K = 1.0003 ± 0.0001, RSM

K ∗ = 1.00 ± 0.01. (27)

The new measurements of RK and RK ∗ at low q2 region
[1.1, 6.0] GeV2 by LHCb are given by [49,51]

RLHCb
K = 0.846+0.042 +0.013

−0.039 −0.012,

RLHCb
K ∗ = 0.685+0.113

−0.069 ± 0.047, (28)

which both give deviation larger than 2.5 σ from the SM
prediction values. These two processes are determined by
the neutral current, b → s�+�−. The effective Hamiltonian
relevant to our model can be described by [83],

Heff = −4GF√
2
VtbV

∗
ts

[ ∑
X=9,10

(C��
X O��

X + C��
X ′O��

X ′)

]
+ h.c.,

(29)

where the C��
X and C��

X ′ denote the Wilson coefficients and
O��

X andO��
X ′ are the corresponding effective operators, which

take form as

O��
9 = e2

(4π)2 (s̄γ μPLb)(�̄γμ�),

O��
10 = e2

(4π)2 (s̄γ μPLb)(�̄γμγ5�),

O��
9′ = e2

(4π)2 (s̄γ μPRb)(�̄γμ�),

O��
10′ = e2

(4π)2 (s̄γ μPRb)(�̄γμγ5�). (30)

According to the definition of RK and RK ∗ , the anomalies
of RK (∗) indicate new physics contribution to Cee

9(′) , C
ee
10(′) ,

Cμμ

9(′) and Cμμ

10(′) . The solution of RK ∗ is favored by new
physics coupling to muon instead of electron, with the con-
sideration from other observables fit [84–86]. Therefore, we
set the new physics contribution related to electron is negli-
gible (i.e., Cee

9 = Cee
10 ∼ 0), and the new physics contribu-

tions to RK and RK ∗ come from the Cμμ
9 and Cμμ

10 in our
framework. We show the fit to RK (∗) using C9(′),10(′) at the
scale μ = 1 TeV in Fig. 2. The upper left panel gives favored
regions for Cμμ

9 versus Cμμ
10 as real parameters. We also con-

sider the recent measurements for the ratio RK 0
S

and RK ∗+
[87]. Note that we combine the constraint from Bs → μμ

in the fit. The branching ratio of Bs → μμ is measured to
be Br(Bs → μμ)exp = (2.93 ± 0.35) × 10−9 [88], which is
the combined result based on measurements from ATLAS,
CMS and LHCb [89–92], while the SM prediction value is
Br(Bs → μμ)SM = (3.63 ± 0.13) × 10−9 [93]. Taking the
relation Cμμ

9 = −Cμμ
10 given by our model, the best fit point

of RK (∗) is found atCμμ
9 = −Cμμ

10 = −0.39, while the best fit
point for RK 0

S
and RK ∗+ is found at Cμμ

9 = −Cμμ
10 = −0.74.

Combining these four experimental ratios and the branching
ratio of Bs → μμ, the best fit point of Cμμ

9 = −Cμμ
10 is

−0.45. The upper right panel shows the favored region for
the complex case with the assumption Cμμ

9 = −Cμμ
10 . The

bottom panels present the fit to RK and RK ∗ using Cμμ

9′,10′
and we find no common solution. Our results are comparable
with the global analysis performed in Ref. [94], where some
related differential branching ratios and angular observables
are included. Relevant analyses are also found in Refs. [95–
97].

Leptoquark S1 doesn’t contribute to b → s�+�− at tree-
level but provides contribution by box-diagrams. However,
RK and RK ∗ anomalies cannot be fully accommodated with
leptoquark S1 only [55,98]. In our model, we expect that the
contributions to solve RK and RK ∗ anomalies come domi-
nantly from leptoquark S3. The corresponding Wilson coef-
ficients are given by

C��
9 = −C��

10 = πv2

VtbV ∗
tsαem

(V T y3L)3�(V †y∗
3L)2�

m2
S3

. (31)
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Fig. 2 Contour plot of the fit to RK and RK ∗ in the plane of Wilson
coefficients at the scale μ = 1 TeV. Upper left panel corresponds toCμμ

9
versus Cμμ

10 as real. The dashed orange and dotted blue contours repre-
sent the 1σ allowed regions that explain RK and RK ∗ respectively. The
dark green (yellow) region corresponds to the 1σ allowed region that
explains RK and RK ∗ (RK 0

S
and RK ∗+ ) simultaneously, while lighter

region corresponds to 2σ allowed region. Upper right: The plot corre-

sponds to the complex plane ofCμμ
9,10, withCμμ

9 = −Cμμ
10 assumed. The

orange and blue regions represent the 1σ allowed regions that explain
RK and RK ∗ , respectively. Bottom: Left panel shows the fit to RK (∗)

using Cμμ

9′ and Cμμ

10′ as real parameters, while right one corresponds to
the fit using complex parameters with the assumption Cμμ

9′ = −Cμμ

10′ .
No overlap region indicates that Cμμ

9′ and Cμμ

10′ can not accommodate
combined explanation for RK and RK ∗

Leptoquark R̃2 can also generate contribution to the process
b → s�+�− at tree-level by C9′ and C10′ terms. The cor-
responding Wilson coefficients of R̃2 contribution are given
by

C��
9′ = −C��

10′ = − πv2

2VtbV ∗
tsαem

y2�
2L y

∗3�
2L

m2
R2

. (32)

It is noted that the parameter space to explain RK is incom-
patible with RK ∗ if one only use C9′ and C10′ , as shown in
the bottom panel of Fig. 2.

3.2 RD and RD∗

The next lepton flavor universality violation observables we
consider are RD and RD∗ , which are induced by charged
current transitions b → c�ν̄� and defined as

RD = Br(B → Dτ ν̄)

Br(B → D�ν̄)
, RD∗ = Br(B → D∗τ ν̄)

Br(B → D∗�ν̄)
, (33)

where � denotes electron e or muon μ. The predicted values
of these two observed quantities in the SM are [99–102]

RSM
D = 0.299 ± 0.003, RSM

D∗ = 0.258 ± 0.003. (34)

These two observables have been measured independently
by several collaborations, including Babar [42,43], Belle
[44,45] and LHCb [48,103,104]. The average values by com-
bining these measurements are given by [105]

Rexp
D = 0.340 ± 0.027 ± 0.013,

Rexp
D∗ = 0.295 ± 0.011 ± 0.008, (35)

which exceed the SM predictions by 1.4σ and 2.5σ

respectively. To confront the leptoquarks contributions with
the above experimental data, we consider the following effec-
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Fig. 3 Upper left: Contour plot of the fit for RD and RD∗ in the plane
of gSL versus gT at the scale μ = 1 TeV. The dashed orange and dotted
blue contours represent the 1σ allowed regions that explain RD and
RD∗ , respectively. The dark (light) green region corresponds to the 1σ

(2σ ) allowed region that explains both simultaneously. Upper right: The
χ2 values to fit both RD and RD∗ when using gVL and gSL = −4gT

respectively. Bottom: Two plots correspond to the complex planes of
gSL = −4gT and gVL , respectively. The orange and blue regions rep-
resent the 1σ allowed region of RD and RD∗ , respectively. The deeper
blue region corresponds to the overlap scenario where accommodates
combined explanation for RD and RD∗

tive Hamiltonian,

Heff = 4GF√
2
Vcb

[
gVL (c̄LγμbL)(τ̄Lγ μνL)

+gSL (c̄RbL)(τ̄RνL)

+gT (c̄RσμνbL)(τ̄RσμννL)
]

+ h.c. (36)

In the Fig. 3, we show the fit of gSL , gT and gVL favored
region to explain RD and RD∗ anomalies at the scale of
1 TeV. The upper left panel presents the fit using real param-
eters gSL and gT . With the relation of gSL = −4gT , which
is in our model, the best fit point is gSL = −4gT = 0.12
and the allowed 1 σ range is gSL = −4gT ∈ [0.08, 0.16].
If we solely consider the Wilson coefficient gVL , the best fit
point is gVL = 0.08(−2.07) and the allowed 1 σ range is
gVL ∈ [0.07, 0.10] ∪ [−2.10,−2.05]. We show the χ2 val-
ues to fit both RD and RD∗ in the upper right panel. We also
present the fit result when the coefficients are taken as com-
plex numbers. Comprehensive analyses including the ratio

RJ/ψ , the longitudinal polarization of the Pτ (D∗) and FD∗
L

can be found in Refs. [106–108]. The best fit values in this
work agree with theirs in the 1 σ allowed range.

In the model, both S1 and S3 give contributions to b →
cτ ν̄ at tree-level, while R̃2 does not. After Fierz transfor-
mation to relevant effective Lagrangian, gSL and gT have
relation gSL = −4gT . The corresponding Wilson coefficient
of S1 contributions are given by

g�
VL

= v2

4Vcb

(V T y1L)3�y∗23
1L

m2
S1

, (37)

g�
SL = −4g�

T = − v2

4Vcb

(V T y1L)3�y∗23
1R

m2
S1

. (38)

The contribution from leptoquark S3 gives

g�
VL

= − v2

4Vcb

(V T y3L)3�y∗23
3L

m2
S3

. (39)
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However the contributions of g�
VL

from both leptoquarks S1

and S3 can not explain the anomalies of RD(∗) since its favored
parameters space is incompatible with B meson decay pro-
cess B → Kνν̄. To explain the anomalies of RD(∗) , it is
required that y33

1L ,3L y
23
1L ,3L ∼ 0.1, but the products of cou-

plings are strongly constrained by the process B → Kνν̄

with |y33
1L ,3L y

23
1L ,3L | � 0.03. Therefore we focus on the Wil-

son coefficients g�
SL

and g�
T contribution from the Leptoquark

S1 to explain the anomalies of RD(∗) .

3.3 The anomalous magnetic moments of charged leptons

The last observable anomalies we consider are the anomalous
magnetic moments of charged leptons, including electron and
muon, which both exist long-standing discrepancy between
the SM predictions and experimental measurements. The
recent combined result of Fermilab [41] and BNL [109]
increases the tension of muon (g − 2), which gives a 4.2 σ

level deviation from the SM prediction. The precise discrep-
ancy between the SM predictions and experimental values
reads [19,41]

�ae = aexp
e − aSM

e = −(8.7 ± 3.6) × 10−13, (40)

�aμ = aexp
μ − aSM

μ = (2.51 ± 0.59) × 10−9. (41)

We start to discuss the contributions to (g − 2)� from
general scalar Leptoquark interactions, which is described
by [68,110]

LF=0 = qi (y
i j
R PR + yi jL PL)� j S + h.c., (42)

L|F |=2 = qCi (y′i j
R PR + y′i j

L PL)� j S + h.c. (43)

Hereqi denotes quark,�denotes charged leptons, S stands for
leptoquarks and F is the fermion number. The contributions
to �a� ≡ (g − 2)�/2 from F = 0 terms are illustrated in
Fig. 4 and given by

�a� = − 3m�

8π2m2
S

∑
q

[
m�(|yq�

R |2 + |yq�
L |2)F(x)

+mqRe(y∗q�
L yq�

R )G(x)
]
, (44)

where

F(x) = QS fS(x) − fF (x),

G(x) = QS gS(x) − gF (x), (45)

and the loop functions are calculated by following formulas,

fS(x) = x + 1

4(1 − x)2 + x ln x

2(1 − x)3 ,

fF (x) = 2 + 5x − x2

12(1 − x)3 + x ln x

2(1 − x)4 ,

Fig. 4 One-loop diagram contributing to the charged leptons anoma-
lous magnetic moments and the flavor changing process � → �′γ

gS(x) = −1

1 − x
− ln x

(1 − x)2 ,

gF (x) = x − 3

2(1 − x)2 − ln x

(1 − x)3 , (46)

where x = m2
q/m

2
S and QS is the charge of leptoquark S. The

|F | = 2 scalar leptoquarks contribution can be obtained by
changing the couplings y → y′ in Eq. (44). It is noted that the
no-chiral scalar leptoquarks which have both left-handed and
right-handed couplings to quarks can give a chiral-enhanced
contributions to �a� by the quark masses. This is revealed
by Eq. (44), in which the first term is proportional to the
lepton mass, while the second term is proportional to the
internal quark mass. Besides, it is worthy to notice that only
the second term in Eq. (44) can provide different sign contri-
bution, since the deviation �ae and �aμ have opposite sign.
Thereby among all the scalar leptoquarks, only singlet S1 or
doublet R2 could provide solution to explain �ae and �aμ

simultaneously. However, the constraint from the branching
ratio of μ → eγ excludes the one internal quark, such as
the top quark, dominating solution [111]. In our model, we
choose the scenario that the contributions to �ae and �aμ

come from different quarks. The new contribution is mainly
coming from the leptoquark S1 mediated loop and the con-
tribution to �a� is given by

�a� 
 −
∑
q

3m�mq

8π2m2
S1

Re
(
y∗q�

1R yq�
1L

)[
7

6
+ 2

3
ln x

]
. (47)

4 Low energy constraints

In the previous section, we have discussed the solution to
the B-physics anomalies, RK (∗) and RD(∗) , and the anoma-
lous charged lepton magnetic moments, �ae and �aμ. The
model also gives rise to various flavor violating processes and
rare meson decays, which are severely constrained by current
experiments. In this section, we summarize the most strin-
gent low-energy processes and give the relevant constraints
to the leptoquark couplings in the model.
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4.1 � → �′γ processes

The lepton flavor violation � → �′γ processes, such as μ →
eγ , τ → eγ and τ → μγ , can be induced via the one-
loop diagrams shown in Fig. 4. The non-chiral leptoquark
S1 contribution to � → �′γ processes is enhanced by the
quark mass. On the contrary, the chiral leptoquarks R̃2 and
S3 induce � → �′γ processes without chiral enhancement.
The current experimental limits on the lepton flavor violation
� → �′γ processes are summarized as following [112,113],

Br(μ → eγ ) < 4.2 × 10−13, (48)

Br(τ → eγ ) < 3.3 × 10−8, (49)

Br(τ → μγ ) < 4.4 × 10−8. (50)

The branching ratio of the process � → �′γ mediated by the
leptoquarks can be calculated by the following formula,

Br(� → �′γ ) = αem(m2
� − m2

�′)3

4m3
� �(�)

(
|σ��′

R |2 + |σ��′
L |2

)
, (51)

where �(�) is the total decay width of the lepton � and the
form factors σ��′

L and σ��′
R originating from S1, R̃2 and S3

contribution are calculated as

σ��′
L ,S1

= 3

16π2m2
S1

∑
q=u,c,t

{[
m� y

q�
1R y

∗q�′
1R

+ m�′ yq�
1L y

∗q�′
1L

][1

3
fS(x) − fF (x)

]

+ mq
(
yq�

1L y
∗q�′
1R

)[1

3
gS(x) − gF (x)

]}
, (52)

σ��′
R,S1

= 3

16π2m2
S1

∑
q=u,c,t

{[
m� y

q�
1L y

∗q�′
1L

+ m�′ yq�
1R y

∗q�′
1R

][1

3
fS(x) − fF (x)

]

+ mq
(
yq�

1R y
∗q�′
1L

)[1

3
gS(x) − gF (x)

]}
, (53)

σ��′
L ,R̃2

= 3

16π2m2
R2

∑
q=d,s,b

m�′ yq�
2L y

∗q�′
2L

[
2

3
fS(x) − fF (x)

]
,

(54)

σ��′
R,R̃2

= 3

16π2m2
R2

∑
q=d,s,b

m� y
q�
2L y

∗q�′
2L

[
2

3
fS(x) − fF (x)

]
,

(55)

σ��′
L ,S3

= 3

16π2m2
S3

{ ∑
q=d,s,b

2m�′ (V T y3L)q�(V †y∗
3L)q�′

×
[

4

3
fS(x) − fF (x)

]

+
∑

q=u,c,t

m�′ yq�
3L y

∗q�′
3L

[
1

3
fS(x) − fF (x)

]}
, (56)

σ��′
R,S3

= 3

16π2m2
S3

{ ∑
q=d,s,b

2m� (V T y3L)q�(V †y∗
3L)q�′

×
[

4

3
fS(x) − fF (x)

]

+
∑

q=u,c,t

m� y
q�
3L y

∗q�′
3L

[
1

3
fS(x) − fF (x)

]}
, (57)

where the loop functions fS,F (x) and gS,F (x) are defined in
Eqs. (46). The terms above proportional to mq arising from
the non-chiral leptoquark S1 give an enhancement and the
corresponding couplings are more severely limited. Whereas
the chiral leptoquarks R̃2 and S3 only consist of the terms
proportional to m�(′) and get weaker limits. To get the con-
straints on the couplings, we assume that only the relevant
term dominates the contribution. The relevant constraints on
the leptoquark Yukawa couplings are summarized in Table 2.

4.2 μ − e conversion in nuclei

Besides the charged lepton flavor violating radiative decay
processes, μ − e conversion in nuclei is also a rare process
providing stringent constraints on the strength of leptoquark
interactions. The current experimental search on μ − e con-
version using gold nucleus provides the most stringent upper
limits and the upper bound to the branching ratio is set by
the SINDRUM experiment as [114]

Br(μ − e)Au = �(μ − e)Au

�capture
< 7 × 10−13, (58)

where the �capture = 8.6 × 10−18 GeV denotes the muon
capture rate by gold nucleus [115]. The μ−e conversion rate
in nuclei can be calculated by following formula [116,117]

�(μ − e) = 2G2
Fm

5
μ

∣∣∣g̃(p)
LS S

(p) + g̃(n)
LS S

(n) + g̃(p)
LV V

(p)

+g̃(n)
LV V

(n)
∣∣∣2 + (L → R). (59)

The overlap integral values of gold nucleus are S(p) =
0.0523, S(n) = 0.0610, V (p) = 0.0859, V (n) = 0.108 [116].
With the effective Lagrangian given in Eq. (21), the coupling
constants g̃ are defined as

g̃(p)
LS,RS =

∑
q

G(q,p)
S

1

2
(gLL ,RR

S,q )i i,12, (60)

g̃(n)
LS,RS =

∑
q

G(q,n)
S

1

2
(gLL ,RR

S,q )i i,12, (61)

g̃(p)
LV =

[
(gLLV,u)

11,12 + (gRL
V,u)

11,12
]
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Table 2 Upper limits on the
leptoquark couplings from the
processes � → �′γ and
μAu → eAu

Process Constraints

μ → eγ |y12
1L y

∗11
1R |, |y∗11

1L y12
1R | < 3.57 × 10−4

(
mS1
TeV

)2

|y22
1L y

∗21
1R |, |y∗21

1L y22
1R | < 1.29 × 10−6

(
mS1
TeV

)2

|y32
1L y

∗31
1R |, |y∗31

1L y32
1R | < 5.38 × 10−8

(
mS1
TeV

)2

|yi21L y
∗i1
1L |, |yi21R y

∗i1
1R |, |yi23L y

∗i1
3L | < 1.31 × 10−3

(
mS1/S3

TeV

)2

|(V T y3L )i2(V †y∗
3L )i1| < 3.98 × 10−4

(
mS3
TeV

)2

τ → eγ |y13
1L y

∗11
1R |, |y∗11

1L y13
1R | < 3.99

(
mS1
TeV

)2

|y23
1L y

∗21
1R |, |y∗21

1L y23
1R | < 1.45 × 10−2

(
mS1
TeV

)2

|y33
1L y

∗31
1R |, |y∗31

1L y33
1R | < 6.02 × 10−4

(
mS1
TeV

)2

|yi31L y
∗i1
1L |, |yi31R y

∗i1
1R |, |yi33L y

∗i1
3L | < 0.874

(
mS1/S3

TeV

)2

|(V T y3L )i3(V †y∗
3L )i1| < 0.240

(
mS3
TeV

)2

τ → μγ |y13
1L y

∗12
1R |, |y∗12

1L y13
1R | < 4.61

(
mS1
TeV

)2

|y23
1L y

∗22
1R |, |y∗22

1L y23
1R | < 1.67 × 10−2

(
mS1
TeV

)2

|y33
1L y

∗32
1R |, |y∗32

1L y33
1R || < 6.95 × 10−4

(
mS1
TeV

)2

|yi31L y
∗i2
1L |, |yi31R y

∗i2
1R |, |yi33L y

∗i2
3L | < 1.01

(
mS1/S3

TeV

)2

|(V T y3L )i3(V †y∗
3L )i2| < 0.278

(
mS3
TeV

)2

μAu → eAu |y12
1L y

∗11
1L |, |y12

1R y
∗11
1R | < 4.20 × 10−6

(
mS1
TeV

)2

|y12
1L y

∗11
1R |, |y12

1R y
∗11
1L | < 8.12 × 10−6

(
mS1
TeV

)2

|y12
2L y

∗11
2L | < 3.40 × 10−6

(
mR2
TeV

)2

|y12
3L y

∗11
3L | < 2.14 × 10−6

(
mS3
TeV

)2

|(V T y3L )12(V †y∗
3L )11| < 1.70 × 10−6

(
mS3
TeV

)2

+ 1

2

[
(gLLV,d)

11,12 + (gRL
V,d)

11,12
]
, (62)

g̃(p)
RV =

[
(gRR

V,u)
11,12 + (gLRV,u)

11,12
]

+ 1

2

[
(gRR

V,d)
11,12 + (gLRV,d)

11,12
]
, (63)

g̃(n)
LV = 1

2

[
(gLLV,u)

11,12 + (gRL
V,u)

11,12
]

+
[
(gLLV,d)

11,12 + (gRL
V,d)

11,12
]
, (64)

g̃(n)
RV = 1

2

[
(gRR

V,u)
11,12 + (gLRV,u)

11,12
]

+
[
(gRR

V,d)
11,12 + (gLRV,d)

11,12
]
, (65)

where the coefficients of scalar operators areGu,p
S = Gd,n

S =
5.1, Gd,p

S = Gu,n
S = 4.3 and Gs,p

S = Gs,n
S = 2.5 [118]. The

bounds on the leptoquark couplings from Br(μ − e)Au are
summarized in Table 2.

4.3 Rare meson leptonic decays

Introducing leptoquarks could induce meson rare decay
processes. In this subsection, we consider the relevant Bs

meson rare leptonic decays that include leptonic conserving
decays, Bs → μ+μ−/τ+τ−, and leptonic flavor violation
decay Bs → μ±τ∓. The corresponding 4-fermion operators
O9(′) ,O10(′) are given in the Eq. (30). The recent experimental
measurements of these processes are given by [88,119,120]

Br(Bs → μ+μ−) = (2.93 ± 0.35) × 10−9, (66)

Br(Bs → τ+τ−) < 6.8 × 10−3, (67)

Br(Bs → μ±τ∓) < 1.4 × 10−5. (68)
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Among these processes, only the Bs → μ+μ− has been
observed by the current experiments and the branching ratio
agrees with SM prediction value at a level of 4σ , Br(Bs →
μμ)SM = (3.63±0.13)×10−9 [93], while the current exper-
iments only give upper bounds for the other two processes.
The contribution to the decay width of a neutral meson to
two charged leptons P → �+�′− can be written as [121]

�P→�+�′− = 1

64π3

G2
Fα2

em

m3
P

f 2
P |Vq j V ∗

qi |2λ1/2
1 λ

1/2
2

×
{
λ1 ·

∣∣∣∣(m� − m�′)
(
Ci j��′

9 − Ci j��′
9′

)

+ m2
P

mq + mq ′
(CS − C ′

S)

∣∣∣∣
2

+ λ2 ·
∣∣∣∣(m� + m�′)

(
Ci j��′

10 − Ci j��′
10′

)

+ m2
P

mq + mq ′
(CP − C ′

P )

∣∣∣∣
2}

, (69)

where fP is the meson decay constant, λ1,2 = m2
P − (m� ±

m�′)2 andmq ,mq ′ are the masses of the valence quarks in the
pseudoscalar meson P . It is noted that the lepton flavor con-
serving decay process P → �+�− is independent of Wilson
coefficients C9(′) .

4.4 Rare meson semi-leptonic decays

The meson rare semi-leptonic decays can be induced at the
tree-level by the leptoquarks and present constraints on the
corresponding parameters. Here we consider B → Kνν̄

and B → K ∗νν̄ processes, related to the (q̄q ν̄ν) inter-
actions. The corresponding SM predictions are Br(B0 →
K 0νν) = (4.1 ± 0.5) × 10−6 and Br(B0 → K ∗0νν) =
(9.2±1.0)×10−6 [122,123], while the current experimental
upper limit bounds are given as 2.6 × 10−5 and 1.8 × 10−5

by the Belle collaboration [124] respectively. To describe
the constraints on new physics from the B → Kνν̄ and
B → K ∗νν̄ processes, the ratio Rνν

K (∗) is introduced and
defined as

Rνν
K (∗) = BrSM+NP(B → K (∗)νν̄)

BrSM(B → K (∗)νν̄)
. (70)

The latest Belle results [124] imply Rνν
K < 3.9 and Rνν

K ∗ <

2.7 . As shown in Table 1, the contributions to B → K (∗)νν̄

from leptoquarks S1 and S3 are represented by the Wilson
coefficients hLLV,d , while by the Wilson coefficient hRL

V,d for

the case of leptoquark R̃2. If the new physics contribution is
dominated by the hLLV,d term, the ratios RK and RK ∗ can be

calculated by the following formula [122],

Rνν
K (∗) = 2

3
+

∑
ν,ν′

1

3|CSM
L |2

∣∣∣δνν′
CSM
L + (hLLV,d)

32;νν′ ∣∣∣2
, (71)

where CSM
L describes the SM contribution and the value is

CSM
L = −6.35. Note that since the experiments cannot detect

the neutrinos in the final state, we need sum over all the flavor.
On the other hand, if the new physics contribution is only
originated from the hRL

V,d term, one has Rνν
K �= Rνν

K ∗ and the
ratios are then presented by

Rνν
K = 2

3
+

∑
ν,ν′

1

3|CSM
L |2

[
δνν′

CSM
L + (hRL

V,d)
32;νν′]

×
[

1 + 2
δνν′

CSM
L Re(hRL

V,d)
32;νν′

|CSM
L |2 + |(hRL

V,d)
32;νν′ |2

]
, (72)

Rνν
K ∗ = 2

3
+

∑
ν,ν′

1

3|CSM
L |2

[
δνν′

CSM
L + (hRL

V,d)
32;νν′]

×
[

1 − 1.34
δνν′

CSM
L Re(hRL

V,d)
32;νν′

|CSM
L |2 + |(hRL

V,d)
32;νν′ |2

]
. (73)

4.5 Neutral meson mixing

Leptoquarks can induce neutral meson mixing via box dia-
grams mediated by leptons and leptoquarks. In this subsec-
tion we study the constraints from the B0

s − B0
s and K 0 −K 0

mixing. The related effective Hamiltonian can be described
by [125]

Heff = Ci j
LL(d̄iLγ μd j

L)(d̄iLγμd
j
L)

+Ci j
RR(d̄iRγ μd j

R)(d̄iRγμd
j
R) + Ci j

LR

(d̄iLγ μd j
L)(d̄iRγμd

j
R), (74)

where i, j = 3, 2 corresponding to B0
s − B0

s mixing and

i, j = 2, 1 related to K 0 − K 0 mixing. Mapping the con-
tribution of leptoquarks S1, R̃2 and S3, we have the Wilson
coefficients at the scale μ = mLQ in the following form,

S1 : Ci j
LL = − 1

128π2m2
S1

∑
k

[
(V T y1L)ik(V †y∗

1L) jk
]2

,

(75)

R̃2 : Ci j
RR = − 1

128π2m2
R2

∑
k

2(yik2L y
∗ jk
2L )2, (76)

S3 : Ci j
LL = − 1

128π2m2
S3

∑
k

5
[
(V T y3L)ik(V †y∗

3L) jk
]2

.

(77)

The transition of the Wilson coefficients from μ = 1 TeV to
μ = mb scale are evaluated by the Wilson package [79] and
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Table 3 Bounds on the
leptoquark couplings from
neutral mesons mixing and rare
decay processes

Processes Constraints on the couplings

B0
s → μ+μ− y32

2L y
∗22
2L ∈ [−1.1, 1.1] × 10−4 ×

(
mR2
TeV

)2

(V T y3L )22(V †y∗
3L )32 ∈ [−5.8, 5.3] × 10−4 ×

(
mS3
TeV

)2

B0
s → τ+τ− y33

2L y
∗23
2L ∈ [−1.3, 1.3] ×

(
mR2
TeV

)2

(V T y3L )23(V †y∗
3L )33 ∈ [−0.63, 0.63] ×

(
mS3
TeV

)2

B0
s → μ±τ∓ y32

2L y
∗23
2L , y33

2L y
∗22
2L ∈ [−0.080, 0.080] ×

(
mR2
TeV

)2

(V T y3L )23(V †y∗
3L )32, (V T y3L )22(V †y∗

3L )33 ∈ [−0.040, 0.040] ×
(
mS3
TeV

)2

B → Kνν̄ (V T y1L )3i (V †y∗
1L )2 j ∈ [−0.070, 0.029] ×

(
mS1
TeV

)2

y3i
2L y

∗2 j
2L ∈ [−0.032, 0.061] ×

(
mR2
TeV

)2

(V T y3L )3i (V †y∗
3L )2 j ∈ [−0.070, 0.029] ×

(
mS3
TeV

)2

B0
s − B0

s (V T y1L )2i (V †y∗
1L )3i ∈ [−0.14, 0.14] ×

(
mS1
TeV

)2

y2i
2L y

∗3i
2L ∈ [−0.14, 0.14] ×

(
mR2
TeV

)2

(V T y3L )2i (V †y∗
3L )3i ∈ [−0.061, 0.061] ×

(
mS3
TeV

)2

K 0 − K 0 (V T y1L )2i (V †y∗
1L )1i ∈ [−0.026, 0.026] ×

(
mS1
TeV

)2

y2i
2L y

∗1i
2L ∈ [−0.026, 0.026] ×

(
mR2
TeV

)2

(V T y3L )2i (V †y∗
3L )1i ∈ [−0.013, 0.013] ×

(
mS3
TeV

)2

the results are given by

Ci j
LL ,RR(μ = 1 TeV) = 0.78Ci j

LL ,RR(μ = mb). (78)

The current measurements of the mass differences in B0
s −

B0
s and K 0 − K 0 mixing are [126],

�mexp
Bs

= (17.741 ± 0.020) × 1012 s−1, (79)

�mexp
K = (3.484 ± 0.0009) × 1010 s−1. (80)

For the mass difference �mexp
Bs

, the SM prediction value is

�mSM
Bs

= (18.3 ± 2.7) × 1012 s−1 [127–129]. But the SM

prediction for the mass difference in K 0 −K 0 mixing has not
been precisely estimated [130,131]. Thereby in our analysis,
we take the new physics contribution to K 0 − K 0 mixing to
be compatible with the experimental value. The bounds on
the leptoquarks couplings from neutral meson mixing and
rare decay processes are summarized in Table 3.

5 Numerical analysis

In this section, we perform a numerical analysis of the
model parameter space to supply a common explanation of

B-physics anomalies in RK (∗) , RD(∗) and the charged lep-
tons anomalous magnetic moment (g − 2)e,μ, as well as
the neutrino oscillation data. Instead of exploring the entire
parameter space, we find the minimal parameters of the
model and combine the constraints from the low-energy pro-
cesses given in the Sect. 4. We fix the components of sin-
glet leptoquark S1 and triplet leptoquark S3 mass at 1 TeV
(mS1 = mS3 = 1 TeV) and fix the components of doublet
leptoquark R̃2 mass at 2 TeV (mR2 = 2 TeV). We use the
python package Flavio to obtain the appropriate values of
Wilson coefficients that explain the anomalies at the scale of
leptoquark masses (μ = 1 TeV) and then analyze the model
parameter space.

In order to minimize the number of parameters, we adopt
the following form of the Yukawa coupling matrices in the
analysis.

y1R =
⎛
⎜⎝ 0 0 0
y21

1R 0 y23
1R

0 y32
1R 0

⎞
⎟⎠ , y1L =

⎛
⎜⎝ 0 0 0
y21

1L 0 y23
1L

0 y32
1L y33

1L

⎞
⎟⎠ ,

y3L =
⎛
⎜⎝ 0 0 0

0 y22
3L y23

3L

y31
3L y32

3L 0

⎞
⎟⎠ , y2L =

⎛
⎜⎝ 0 0 0
y21

2L y22
2L y23

2L

y31
2L y32

2L y33
2L

⎞
⎟⎠ . (81)

123



Eur. Phys. J. C           (2022) 82:959 Page 13 of 18   959 

Fig. 5 Allowed regions of the various leptoquark Yukawa couplings obtained from fitting to the corresponding processes. The dark (light) green
band represent the 1σ (2σ ) allowed regions that explain the corresponding anomalies and the lines denote the constraints from the labelled processes

The coupling combination (y22
3L , y32

3L) can explain the anoma-
lies of RK and RK ∗ , while the couplings (y33

2R, y23
2L) can

contribute to RD and RD∗ . The couplings (y21
1R, y21

1L) and
(y32

1R, y32
1L) give contributions to �ae and �aμ respectively.

The other non-zero couplings are needed to fit the neutrino
masses and mixing angles. For a simple illustration, in Fig. 5,
we present the allowed parameter space to explain these
anomalies and satisfy the relevant processes constraints with
taking the coupling as real. Specifically, we provide two con-
crete benchmark points of the leptoquarks Yukawa couplings.
In benchmark point 1, the couplings are chosen as complex
number. While for benchmark point 2, we choose the Dirac
CP angle in the neutrino mixing matrix as 180◦, which is
within 1 σ allowed range [126] and it is possible to take all the
leptoquark Yukawa coupling values as real. The correspond-
ing values of observables for these two benchmark points are
summarized in Table 4.
Benchmark point 1:

y1R =
⎛
⎝ 0 0 0

−0.37 0 −0.70
0 0.054 0

⎞
⎠ , y3L =

⎛
⎝0 0 0

0 0.029 0
0 0.023 0

⎞
⎠ ,

y1L =
⎛
⎝ 0 0 0

0.012 + 0.016i 0 −0.049 − 0.0042i
0 0.57 + 0.0082i 0.59 + 0.052i

⎞
⎠ ,

y2L =
⎛
⎝ 0 0 0

0.043 − 0.042i 0.044 −0.048
−0.00013 0.00038 0.00027

⎞
⎠ . (82)

Benchmark point 2:

y1R =
⎛
⎝ 0 0 0

−0.014 0 −0.93
0 0.012 0

⎞
⎠ ,

y1L =
⎛
⎝ 0 0 0

0.37 0 0
0 0.21 0.38

⎞
⎠ ,

y3L =
⎛
⎝ 0 0 0

0 0.070 0.038
0.0019 0.0059 0

⎞
⎠ ,

y2L =
⎛
⎝ 0 0 0

−0.015 −0.0020 0.023
0.0015 0.0031 −0.00078

⎞
⎠ . (83)
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Table 4 Summary of the
observable values for the
benchmark points

Observables Allowed range BP1 BP2

�m2
21(10−5 eV2) [6.82, 8.04] 7.44 7.40

�m2
32(10−3 eV2) [2.435, 2.598] 2.50 2.51

sin2 θ12 [0.269, 0.343] 0.305 0.301

sin2 θ23 [0.405, 0.620] 0.569 0.570

sin2 θ13 [0.02064, 0.02430] 0.0226 0.0225

δCP/◦ [169, 246] 194 180

RK [0.795, 0.901] 0.808 0.812

RK ∗ [0.569, 0.845] 0.794 0.817

RK 0
S

[0.48, 0.88] 0.808 0.812

RK ∗+ [0.53, 0.91] 0.825 0.844

RD [0.310, 0.370] 0.358 0.351

RD∗ [0.281, 0.309] 0.305 0.292

�ae (10−13) [−12.3, −5.1] −8.48 −9.89

�aμ (10−9) [1.93, 3.11] 2.52 2.06

Br(μ → eγ ) < 4.2 × 10−13 6.49 × 10−21 1.04 × 10−17

Br(τ → eγ ) < 3.3 × 10−8 2.98 × 10−18 6.09 × 10−16

Br(τ → μγ ) < 4.4 × 10−8 2.99 × 10−18 7.82 × 10−16

Br(μ − e)Au < 7 × 10−13 4.84 × 10−19 2.62 × 10−15

Br(B0
s → μμ) [2.58, 3.28] ×10−9 2.93 × 10−9 3.42 × 10−9

Br(B0
s → ττ) < 6.8 × 10−3 7.82 × 10−7 7.95 × 10−7

Br(B0
s → μτ) < 1.4 × 10−5 2.11 × 10−14 1.40 × 10−10

Rνν
K < 3.9 1.3 0.75

Rνν
K ∗ < 2.7 1.4 0.76

�mSM+NP
Bs

/�mSM
Bs

[0.85, 1.15] 1.03 1.01

�mNP
K (1010 s−1) < 0.95 0.0016 0.52

6 Conclusion

In this paper, we have proposed a simple model by extending
SM with three TeV-scale scalar leptoquarks S1, R̃2 and S3,
where the source of tiny neutrino masses, the lepton flavor
anomalies in B-meson decays (RK (∗) , RD(∗) ) and the tension
in the charged lepton (electron and muon) anomalous mag-
netic moments have a common solution. In the model, RK (∗)

anomalies are resolved by the leptoquark S3 via the Wilson
coefficients Cμμ

9,10. Leptoquark S1 explains the anomalies of
RD(∗) through the Wilson coefficients gSL , gT , as well as the
deviations of leptonic magnetic moments (g− 2)e,μ by one-
loop level contribution. The small mixing of leptoquarks S1

with R̃2 or R̃2 with S3 can generate tiny neutrino masses. We
analyze the parameter space of the leptoquark Yukawa cou-
plings and obtain the corresponding viable region. We study
the relevant experimental constraints and conclude there is
an appropriate parameter space accommodate to combined
explanation for these anomalies and deviations.
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