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We investigate the consequence of vector leptoquarks on the rare semileptonic lepton flavor violating
decays of the B meson which are more promising and effective channels to probe the new physics signal.
We constrain the resulting new leptoquark parameter space by using the branching ratios of Bs;d → lþl−,
KL → lþl− and τ− → l−γ processes. We estimate the branching ratios of rare lepton flavor violating
B → KðπÞl−i lþj processes using the constrained leptoquark couplings. We also compute the forward-

backward asymmetries and the lepton nonuniversality parameters of the LFV decays in the vector
leptoquark model. Furthermore, we study the effect of vector leptoquark on the ðg − 2Þμ anomaly.

DOI: 10.1103/PhysRevD.95.035022

I. INTRODUCTION

The discovery of the Higgs boson at LHC completes
the standard model (SM) picture of particle interactions,
which is quite successful in describing all the observed
experimental data so far below the electroweak scale. Still,
we need physics beyond it in order to solve the hierarchy
and flavor problems. In this context, the study of rare B
decay modes involving the flavor changing neutral current
(FCNC) transitions, b → s=d, are more captivating.
The FCNC processes are highly suppressed in the SM
and occur via one-loop level only. It should be noted that
the current measured data by LHCb Collaboration on
angular observables in rare B decays show significant
deviation from the SM predictions. In particular, the
discrepancy of 3σ in the famousP0

5 angular observable [1,2]
and the decay rate [3] of rare B → K�μþμ− processes
have become a tension in recent times. In addition, the
ratio RK ¼ BrðB → Kμþμ−Þ=BrðB → Keþe−Þ, canceling
the hadronic uncertainties to a very large extent, has also a
2.6σ deviation from the SM prediction [4,5], thus indicates
the violation of the lepton flavor universality (LFU).
The decay rate of Bs → ϕμþμ− process is also low
(3σ deviation) compared to its SM value [6].
Within the SM of electroweak interactions, the gener-

ation lepton number is exactly conserved, since the
neutrinos are deemed as massless particles. Nonetheless,
the observation of neutrino oscillation has provided unam-
biguous evidence for lepton number violation in the neutral
sector. The observation of lepton nonuniversality by the
LHCb Collaboration generically implies the existence of
lepton flavor violating (LFV) decay processes. Since the
observed data on lepton nonuniversality is due to a 25%
deficit in the muon channel, thus LFV is more for
muonic processes than for electronic processes [7]. The
branching ratio of h → τμ LFV decay is found to be

Brðh → τμÞ ¼ 0.84þ0.39
−0.37 by the CMS Collaboration [8],

which has a 2.6σ deviation from the SM value, thus boosted
the interest of physicists to study more LFV decay
processes in charged sector such as li → ljγ, li → ljlkl̄k,
Bs → l�i l

∓
j and B → Kð�Þl�i l

∓
j etc. Theoretically, the LFV

processes are free from the nonperturbative hadronic effects
and significantly contribute some additional operators in
comparison with the lepton flavor conserving (LFC)
processes. In the literature, there are many attempts to
analyze the LFV decays in the B sector in terms of various
beyond the standard model scenarios [9–12]. Even though
there is no direct experimental measurement on such LFV
processes, but there exist upper bounds on some of these
decays [13]. The observation of lepton flavor violating
decays in upcoming and/or future experiments would
provide evidence of new physics beyond the SM.
To settle the observed anomalies at LHCb using a

specific theoretical framework, we extend the SM by
adding a single vector leptoquark (LQ), which is a color
triplet boson and arises naturally from the unification of
quarks and leptons. LQs carry both baryon and lepton
numbers and can be characterised by their fermion number,
spin, and charge. Since the 1980s, LQs have been enthu-
siastically searched for without any positive results,
although they could be produced directly at the colliders.
The existence of an LQ can be found in many new physics
(NP) models, such as the grand unified theories [14,15],
Pati-Salam model, quark and lepton composite model [16],
and the technicolor model [17]. The lepton and baryon
number violating LQs are very heavy to avoid proton decay
bounds. Nevertheless, the LQs having the baryon and
lepton number conserving couplings do not allow proton
decay and could be light enough to be seen in the current
experiments. The interaction of an LQ with the SM
fermions could be due to a scalar LQ doublet with
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representation ð3; 2; 7=6Þ and ð3; 2; 1=6Þ or a vector
LQ triplet V3

μð3; 3; 2=3Þ, singlet V1
μð3; 1; 2=3Þ or doublet

V2
μð3̄; 2; 5=6Þ under the SM SUð3ÞC × SUð2ÞL ×Uð1ÞY

gauge group. In this work, we consider the vector LQ
model which can produce both scalar and pseudoscalar
operators in addition to the vector currents. We assume
that the LQs conserve B and L quantum numbers and
do not induce proton decay. We investigate the LFV B →
KðπÞl−i lþj processes in the context of vector LQ model.
Even though the LFV processes occur at loop level with the
presence of massless neutrinos in one of the loop or
proceed via box diagrams, these can occur at tree level
in the LQ model and are expected to have significantly
large branching ratios. We compute the branching ratios
and forward-backward asymmetries in these LFV proc-
esses. In addition, we also check the existence of lepton
nonuniversality in the LQ model. The complete LQ
phenomenology and the additional new physics contribu-
tion to the B sector has been investigated in the literature
[10,11,18–24].
The paper is organized as follows. In Sec. II, we present

the effective Hamiltonian describing the b → ql−i l
þ
j tran-

sitions, where q ¼ s, d. The angular distribution and the
decay parameters of the semileptonic lepton flavor violat-
ing decays are described in Sec. III. In Sec. IV, we discuss
the new physics contribution due to the exchange of vector
LQ and the constraints on LQ couplings from Bs;d → lþl−,
KL → lþl− and τ− → l−γ processes are computed in
Sec. V. The branching ratios, forward-backward asymme-
tries and the lepton nonuniversality of B → KðπÞl−i lþj LFV
decays are computed in Sec. VI. Finally, in Sec. VII,
we explain the muon g − 2 anomaly and the conclusions
are summarized in Sec. VIII.

II. EFFECTIVE HAMILTONIAN
FOR b → ql−i l

þ
j PROCESSES

In this section, we discuss the effective Hamiltonian
describing the FCNC b → qð¼ d; sÞl−i lþj transitions. Here
we will focus mainly on the b → sl−i l

þ
j Hamiltonian as the

b → dl−i l
þ
j Hamiltonian can be obtained from it with the

obvious replacements. The effective Hamiltonian for
the quark-level transition b → sl−i l

þ
j ðl ¼ e; μ; τÞ in the SM

is mainly given by [25]

HSM
eff ¼ −

4GFffiffiffi
2

p V�
tsVtb

�X6
i¼1

CiðμÞOiðμÞ

þ CSM
7

e
16π2

½s̄σμνðmsPL þmbPRÞb�Fμν

þ CSM
V

αem
4π

ðs̄γμPLbÞLμ
ij þ CSM

A
αem
4π

ðs̄γμPLbÞL5μ
ij

�
;

ð1Þ

where Lμ
ij ¼ l̄iγμlj and L

5μ
ij ¼ l̄iγμγ5lj. HereGF denotes the

Fermi constant, Vqq0 are the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements, αem is the fine structure constant,
and PL;R ¼ ð1 ∓ γ5Þ=2 are the chirality projection oper-
ators. The operators Oiði ¼ 1;…; 6Þ correspond to the
tree-level current-current operators (O1;2), QCD penguin
operators (O3−6) and Ci’s are the Wilson coefficients. For
i ¼ j, CSM

7;V;A represent the SM Wilson coefficients C7;9;10

and for i ≠ j they will vanish.
The total effective Hamiltonian for processes involving

the b → sl−i l
þ
j transition, in the presence of new physics

operators with all the possible Lorentz structures, can be
expressed as

Heffðb → sl−i l
þ
j Þ ¼ HSM

eff þHVA
eff þHSP

eff þHT
eff ; ð2Þ

where HSM
eff is the SM effective Hamiltonian as given in

Eq. (1), and the NP contributions are given as

HVA
eff ¼ −NF½CVðs̄γμPLbÞLμ

ij þ CAðs̄γμPLbÞL5μ
ij

þ C0
Vðs̄γμPRbÞLμ

ij þ C0
Aðs̄γμPRbÞL5μ

ij �; ð3Þ

HSP
eff ¼ −NF½CSðs̄PRbÞLij þ CPðs̄PRbÞL5

ij

þ C0
Sðs̄PLbÞLij þ C0

Pðs̄PLbÞL5
ij�; ð4Þ

HT
eff ¼ −NF½2CTðs̄σμνbÞLμν

ij þ i2CT5ðs̄σμνbÞLμν5
ij �; ð5Þ

where NF ¼ GFαemffiffi
2

p
π
VtbV�

ts, L5
ij ¼ l̄iγ5lj, and Lμν5

ij ¼
2il̄iσμνγ5lj. Here we use σμνγ5 ¼ − i

2
ϵμναβσαβ to calculate

Lμν5
ij . In the above expressions Cð0Þ

i , where i ¼ V, A, S, P,
and CTð5Þ are the NP effective couplings which
are negligible in the SM and can only be generated using
new physics beyond the SM.

III. THEORETICAL FRAMEWORK
FOR B̄ → K̄ðπÞlilj DECAY PROCESSES

The semileptonic B̄ → K̄lilj decay involves the quark
level b → sl−i l

þ
j transitions as mediated by the effective

Hamiltonian of the form in Eq. (2). The relevant kinematical
variables describing this three-body decay are the invariant
mass squared of the lepton pair q2 ¼ ðPB − PKÞ2, and the
polar angleθl. HerePB andPK are the four-momenta of theB
mesonandKmeson, respectively, and θl is the angle between
the K and lepton li in the li − lj rest frame. The polar angle
differential decay distribution in the momentum transfer
squared q2 for the process B̄ → K̄lilj can be written in the
form

d2Γ
dq2d cos θl

¼ G2
Fα

2
emβij

ffiffiffi
λ

p jVtbV�
tsj2

212π5M3
B

X12
i¼1

Iiðcos θlÞ; ð6Þ
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whereβij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − ðmiþmjÞ2

q2 Þð1 − ðmi−mjÞ2
q2 Þ

q
and the kinemati-

cal factor λ¼M4
BþM4

Kþq4−2ðM2
BM

2
KþM2

Kq
2þM2

Bq
2Þ.

The twelve angular coefficients Iiðcos θlÞ appearing in the
angular distribution depend on the couplings, kinematic
variables, form factors, and the polar angle θl, which are
defined as

I1¼2

��
1−

ðmi−mjÞ2
q2

�
ðq2−ðq2−ðmiþmjÞ2Þcos2θlÞjH0

V j2

þ4k
ðm2

i −m2
jÞffiffiffiffiffi

q2
p Re½H0

VH
t�
V �cosθl

þðmi−mjÞ2
q2

ðq2−ðmiþmjÞ2ÞjHt
V j2

�
; ð7Þ

I2¼ 2

��
1−

ðmiþmjÞ2
q2

�
ðq2−ðq2−ðmi−mjÞ2Þcos2θlÞjH0

Aj2

þ4k
ðm2

i −m2
jÞffiffiffiffiffi

q2
p Re½H0

AH
t�
A �cosθl

þðmiþmjÞ2
q2

ðq2− ðmi−mjÞ2ÞjHt
Aj2

�
; ð8Þ

I3 ¼ 2ðq2 − ðmi þmjÞ2ÞjHSj2; ð9Þ

I4 ¼ 2ðq2 − ðmi −mjÞ2ÞjHPj2; ð10Þ

I5 ¼ 8

�
1 −

ðmi −mjÞ2
q2

�
ððmi þmjÞ2

þ ðq2 − ðmi þmjÞ2Þcos2θlÞjH0t
T j2; ð11Þ

I6 ¼ 32

�
1 −

ðmi þmjÞ2
q2

�
ððmi −mjÞ2

þ ðq2 − ðmi −mjÞ2Þ cos2 θlÞjH0t
TEj2; ð12Þ

I7 ¼ 4Re

�
2kðmi þmjÞH0

VH
�
S cos θl

þ ðmi −mjÞffiffiffiffiffi
q2

p ðq2 − ðmi þmjÞ2ÞHt
VH

�
S

�
; ð13Þ

I8 ¼ 4Re

�
2kðmi −mjÞH0

AH
�
P cos θl

þ ðmi þmjÞffiffiffiffiffi
q2

p ðq2 − ðmi −mjÞ2ÞHt
AH

�
P

�
; ð14Þ

I9 ¼ −8Re
�
2kðmi −mjÞHt

VH
0t�
T cos θl

þ ðmi þmjÞffiffiffiffiffi
q2

p ðq2 − ðmi −mjÞ2ÞH0
VH

0t�
T

�
; ð15Þ

I10 ¼ 16Re

�
2kðmi þmjÞHt

AH
0t�
TE cos θl

þ ðmi −mjÞffiffiffiffiffi
q2

p ðq2 − ðmi þmjÞ2ÞHt
0H

0t�
TE

�
; ð16Þ

I11 ¼ −16k
ffiffiffiffiffi
q2

q
Re½HSH0t�

T � cos θl; ð17Þ

I12 ¼ 32k
ffiffiffiffiffi
q2

q
Re½HPH0t�

TE� cos θl: ð18Þ

Here k ¼ ðβij
ffiffiffiffiffi
q2

p
Þ=2 is the lepton momentum and the

expressions for the helicity amplitudes are given as

H0
V¼

ffiffiffiffiffi
λ

q2

s �
ðCSM

V þCVþC0
VÞfþðq2Þþ2CSM

7 mb
fT

MBþMK

�
;

ð19Þ

Ht
V ¼ M2

B −M2
Kffiffiffiffiffi

q2
p ðCSM

V þ CV þ C0
VÞf0ðq2Þ; ð20Þ

H0
A ¼

ffiffiffiffiffi
λ

q2

s
ðCSM

A þ CA þ C0
AÞfþðq2Þ; ð21Þ

Ht
A ¼ M2

B −M2
Kffiffiffiffiffi

q2
p ðCSM

A þ CA þ C0
AÞf0ðq2Þ; ð22Þ

HS ¼
M2

B −M2
K

mb
ðCS þ C0

SÞf0ðq2Þ; ð23Þ

HP ¼ M2
B −M2

K

mb
ðCP þ C0

PÞf0ðq2Þ; ð24Þ

H0t
T ¼ −2CT

ffiffiffi
λ

p

MB þMK
fTðq2Þ; ð25Þ

H0t
T5 ¼ −2CT5

ffiffiffi
λ

p

MB þMK
fTðq2Þ: ð26Þ

The above expressions are calculated by using the
parametrizations of matrix elements of the various
hadronic currents between the initial B meson and the
final K meson, in terms of the form factors f0, fþ, and
fT as [5]

hK̄ðPKÞjs̄γμbjB̄ðPBÞi ¼ fþðq2ÞðPB þ PKÞμ

þ ½f0ðq2Þ − fþðq2Þ�
M2

B −M2
K

q2
qμ;

ð27Þ
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hK̄ðPKÞjs̄σμνbjB̄ðPBÞi

¼ i
fTðq2Þ

MB þMK
½ðPB þ PKÞμqν − qμðPB þ PKÞν�: ð28Þ

It should be noted that, in general, the angular coefficients of
semileptonic decays take the form

Iiðcos θlÞ ¼ ai þ bi cos θl þ ci cos2 θl: ð29Þ

The differential decay rate for the decay B̄ → K̄lilj can be
found by integrating over the polar angle in Eq. (6) to get

dΓ
dq2

¼ G2
Fα

2
emβij

ffiffiffi
λ

p jVtbV�
tsj2

212π5M3
B

X10
i¼1

Ji; ð30Þ

where the coefficients Ji ¼
R
1
−1 Iiðcos θlÞd cos θl are given

below as

J1 ¼ 4

��
1 −

ðmi −mjÞ2
q2

�
1

3
ð2q2 þ ðmi þmjÞ2ÞjH0

V j2

þ ðmi −mjÞ2
q2

ðq2 − ðmi þmjÞ2ÞjHt
V j2

�
; ð31Þ

J2 ¼ 4

��
1 −

ðmi þmjÞ2
q2

�
1

3
ð2q2 þ ðmi −mjÞ2ÞjH0

Aj2

þ ðmi þmjÞ2
q2

ðq2 − ðmi −mjÞ2ÞjHt
Aj2

�
; ð32Þ

J3 ¼ 4ðq2 − ðmi þmjÞ2ÞjHSj2; ð33Þ

J4 ¼ 4ðq2 − ðmi −mjÞ2ÞjHPj2; ð34Þ

J5 ¼ 16

�
1 −

ðmi −mjÞ2
q2

�
1

3
ð2ðmi þmjÞ2 þ q2ÞjH0t

T j2;

ð35Þ

J6 ¼ 64

�
1 −

ðmi þmjÞ2
q2

�
1

3
ð2ðmi −mjÞ2 þ q2ÞjH0t

TEj2;

ð36Þ

J7 ¼ 8
ðmi −mjÞffiffiffiffiffi

q2
p ðq2 − ðmi þmjÞ2ÞRe½Ht

VH
�
S�; ð37Þ

J8 ¼ 8
ðmi þmjÞffiffiffiffiffi

q2
p ðq2 − ðmi −mjÞ2ÞRe½Ht

AH
�
P�; ð38Þ

J9 ¼ −16
ðmi þmjÞffiffiffiffiffi

q2
p ðq2 − ðmi −mjÞ2ÞRe½H0

VH
0t�
T �;

ð39Þ

J10 ¼ 32
ðmi −mjÞffiffiffiffiffi

q2
p ðq2 − ðmi þmjÞ2ÞRe½Ht

0H
0t�
TE�: ð40Þ

Here the coefficients J11 ¼ J12 ¼ 0. Next, we define the
forward-backward asymmetry (AFB) for the leptons by
integrating over cos θl in Eq. (6) as

AFBðq2Þ ¼
�Z

1

0

d cos θl
d2Γ

dq2d cos θl

−
Z

0

−1
d cos θl

d2Γ
dq2d cos θl

�
=
dΓ
dq2

: ð41Þ

After integration, we obtain

AFBðq2Þ ¼
XP
10
i¼1 Ji

; ð42Þ

where the quantity X is defined as

X ¼ 8kRe

�ðm2
i −m2

jÞffiffiffiffiffi
q2

p ðH0
VH

t�
V þH0

AH
t�
A Þ

þ ðmi þmjÞðH0
VH

�
S þ 4Ht

AH
0t�
TEÞ

þ ðmi −mjÞðH0
AH

�
P − 2Ht

VH
0t�
T Þ

− 2

ffiffiffiffiffi
q2

q
ðH0

SH
0t�
T − 2HPH0t�

TEÞ
�
: ð43Þ

Another interesting observable is the lepton nonuniversality
parameter, which has been recently observed by LHCb in
the Bþ → Kþlþl− process and has a 2.6σ discrepancy
from the SM prediction in the dilepton invariant mass bin
ð1 ≤ q2 ≤ 6Þ GeV2. Analogously we would like to see
whether it is possible to observe nonuniversality in the
LFV decays. Hence, we define the ratios of branching ratios
of various LFV decays as

Rμe
Kl ¼

BrðB̄ → K̄μ−eþÞ
BrðB̄ → K̄lþl−Þ ; ð44Þ

Rτe
Kl ¼

BrðB̄ → K̄τ−eþÞ
BrðB̄ → K̄lþl−Þ ; ð45Þ

Rτμ
Kl ¼

BrðB̄ → K̄τ−μþÞ
BrðB̄ → K̄lþl−Þ ; ð46Þ

Rμμ
K ¼ BrðB̄ → K̄μþμ−Þ

BrðB̄ → K̄eþe−Þ ; ð47Þ

Rττ
Kl ¼

BrðB̄ → K̄τþτ−Þ
BrðB̄ → K̄lþl−Þ ; ð48Þ

where l ¼ μ, e. Similarly, one can obtain the branching ratios
and other physical observables in B → πl−i l

þ
j processes by
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incorporating the appropriate CKM matrix elements, form
factors and the NP effective couplings. Recently, LHCb has
measured the ratio of branching fractions of Bþ → πþμþμ−

over Bþ → Kþμþμ− processes [26], given as

BrðBþ → πþμþμ−Þ
BrðBþ → Kþμþμ−Þ ¼ 0.053� 0.014ðstatÞ � 0.001ðsystÞ:

ð49Þ

In the same context, we also define the ratio of branching
fractions of Bþ → πþl−i l

þ
j and Bþ → Kþl−i l

þ
j LFV proc-

esses as

R
lilj
þ ¼ BrðBþ → πþl−i l

þ
j Þ

BrðBþ → Kþl−i l
þ
j Þ

: ð50Þ

IV. NEWPHYSICS CONTRIBUTIONS DUE TOTHE
EXCHANGE OF VECTOR LEPTOQUARK

There are 10 different LQ multiplets under the SUð3ÞC ×
SUð2ÞL ×Uð1ÞY SM gauge group [22], of these one half
have scalar nature and the rest have vectorial nature under
the Lorenz transformation. Vector LQs have spin 1 which
exist in grand unified theories, SOð10Þ including Pati-
Salam color SUð4Þ and larger gauge groups. The scalar and
vector LQ multiplets are differ by their weak-hypercharge
and fermion number. The strongest bounds on the vector
LQs can be avoid by demanding chirality and diagonality
of the coupling and diquark coupling have to be forbidden
to evade proton decay. There are three relevant vector LQ
multiplets, ð3; 3; 2=3Þ, ð3; 1; 2=3Þ, and ð3̄; 2; 5=6Þ [23],
out of which only ð3; 3; 2=3Þ leptoquark conserves both
baryon and lepton numbers.

A. Q= 2=3 vectors

There are two vector LQ multiplets V3ð3; 3; 2=3Þ and
V1ð3; 1; 2=3Þ, having fermion number zero and electric
charge Q ¼ 2=3. The interaction Lagrangian of the
isotriplet state Vð3Þ with the SM fermions is given by [23]

Lð3Þ ¼ gLQ̄τ · Vð3Þ
μ γμLþ H:c:; ð51Þ

which conserves both lepton and baryon number and
contributes new Wilson coefficients, CLQ

V;A as

CLQ
V ¼ −CLQ

A ¼ πffiffiffi
2

p
GFVtbV�

tsαem

ðgLÞslðgLÞ�bl
M2

Vð3Þ
: ð52Þ

Here, QðLÞ is the left-handed quark (lepton) doublet, gL is
the LQ coupling having left-handed quark current and τ
represents the Pauli matrices.

The Lagrangian for the isosinglet state, Vð1Þ, is given by

Lð1Þ ¼ ðgLQ̄γμLþ gRdRγμlRÞVð1Þ
μ þ H:c:; ð53Þ

where dR and lR are the right-handed down quark and
lepton singlets, respectively, and gR is the LQ coupling
with down quarks and right-handed leptons. This LQ
violates baryon number and has the coupling to both
left- and right-handed fermions; i.e., it is a nonchiral LQ.
In addition toCV;A newWilson coefficients, these nonchiral
LQ contributes scalar and pseudoscalar operators given by

CNP
V ¼ −CNP

A ¼ πffiffiffi
2

p
GFVtbV�

tsαem

ðgLÞslðgLÞ�bl
M2

Vð1Þ
; ð54aÞ

C0NP
V ¼ C0NP

A ¼ πffiffiffi
2

p
GFVtbV�

tsαem

ðgRÞslðgRÞ�bl
M2

Vð1Þ
ð54bÞ

−CNP
P ¼ CNP

S ¼
ffiffiffi
2

p
π

GFVtbV�
tsαem

ðgLÞslðgRÞ�bl
M2

Vð1Þ
; ð54cÞ

C0NP
P ¼ C0NP

S ¼
ffiffiffi
2

p
π

GFVtbV�
tsαem

ðgRÞslðgLÞ�bl
M2

Vð1Þ
: ð54dÞ

B. Q= 4=3 vectors

The vector LQ with charge Q ¼ 4=3 has one isospin
doublet state V2ð3̄; 2; 5=6Þ, whose coupling with fermion
bilinear is given by [23]

Lð2Þ ¼ gRQCiτ2V
ð2Þ
μ γμlR þ gLdCRγ

μ ~Vð2Þ†
μ Lþ H:c: ð55Þ

This LQ also has both left-handed and right-handed lepton
couplings and violates baryon number. Now performing
the Fierz transformation, the additional Wilson coefficient
contribution to the b → ql−lþ process is

CNP
V ¼ CNP

A ¼ −πffiffiffi
2

p
GFVtbV�

tsαem

ðgRÞblðgRÞ�sl
M2

Vð2Þ
; ð56aÞ

−C0NP
V ¼ C0NP

A ¼ πffiffiffi
2

p
GFVtbV�

tsαem

ðgLÞblðgLÞ�sl
M2

Vð2Þ
; ð56bÞ

CNP
P ¼ CNP

S ¼
ffiffiffi
2

p
π

GFVtbV�
tsαem

ðgRÞblðgLÞ�sl
M2

Vð2Þ
; ð56cÞ

−C0NP
P ¼ C0NP

S ¼
ffiffiffi
2

p
π

GFVtbV�
tsαem

ðgLÞblðgRÞ�sl
M2

Vð2Þ
: ð56dÞ

V. CONSTRAINT ON THE
LEPTOQUARK COUPLINGS

After having an idea about all possible new physics
contributions to the SM, we now proceed to constrain the
new Wilson coefficients by comparing the theoretical
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and experimental branching ratios of various rare decay
processes.

A. Bs;d → lþl− processes

The rare leptonic Bs;d → μþμ− processes are mediated
by the FCNC b → ðs; dÞ transitions, and in the SM the
branching ratios depend only on the Wilson coefficient CA.

In addition to the Cð0Þ
V;A Wilson coefficients, the vector LQ

also contributes scalar and pseudoscalar ðCð0Þ
S;PÞ Wilson

coefficients to the SM. However, there is no additional
contributions of tensor Wilson coefficients CT;T5

due to the
exchange of vector LQ.
The branching ratio of the Bq → μþμ− process in the LQ

model is given by [27,28]

BrðBq → μþμ−Þ ¼ G2
F

16π3
τBq

α2emf2Bq
MBq

m2
μjVtbV�

tqj2jCSM
A j2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

M2
Bq

s
× ðjPj2 þ jSj2Þ; ð57Þ

where

P≡ CSM
A þ CLQ

A − C0LQ
A

CSM
A

þ
M2

Bq

2mμ

�
mb

mb þms

��
CLQ
P − C0LQ

P

CSM
A

�
≡ jPjeiϕP ;

S≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

M2
Bq

s
M2

Bq

2mμ

�
mb

mb þms

��
CLQ
S − C0LQ

S

CSM
A

�
≡ jSjeiϕS : ð58Þ

Here, the Cð0ÞLQ
A and Cð0ÞLQ

S;P Wilson coefficients are gen-
erated due to the vector LQ exchange and are negligible
in the SM, which implies PSM ¼ 1 and SSM ¼ 0. The
experimental result is related to the theoretical predictions
as [28]

BrthðBq → μþμ−Þ ¼
�

1 − y2q
1þ AΔΓyq

�
BrexpðBq → μþμ−Þ;

ð59Þ

where yq ¼ τBq
ΔΓq=2 and the observable AΔΓ is the mass

eigenstate rate asymmetry equals to þ1 in the SM. For
calculational convenience, we define the parameter Rq as

Rq ¼
BrthðBq → μþμ−Þ
BrSMðBq → μþμ−Þ ¼ jPj2 þ jSj2: ð60Þ

If we apply chirality on vector LQ, then the Cð0ÞLQ
S;P Wilson

coefficients will vanish and there will be additional con-

tribution of only Cð0ÞLQ
V;A Wilson coefficients to the SM.

Hence, the Rq parameter can be given as [11,18]

Rq ¼
����1þ CLQ

A − C0LQ
A

CSM
A

����2 ≡ j1þ reiϕ
NP j2; ð61Þ

where the parameters r and ϕNP are related to the new
Wilson coefficients as

reiϕ
NP ¼ CLQ

A − C0LQ
A

CSM
A

: ð62Þ

Now comparing the theoretical [29] branching ratios of the
Bq → μþμ− processes with the 1σ range of experimental
values [30], the constraint on r and ϕNP is computed for
scalar LQ model in our previous work [11,18]. If we
assume that both the scalar and vector LQs have same-order
mass, MLQ ¼ 1 TeV, one can use the same constraint on r
and ϕNP parameters to study the processes mediated via
vector LQ. For Bs → μþμ− process, the constraints are
found to be [11]

0 ≤ r ≤ 0.35; with π=2 ≤ ϕNP ≤ 3π=2; ð63Þ

and for the Bd → μþμ− process [11],

0.5≤ r≤ 1.3; for ð0≤ϕNP ≤ π=2Þ or ð3π=2≤ϕNP ≤ 2πÞ:
ð64Þ

Using Eqs. (52), (54a), and (54b), this can be translated to
obtain the bounds on the LQ couplings (forMLQ ¼ 1 TeV)
as

0 ≤ jðgLÞsμðgLÞ�bμj ≤ 2.3 × 10−3; ð65Þ

0.7 × 10−3 ≤ jðgLÞdμðgLÞ�bμj ≤ 1.81 × 10−3: ð66Þ

Similarly, using the theoretical predictions [29] and the
experimental upper limits [31,32] on Bq → eþe−ðτþτ−Þ
processes, the constraints on the product of scalar LQ
couplings are presented in Table I, which are found
to be rather loose as the measured branching ratios of
Bd;s → τþτ−ðeþeþÞ are not very precise.
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For simplicity, we can neglect the NP contributions to

the Cð0ÞLQ
V;A Wilson coefficients, as the Cð0ÞLQ

S;P Wilson
coefficients are enhanced by the factor M2

Bq
=ml. Now

using Eqs. (58), (54c), (54d), and (60), the Rq parameter
becomes

Rq ¼
jCLQ

S − C0LQ
S j2

r2q
þ
����1 − jCLQ

S þ C0LQ
S j

rq

����2; ð67Þ

where

rq ¼
2mlðmb þmqÞCSM

A

M2
Bq

: ð68Þ

Now comparing the theoretical and experimental values
of Bq → lþl− decays, we calculate the allowed region of

the CLQ
S � C0LQ

S Wilson coefficients. If the Wilson coef-
ficients are real, Eq. (67) will be a circle of radius

jrqj
ffiffiffiffiffiffiffiffiffiffi
Rexpt
q

q
with center at ðCLQ

S þ C0LQ
S ; CLQ

S − C0LQ
S Þ ¼

ðrq; 0Þ. The left panel of Fig. 1 represents the constraint

on real CLQ
S � C0LQ

S Wilson coefficients from Bs → μþμ−

process and the right panel is for complex Wilson
coefficients. Similarly, in Fig. 2, we show the constraint
on real (left panel) and complex (right panel) Wilson
coefficients for Bd → μþμ− process. The allowed range of
real Wilson coefficients from Bs → eþe− (left panel) and
Bd → eþe− (right panel) processes are shown in Fig. 3. In
Fig. 4, we present the constraint obtained from Bs → τþτ−
(left panel) and Bd → τþτ− (right panel) processes. The
allowed region of CLQ

S � C0LQ
S real Wilson coefficients

obtained from Bq → lþl− processes are presented in

TABLE I. Constraints on leptoquark couplings obtained from
various leptonic Bs;d → lþl− decays.

Decay
process

Couplings
involved

Upper bound
of the couplings

Bs → e�e∓ jðgLÞseðgLÞ�bej < 11.8
Bs → τ�τ∓ jðgLÞsτðgLÞ�bτj < 0.4
Bd → e�e∓ jðgLÞdeðgLÞ�bej < 8.0
Bd → τ�τ∓ jðgLÞdτðgLÞ�bτj < 0.593
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FIG. 1. Constraint on the combination of scalar Wilson coefficient from Bs → μþμ− process. The left panel is for real CLQ
S � C0LQ

S
Wilson coefficients and right panel is for complex Wilson coefficients.
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FIG. 2. Constraint onCLQ
S � C0LQ

S Wilson coefficients from Bd → μþμ− process. The left panel is for real Wilson coefficients and right
panel is for complex Wilson coefficients.
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Table II. Now using the constrained Wilson coefficients,
one can calculate the bound on the product of various LQ
couplings from Eqs. (54c) and (54d).

B. KL → μþμ−ðeþe−Þ process
The constraint on the product of various LQ cou-

plings from the rare leptonic decays of K meson are
discussed in this subsection. The rare KL → μþμ− decay
mode has both the long and short distance contributions

and the dominant contribution comes from the long-
distance two photon intermediates state KL → γ�γ� →
μþμ−. Only the short distance (SD) part can be calcu-
lated reliably and the estimated branching ratio of the
SD part is BrðKL → μþμ−ÞjSD < 2.5 × 10−9 [33]. In the
SM, the effective Hamiltonian for the KL → μþμ−
process is given by [34]

Heff ¼
GFffiffiffi
2

p α

2πsin2θW
ðλcYNL þ λtYðxtÞÞðs̄γμð1 − γ5ÞdÞ

× ðμ̄γμð1 − γ5ÞμÞ; ð69Þ

¼ GFffiffiffi
2

p α

2π
λuCK

SMðs̄γμð1 − γ5ÞdÞðμ̄γμð1 − γ5ÞμÞ; ð70Þ

where λi ¼ VidV�
is, xt ¼ m2

t =M2
W and sin2 θW ¼ 0.23 and

CK
SM is the SM Wilson coefficient given as

CK
SM ¼ λcYNL þ λtYðxtÞ

sin2θWλu
: ð71Þ
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FIG. 3. The allowed region of CLQ
S − C0LQ

S and CLQ
S þ C0LQ

S Wilson coefficients from Bs → eþe− (left panel) and Bd → eþe− (right
panel) processes.

-200

-100

 0

 100

 200

-200 -100  0  100  200

c s
-c

’ s

cs+c’
s

-1500

-1000

-500

 0

 500

 1000

 1500

-1500 -1000 -500  0  500  1000  1500

c s
-c

’ s

cs+c’
s

FIG. 4. The allowed region of CLQ
S − C0LQ

S and CLQ
S þ C0LQ

S Wilson coefficients from Bs → τþτ− (left panel) and Bd → τþτ− (right
panel) processes.

TABLE II. Constraint on combinations of Cð0ÞLQ
S Wilson co-

efficients from various leptonic Bs;d → lþl− decays.

Decay process Bound on CLQ
S þ C0LQ

S Bound on CLQ
S − C0LQ

S

Bs → μ�μ∓ 0.0 → 0.32 0.1 → 0.18
Bs → e�e∓ −1.4 → 1.4 −1.4 → 1.4
Bs → τ�τ∓ −150 → 150 −150 → 150

Bd → μ�μ∓ −0.16 → 0.44 0.2 → 0.36
Bd → e�e∓ −4 → 4 −4 → 4

Bd → τ�τ∓ −1000 → 1000 −1000 → 1000
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The functions YNL and YðxtÞ are the contributions
from charm and top quark, respectively, and the YðxtÞ
function in the next-to-leading order (NLO) is [35]

YðxtÞ ¼ ηY
xt
8

�
4 − xt
1 − xt

þ 3xt
ð1 − xtÞ2

ln xt

�
: ð72Þ

The branching ratio for the SD part of KL → μþμ−
process in the SM is given by

BrðKL → μþμ−ÞjSD

¼ τKL

G2
F

2π
jλuj2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

M2
K

s
f2KMKm2

μjCK
SMj2: ð73Þ

Now including the contribution of Vð1Þð3; 1; 2=3Þ lep-
toquark, the total branching ratio of KL → μþμ− process
is given by

BrðKL → μþμ−Þ ¼ G2
F

8π3
τKL

α2emf2KMKm2
μjλuj2jCK

SMj2

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

M2
K

s
× ðjPKj2 þ jSKj2Þ; ð74Þ

where

PK≡CK
SMþCLQ

A −C0LQ
A

CK
SM

þM2
K

2mμ

�
ms

msþmd

��
CLQ
P −C0LQ

P

CK
SM

�
;

SK≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
μ

M2
K

s
M2

K

2mμ

�
ms

msþmd

��
CLQ
S −C0LQ

S

CK
SM

�
: ð75Þ

It should be noted that for KL → μþμ− decay process,
CP violation in K − K̄ mixing is irrelevant and KL can
be treated as a pure CP-odd state. Therefore, we have to
take into account the contributions of both K0 and K̄0

amplitudes, which can be done by replacing the lep-
toquark couplings ðgLÞdμðgLÞ�sμ →

ffiffiffi
2

p
Re½ðgLÞdμðgLÞ�sμ�.

Thus, the new CLQ
i coefficients arise due to the

exchange of vector leptoquark and are defined as

CLQ
A ¼ −

π

GFαemλu

Re½ðgLÞdμðgLÞ�sμ�
M2

Vð1Þ
; ð76aÞ

C0LQ
A ¼ −

π

GFαemλu

Re½ðgRÞdμðgRÞ�sμ�
M2

Vð1Þ
; ð76bÞ

CLQ
S ¼ −CLQ

P ¼ π

2GFαemλu

Re½ðgLÞdμðgRÞ�sμ�
M2

Vð1Þ
; ð76cÞ

C0LQ
S ¼ C0LQ

P ¼ π

2GFαemλu

Re½ðgRÞdμðgLÞ�sμ�
M2

Vð1Þ
: ð76dÞ

In the presence of the Vð3Þð3; 3; 2=3Þ leptoquark, the
branching is given by

BrðKL → μþμ−Þ ¼ G2
F

8π3
τKL

α2emf2KMKm2
μjλuj2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
μ

M2
K

s

×

����CK
SM þ CLQ

A

2

����2: ð77Þ

For muonic decay, the experimentally measured branch-
ing ratio is BrðKL → μþμ−Þ ¼ ð6.84� 0.11Þ × 10−9 [13]
and for the KL → eþe− process, the branching ratio is
BrðKL → eþe−Þ ¼ 9þ6

−4 × 10−12 [13]. If we apply chiral-

ity on the leptoquark, then only the Cð0ÞLQ
A Wilson

coefficients will contribute. Now comparing Eq. (74)
with the experimental branching ratio of KL →
μþμ−ðeþe−Þ processes, the constraint on the leptoquark
couplings for MLQ ¼ 1 TeV are given by

1.3 × 10−3 ≤ Re½ðgLÞdeðgLÞ�se� ≤ 2.35 × 10−3; ð78Þ

1.4 × 10−4 ≤ Re½ðgLÞdμðgLÞ�sμ� ≤ 1.5 × 10−4: ð79Þ

FIG. 5. The allowed region of CLQ
S � C0LQ

S Wilson coefficients from KL → eþe− (left panel) and KL → μþμ− (right panel) processes.
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Now, by neglecting the CLQ
A coefficients, the constraints

on ðCLQ
S � C0LQ

S Þ Wilson coefficients from KL → eþe−

(left panel) and KL → μþμ− (right panel) are shown in
Fig. 5. From the figure the allowed regions of LQ
couplings for KL → eþe− process are given by

−2 × 10−4 ≤ CLQ
S þ C0LQ

S ≤ 2 × 10−4; ð80Þ

1.25 × 10−4 ≤ CLQ
S − C0LQ

S ≤ 2 × 10−4; ð81Þ

and for KL → μþμ− process,

−6 × 10−3 ≤ CLQ
S þ C0LQ

S ≤ 3 × 10−3; ð82Þ

5 × 10−5 ≤ CLQ
S − C0LQ

S ≤ 5.6 × 10−3: ð83Þ

C. τ− → μ−γ process

In this subsection, we compute the constraint on
V1
μð3; 1; 2=3Þ vector LQ couplings from the charged

lepton flavor violating processes like τ− → l−γ, where
l ¼ μ, e. These radiative decays provide an important
testing ground for many new physics beyond the SM.
The similar analysis in the context of scalar LQs can be
found in the literature [24]. In Ref. [36], the authors have
given the general loop formulas for the radiative decay
modes. The effective Hamiltonian for the τ− → μ−γ
process is given by

Heff ¼ eðCLμ̄Rσ
μνFμντL þ CRμ̄Lσ

μνFμντRÞ; ð84Þ

where σμν is the photon field strength tensor and the
Wilson coefficients CL;R are expressed as

CL ¼ Nc

16π2M2
Vð1Þ

�
−
1

3
½ðgLÞbτðgLÞ�bμf2ðxbÞ þ ðgRÞbτðgRÞ�bμf1ðxbÞ þ ðgLÞbτðgRÞ�bμf3ðxbÞ þ ðgRÞbτðgLÞ�bμf4ðxbÞ�

þ 2

3
½ðgLÞbτðgLÞ�bμf̄2ðxbÞ þ ðgRÞbτðgRÞ�bμf̄1ðxbÞ þ ðgLÞbτðgRÞ�bμf3ðxbÞ þ ðgRÞbτðgLÞ�bμf4ðxbÞ�

�

þ Nc

16π2M2
Vð3Þ

ðgLÞbτðgLÞ�bμ
�
−
1

6
fð3Þ2 ðxbÞ þ

1

3
f̄2ð3ÞðxbÞ

�
; ð85Þ

CR ¼ Nc

16π2M2
Vð1Þ

�
−
1

3
½ðgLÞbτðgLÞ�bμf1ðxbÞ þ ðgRÞbτðgRÞ�bμf2ðxbÞðgLÞbτðgRÞ�bμf4ðxbÞ þ ðgRÞbτðgLÞ�bμf3ðxbÞ�

þ 2

3
½ðgLÞbτðgLÞ�bμf̄1ðxbÞ þ ðgRÞbτðgRÞ�bμf̄2ðxbÞðgLÞbτðgRÞ�bμf̄4ðxbÞ þ ðgRÞbτðgLÞ�bμf̄3ðxbÞ�

�

þ Nc

16π2M2
Vð3Þ

ðgLÞbτðgLÞ�bμ
�
−
1

6
fð3Þ1 ðxbÞ þ

1

3
f̄1ð3ÞðxbÞ

�
: ð86Þ

Here, Nc ¼ 3 is the color factor, xb ¼ m2
b=M

2
LQ (where

MLQ ¼ MVð1Þ or MVð3Þ ), and the loop functions are given
as [36]

f1ðxbÞ ¼ mτ

�
−5x3b þ 9x2b − 30xb þ 8

12ðxb − 1Þ3 þ 3x2b ln xb
2ðxb − 1Þ4

�
;

ð87aÞ

f2ðxbÞ ¼ mμ

�
−5x3b þ 9x2b − 30xb þ 8

12ðxb − 1Þ3 þ 3x2b ln xb
2ðxb − 1Þ4

�
;

ð87bÞ

f3ðxbÞ ¼ mb

�
x2b þ xb þ 4

2ðxb − 1Þ2 −
3xb ln xb
ðxb − 1Þ3

�
; ð87cÞ

f4ðxbÞ ¼ −
mτmμmb

m2
Vð1Þ

�
−2x2b þ 7xb − 11

6ðxb − 1Þ3 þ ln xb
ðxb − 1Þ4

�
;

ð87dÞ

f̄1ðxbÞ ¼ mτ

�
−4x3b þ 45x2b − 33xb þ 10

12ðxb − 1Þ3 −
3x3b ln xb
2ðxb − 1Þ4

�
;

ð87eÞ

f̄2ðxbÞ ¼ mμ

�
−4x3b þ 45x2b − 33xb þ 10

12ðxb − 1Þ3 −
3x3b ln xb
2ðxb − 1Þ4

�
;

ð87fÞ

f̄3ðxbÞ ¼ mb

�
x2b − 11xb þ 4

2ðxb − 1Þ2 þ 3x2b ln xb
ðxb − 1Þ3

�
; ð87gÞ
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f̄4ðxbÞ ¼
mτmμmb

m2
Vð1Þ

�
x2b − 5xb − 6 − 6xbð1þ xbÞ ln xb

6ðxb − 1Þ3

þ x3b ln xb
ðxb − 1Þ4

�
: ð87hÞ

The branching ratio of the τ− → μ−γ process is
given by

Brðτ− → μ−γÞ ¼ ττðm2
τ −m2

μÞ3
16πm3

τ
½jCLj2 þ jCRj2�: ð88Þ

This expression can be applied to study other LFV radiative
decays like, τ− → e−γ and μ− → e−γ. The current upper
bounds on the branching ratios of τ− → μ−ðe−Þγ is given
by [13]

Brðτ− → μ−γÞ < 4.4 × 10−8;

Brðτ− → e−γÞ < 3.3 × 10−8: ð89Þ

Comparing Eq. (88) with the current experimental bounds
(89), the allowed regions of ðgLðRÞÞbliðgLðRÞÞ�blj couplings

from τ− → e−γ (left panel) and τ− → μ−γ (right panel)
are shown in Fig. 6, and the constraints on the
ðgLðRÞÞbliðgRðLÞÞ�blj leptoquark couplings from τ− → e−γ

(left panel) and τ− → μ−γ (right panel) are presented in
Fig. 7. The numerical values of the constraints on lep-
toquark couplings are given in Table III. These bounds are
rather weak in comparison to Bs;d → μþμ− processes and
they also involve the coupling only to b quark in both the
LQ coupling parameters.

VI. NUMERICAL ANALYSIS OF LFV DECAYS

After having detailed knowledge about the observables
and the bound on new Wilson coefficients, we now
proceed to a numerical analysis of LFV decays in the LQ
model. Though LFV decays are extremely rare in the SM
due to loop suppression and the presence of tiny neutrino
mass in the loop, still they can occur at tree level and are
expected to have significantly large branching ratios in
the LQ model. There will be no contributions from SM
Wilson coefficients in the LFV decays of the B meson.
In the presence of LQ, the modified helicity amplitudes

are given as

FIG. 6. The constraint on ðgLÞbliðgLÞ�blj and ðgRÞbliðgRÞ�blj leptoquark couplings from τ− → e−γ (left panel) and τ− → μ−γ (right panel)
processes.

FIG. 7. The constraint on ðgLÞbliðgRÞ�blj and ðgRÞbliðgLÞ�blj leptoquark couplings from τ− → e−γ (left panel) and τ− → μ−γ (right panel)
processes.
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H0LQ
V ¼

ffiffiffiffiffi
λ

q2

s
ðCLQ

V þ C0LQ
V Þfþðq2Þ; ð90Þ

HtLQ
V ¼ M2

B −M2
Kffiffiffiffiffi

q2
p ðCLQ

V þ C0LQ
V Þf0ðq2Þ; ð91Þ

H0LQ
A ¼

ffiffiffiffiffi
λ

q2

s
ðCLQ

A þ C0LQ
A Þfþðq2Þ; ð92Þ

HtLQ
A ¼ M2

B −M2
Kffiffiffiffiffi

q2
p ðCLQ

A þ C0LQ
A Þf0ðq2Þ; ð93Þ

HLQ
S ¼ M2

B −M2
K

mb
ðCLQ

S þ C0LQ
S Þf0ðq2Þ; ð94Þ

HLQ
P ¼ M2

B −M2
K

mb
ðCLQ

P þ C0LQ
P Þf0ðq2Þ: ð95Þ

For numerical analysis, we have taken the particle
masses and life times of Bq mesons from [13]. The form
factors ðf0;þ;TÞ for the kaon and pion are taken from [37]
and [38], respectively. In order to compute the required
LQ couplings, we use the values of the couplings
extracted from Bs;d → lþl−, as given in Tables I
and II. Although the bounds obtained from KL → lþl−
processes (79) are little stronger than the bounds obtained
from Bs;d → lþl−, only the Real part of the couplings can
be constrained there. Therefore, in our analysis, we
consider the constraints from Tables I and II as basis
values and assume that the LQ couplings between
different generation of quark and lepton follow the simple
scaling law, i.e., ðgLðRÞÞij ¼ ðmi=mjÞ1=2ðgLðRÞÞii with

j > i. This ansatz was taken from Ref. [39], which
can explain the decay width of radiative LFV μ → eγ
decay. Now using the constrained LQ parameter space,

FIG. 8. The variation of branching ratios of Bþ → Kþμ−eþ (top left panel), Bþ → Kþτ−eþ (top right panel) and Bþ → Kþτ−μþ

(bottom panel) processes (in units of GeV−2) in the V1;3 vector leptoquark model. Here purple bands represent the contribution from V1

leptoquark model and green solid lines are for V3 leptoquark.

TABLE III. Constraints on leptoquark couplings obtained from
the τ− → l−γ processes.

Couplings involved τ− → e−γ process τ− → μ−γ process

ðgLÞbτðgLÞ�bl −0.14 → 0.14 −0.16 → 0.16
ðgRÞbτðgRÞ�bl −0.14 → 0.14 −0.16 → 0.16
ðgLÞbτðgRÞ�bl −0.04 → 0.04 −0.05 → 0.05
ðgRÞbτðgLÞ�bl −0.04 → 0.04 −0.05 → 0.05
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we calculate the branching ratios, forward-backward
asymmetries and lepton nonuniversality in B →

KðπÞl−i lþj processes. In Fig. 8, we show the variation
of branching ratios of Bþ → Kþμ−eþ (top left panel),
Bþ → Kþτ−eþ (top right panel) and Bþ → Kþτ−μþ

(bottom panel) processes with respect to q2 in both
V1;3 leptoquark model. Here the purple bands represent
the predictions in the V1 vector LQ model and green
solid lines are for V3 leptoquark. The predicted branching
ratios of Bþ → Kþl−i l

þ
j processes in both the LQ model

are presented in Table IV. The plot for forward-backward
asymmetries of Bþ → Kþμ−eþ (top left panel), Bþ →
Kþτ−eþ (top right panel) and Bþ → Kþτ−μþ (bottom

panel) processes in the LQ model are given in Fig. 9.
Figure 10 shows the q2 variation of Rμe

Ke (top right panel),
Rτe
Ke (bottom left panel) and Rτμ

Ke (bottom right panel)
parameters in the high q2 region. The variation of Rμe

Kμ

(top right panel), Rτe
Kμ (bottom left panel) and Rτμ

Kμ

(bottom right panel) observables are presented in
Fig. 11. The variation of Rμe

Ke and Rμe
Kμ parameters in

low q2 ∈ ½1; 6� region are also shown in the top left panel
of Fig. 10 and Fig. 11, respectively. The integrated values
of forward-backward asymmetries and lepton nonuniver-

sality parameters such as R
lilj
K R

lilj
Ke , R

lilj
Kμ are given in

Table V. In Fig. 12 we show the plot for lepton
nonuniversality parameters Rμμ

K in low q2 (left panel)

FIG. 9. The variation of forward-backward asymmetries of Bþ → Kþμ−eþ (top left panel), Bþ → Kþτ−eþ (top right panel) and
Bþ → Kþτ−μþ (bottom panel) processes in the leptoquark model.

TABLE IV. The predicted branching ratios of Bþ → KþðπþÞl−i lþj processes in the V1;3 vector leptoquark model.

Decay process Values in V1 LQ model Values in V3 LQ model Exp. upper limit [13]

Bþ → Kþμ−eþ ð0.009–6.16Þ × 10−10 < 2.98 × 10−10 < 9.1 × 10−8

Bþ → Kþτ−eþ ð0.118–1.882Þ × 10−10 < 7.12 × 10−11 < 4.3 × 10−5

Bþ → Kþτ−μþ ð0.0064–5.58Þ × 10−9 < 2.52 × 10−9 < 4.5 × 10−5

Bþ → πþμ−eþ ð0.48–3.23Þ × 10−10 < 1.6 × 10−10 < 6.4 × 10−3

Bþ → πþτ−eþ 5.23 × 10−12–1.51 × 10−6 < 7.55 × 10−7 < 7.4 × 10−5

Bþ → πþτ−μþ ð0.41–2.99Þ × 10−9 < 1.46 × 10−9 < 6.2 × 10−5

RARE SEMILEPTONIC … PHYSICAL REVIEW D 95, 035022 (2017)

035022-13



FIG. 10. The plots for lepton nonuniversality parameters, Rμe
Ke (top right panel), R

τe
Ke (bottom left panel) and Rτμ

Ke (bottom right panel) in
high q2 region. Here the top left panel shows the nonuniversality Rμe

Ke in low q2 ∈ ½1; 6� region.

FIG. 11. The plots for lepton nonuniversality parameters, Rμe
Kμ (top right panel), Rτe

Kμ (bottom left panel) and Rτμ
Kμ (bottom right panel)

in high q2 region. Here the top left panel shows the nonuniversality Rμe
Kμ in low q2 ∈ ½1; 6� region.
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and high q2 (right panel) and the predicted values are
presented in Table V. Here the solid red lines denote the
SM contributions and integrated values in the SM are
given by

Rμμ
K jq2∈½1;6� ¼ 1.001; Rμμ

K jq2≥14.18 ¼ 1.003;

Rττ
Ke ¼ 1.144; Rττ

Kμ ¼ 1.14: ð96Þ

Analogously, we show the variation of the
branching ratios of LFV Bþ → πþμ−eþ (top left panel),
Bþ → πþτ−eþ (top right panel) and Bþ → πþτ−μþ

(bottom panel) decay processes with respect to q2 in
Fig. 13 and the predicted branching ratios are given in
Table IV. Fig. 14 shows the variation of forward-
backward asymmetries in Bþ → πþμ−eþ (top left panel),

Bþ → πþτ−eþ (top right panel) and Bþ → πþτ−μþ
(bottom panel) processes. The lepton nonuniversality
parameters Rμe

πμ (top right panel), Rτe
πμ (bottom left panel)

and Rτμ
πμ (bottom right panel) are presented in Fig. 15.

Also, we present the behavior of Rμe
πμ parameter (top left

panel) in the region 1 ≤ q2 ≤ 6 GeV2. In Table VI, we
present the predicted values of forward-backward asym-
metries and lepton nonuniversality parameters. The
nonuniversality predictions of the B → πlþl− processes
in the SM are

Rμμ
π jq2∈½1;6� ¼ 1.001; Rμμ

π jq2≥14.18 ¼ 1.003;

Rττ
πe ¼ 1.149; Rττ

πμ ¼ 1.146; ð97Þ

and the values for the parameter Rμμ
π in the LQ model

are listed in Table VI.

The predicted values of R
lilj
þ in V1;3 LQ model, respec-

tively, are

Rμe
þ jV1LQ ¼ 0.525–53.34; Rμe

þ jV3LQ ¼ 0.536; ð98Þ

Rτμ
þ jV1LQ ¼ 0.536–64.1; Rτμ

þ jV3LQ ¼ 0.578; ð99Þ

Rτeþ jV1LQ ¼ 0.443–0.56; Rτeþ jV3LQ ¼ 0.56: ð100Þ

VII. ðg − 2Þμ
The recent experimental measurement [40] of the

anomalous magnetic moment of muon, i.e., ðg − 2Þμ has
about 3σ discrepancies from the SM prediction and has set
off a flurry of excitement amongst theorists. The exper-
imental result of anomalous magnetic moment of muon is
given by [41]

aexpμ ¼ 116592080ð63Þ × 10−11; ð101Þ

which when compared to the SM value

FIG. 12. The variation of lepton nonuniversality parameter Rμμ
K for low q2 ∈ ½1; 6� (left panel) and high q2 (right panel) regimes.

TABLE V. The predicted values of forward-backward asym-
metries and lepton nonuniversality parameters in Bþ → Kþl−i l

þ
j

process in the V1;3 vector leptoquark model. Also the predicted

values of Rμμ
K , R

lilj
Ke , R

lilj
Kμ parameters for muonic (electronic)

processes in low q2 ∈ ½1; 6� region.
Observables Values in V1 LQ model Values in V3 LQ model

hAKμe
FB i 7.65 × 10−3 2.82 × 10−3

hAKτe
FB i 0.285 0.285

hAKτμ
FB i ð0.039–0.105Þ × 10−3 4.8 × 10−3

hRμe
Keijq2∈½1;6� ð0.0038–3.5Þ × 10−4 2.03 × 10−4

hRμe
Kei ð0.033–3.36Þ × 10−4 2.04 × 10−4

hRτe
Kei 0.526 × 10−4–2.52 1.63

hRτμ
Kei ð0.285–5.45Þ × 10−3 3.04 × 10−3

hRμe
Kμijq2∈½1;6� ð0.0039–6.1Þ × 10−4 3.2 × 10−4

hRμe
Kμi ð0.0454–6.44Þ × 10−4 3.3 × 10−4

hRτe
Kμi 0.72 × 10−4–4.83 2.58

hRτμ
Kμi ð0.039–0.1Þ × 10−3 4.8 × 10−3

hRμμ
K ijq2∈½1;6� 0.57–0.9688 0.63

hRμμ
K i 0.521–0.73 0.64
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FIG. 14. The variations of forward-backward asymmetries of Bþ → πþμ−eþ (left panel), Bþ → πþτ−eþ (middle panel) and Bþ →
πþτ−μþ (right panel) processes in leptoquark model.

FIG. 13. The q2 variation of branching ratios of Bþ → πþμ−eþ (top left panel), Bþ → πþτ−eþ (top right panel) and Bþ → πþτ−μþ

(bottom panel) processes in the V1;3 vector leptoquark model.
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aSMμ ¼ 116591785ð61Þ × 10−11; ð102Þ

has the discrepancy

Δaμ ¼ aexpμ − aSMμ ¼ ð295� 88Þ × 10−11: ð103Þ

The absolute magnitude of the discrepancy is small and can
be accommodate by adding the new physics contributions.
The vector LQ contribution to aμ is given by

Δaμ ¼ −2Ncmμ

�
ðgLÞbμðgRÞ�bμ

�
−
1

3
ðf3ðxbÞ þ f4ðxbÞÞ

þ 2

3
ðf̄3ðxbÞ þ f̄4ðxbÞÞ

�

þ ðjðgLÞbμj2 þ jðgRÞbμj2Þ
�
−
1

3
f1ðxbÞ þ

2

3
f̄1ðxbÞ

��
− 2NcmμðjðgLÞbμj2 þ jðgRÞbμj2Þ

×

�
−
1

6
f1ðxbÞ þ

1

3
f̄1ðxbÞ

�
; ð104Þ

where the loop functions are given in Sec. V C. Now using
the constrained leptoquark couplings from τ− → μ−γ proc-
ess with the scaling law as discussed in section VI, Δaμ in
the leptoquark model is found as

2.38 × 10−9 ≤ Δaμ ≤ 2.95 × 10−9; ð105Þ

which is within its 1σ range.

TABLE VI. The predicted values of forward-backward asym-
metries and lepton nonuniversality parameters in B → πl−i l

þ
j

process in the V1;3 vector leptoquark model. Also the predicted

values of Rμμ
π , R

lilj
πe , R

lilj
πμ parameters for muonic (electronic)

processes in low q2 ∈ ½1; 6� region.
Observables Values in V1 LQ model Values in V3 LQ model

hAπμe
FB i ð0.432–4.42Þ × 10−3 2.4 × 10−3

hAπτe
FB i 0.2632 0.263

hAπτμ
FB i 0.263–0.271 0.26

hRμμ
π ijq2∈½1;6� 1.084 × 10−7–1.95 1.655 × 10−7

hRμμ
π i 1.09 × 10−7–0.6 1.66 × 10−7

hRμe
πeijq2∈½1;6� 2.48 × 10−10–1.8 × 10−3 2.46 × 10−10

hRμe
πei 2.5 × 10−10–5.5 × 10−4 2.47 × 10−10

hRτe
πei ð0.0187–1.53Þ × 10−4 1.86 × 10−6

hRτμ
πei 3.75 × 10−9–7.33 × 10−3 3.6 × 10−9

hRμe
πμijq2∈½1;6� ð1.8–2.29Þ × 10−3 1.492 × 10−3

hRμe
πμi ð0.932–2.3Þ × 10−3 1.49 × 10−3

hRτe
πμi 2.57 × 10−4–17.14 11.23

hRτμ
πμi 0.0123–0.073 0.07

FIG. 15. The q2 variations of Rμe
πμ (top right panel), Rτe

πμ (bottom left panel) and Rτμ
πμ (bottom right panel) parameters in high q2 region in

the leptoquark model. Here Rμe
πμ (top left panel) shows the lepton nonuniversality for low q2 ∈ ½1; 6� region.
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VIII. CONCLUSION

In this work, we have studied the rare lepton flavor
violating semileptonic B meson decays in the vector
leptoquark model. These decays occur at loop level with
a tiny neutrino mass in one of the loops, and are thus
extremely rare in the SM but can occur at tree level in the
vector leptoquark model. There are three vector leptoquarks
which are relevant when studying the processes mediated
via b → ðs; dÞ transitions. Of these, we consider the
ð3; 3; 2=3Þ and ð3; 1; 2=3Þ vector leptoquarks in our analy-
sis and constrain the leptoquark couplings from
Bs;d → lþl−, KL → lþl−, and τ− → l−γ processes, where
l can be any charged leptons. Using such constrained
parameters, we estimated the branching ratios and forward-
backward asymmetries of B → Kl−i l

þ
j and B → πl−i l

þ
j

processes in the vector leptoquark model. We also

computed some parameters like R
lilj
KðπÞe, R

lilj
KðπÞμ and R

lilj
þ

(the ratios of various combination of rare decays) in order
to inspect the presence of lepton nonuniversality. We also
study the effect of vector leptoquark on the muon g − 2
anomaly. We found that our predicted values are sizeable
and within the reach of currently running or upcoming
experimental limits, the observation of which in the
LHCb experiment would provide a univocal signal of
new physics.
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