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More than 3σ deviations from the standard model are observed in the angular observable P0
5 of

B → K�μþμ− and muon g − 2. To resolve these anomalies, we extend the standard model by adding two
leptoquarks. It is found that the signal strength of the diphoton Higgs decay can exhibit a significant
deviation from unity and is within the data errors. Although li → ljγ puts severe bounds on some
couplings, it is found that the excesses of P0

5 and the muon g − 2 can still be explained and accommodated
to the measurement of Bs → μþμ− in this model. In addition, the leptoquark effects can also explain the
LHCb measurement of RK ¼ BRðBþ → Kþμþμ−Þ=BRðBþ → Kþeþe−Þ ¼ 0.745þ0.090

−0.074 � 0.036, which
shows a 2.6σ deviation from the standard model prediction.
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I. INTRODUCTION

The standard model (SM) has been tested at an unprec-
edented level of precision through various experiments.
However, some excesses have not yet been completely
resolved. The first case is the muon anomalous magnetic
moment (muon g − 2), where the discrepancy between
experimental data and the SM prediction is currently
Δaμ ¼ aexpμ − aSMμ ¼ ð28.8� 8.0Þ × 10−10 [1]. The second
case is the angular observable P0

5 of B → K�μþμ− [2],
where a 3.4σ deviation, resulting from the integrated
luminosity of 3.0 fb−1 at the LHCb [3], recently confirmed
an earlier result with 3.7σ deviations [4]. Moreover, the
same measurement with 2.1σ deviations was reported by
Belle [5]. Also, the other relevant Pi observables are
defined in Ref. [6]. Various possible resolutions to this
excess have been widely studied [7–27]. The third case is
the ratio RK ¼ BRðBþ → Kþμþμ−Þ=BRðBþ → Kþeþe−Þ,
where BRðBþ → Kþlþl−Þ is the branching ratio (BR) of
the decay Bþ → Kþlþl−; and the LHCb measurement
shows a 2.6σ deviation from the SM result [28]. In order to
explain the deviation, various mechanisms have been
proposed [14,29–40].
In addition to the excesses mentioned above, the LHC

with energetic pp collisions can also be a good place to test
the SM and provide possible excess signals. For instance,
a hint of resonance with a mass of around 750 GeV in
the diphoton invariant mass spectrum was indicated by the
ATLAS [41] and CMS [42] experiments. Because of the
results, various proposals have been broadly proposed and
studied [43–72]. Although it turns out that the resonance
has not been confirmed by the updating data of ATLAS

[73] and CMS [74] and has been shown to be more like a
statistical fluctuation, the search for the new exotic events
in the LHC still continues and is an essential mission.
To resolve the excesses in a specific framework, we

propose the extension of the SM by including leptoquarks
(LQs), where the LQs are colored scalars that simulta-
neously couple to the leptons and quarks. Hence, the
b → slþl− decays can arise from the tree-level LQ-
mediated Feynman diagrams when the muon g − 2 is
induced from LQ loops.
In addition to the decays B → Kð�Þlþl−, the effective

interactions for b → slþl− can also contribute to
Bs → μþμ−, where the BR, measured by LHCb and
CMS [75], is given as

BRðBs→ μþμ−Þexp¼ð2.8þ0.7
−0.6Þ×10−9ðLHCb-CMSÞ: ð1Þ

We note that the dominant effective couplings for b →
slþl− processes are denoted by the Wilson coefficients
C9;10. Usually, both C9 and C10 are strongly correlated.
Since this experimental result is consistent with the SM
prediction of BRðBs → μþμ−ÞSM ≈ 3.65 × 10−9 [76], in
order to accommodate the anomalies of P0

5 and RK to
the measurement of Bs → μþμ−, we introduce two LQs
with different representations of SUð2ÞL into the model.
Thus, the correlation between C9 and C10 is diminished. It
is found that when the C10 is constrained by Bs → μþμ−,
the C9 then can satisfy the requirements from the global
analysis of B → K�μþμ−, and can also explain the anomaly
of RK , and the muon g − 2 can fit the current data.
The colored scalar LQs can couple to the SM Higgs in

the scalar potential; thus, the LQ effects can influence the
SM Higgs production and decays. The Higgs measure-
ments have approached the precision level since the
SM Higgs was discovered. Any sizable deviations from
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the SM predictions will indicate new physics. In this study,
we analyze the LQ-loop contributions to the diphoton
Higgs decay. It is worth mentioning that the introduced
LQs can significantly enhance the production cross section
of a heavy scalar boson if such a heavy scalar is probed at
the LHC in the future. The relevant studies on the heavy
scalar production via LQ couplings can be found in
Refs. [77–83].
The paper is organized as follows. We introduce the

model and discuss the relevant couplings in Sec. II. In
Sec. III, we study the phenomena: the SM Higgs diphoton
decay, Lepton Flavor Violation (LFV) processes, Wilson
coefficients of C9;10 from LQ contributions for b → slþl−

decays, and the implication of Bs → μþμ−. The conclusion
is given in Sec. IV.

II. COUPLINGS TO THE LEPTOQUARKS

In this section, we briefly introduce the model and
relevant interactions with the LQs. To reconcile the
measurements of Bs → μþμ− and B → K�lþl−, we extend
the SM by adding two different representations of LQ,
which are Φ7=6 ¼ ð3; 2Þ7=6 and Δ1=3 ¼ ð3; 3Þ1=3 under
ðSUð3ÞC; SUð2ÞLÞUð1ÞY SM gauge symmetry. The gauge-
invariant Yukawa interactions of the SM fermions and LQs
are written as

LLQ ¼ kijQiΦ7=6lRj þ ~kijLi
~Φ7=6uRj

þ yijQc
i iσ2Δ1=3Lj þ H:c:; ð2Þ

where the subscripts i, j are the flavor indices; LT
i ¼

ðνi;l−
i Þ andQT

i ¼ ðui; diÞ are the SUð2ÞL lepton and quark
doublets; ~Φ7=6 ¼ iσ2Φ�

7=6, and ðkij; ~kij; yijÞ are the Yukawa
couplings. Since we do not study the CP violating effects,
hereafter, we take all new Yukawa couplings as real
numbers. We use the representations of the LQs as

Φ7=6 ¼
�
ϕ5=3

ϕ2=3

�
; Δ1=3 ¼

�
δ1=3=

ffiffiffi
2

p
δ4=3

δ−2=3 −δ1=3=
ffiffiffi
2

p
�
;

ð3Þ

where the superscripts are the electric charges of the
particles. The interactions in Eq. (2) are then expressed as

LLQ ¼ kij½uLilRjϕ
5=3 þ dLilRjϕ

2=3�
þ ~kij½lLiuRjϕ−5=3 − νLiuRjϕ−2=3�

þ yij

�
ucLiνLjδ

−2=3 −
1ffiffiffi
2

p ucLilLjδ
1=3

−
1ffiffiffi
2

p dcLiνLjδ
1=3 − dcLilLjδ

4=3

�
þ H:c: ð4Þ

Since the LQs are colored scalar bosons, they can couple
to the SM Higgs H via the scalar potential. In order
to get the Higgs couplings to the LQs, we write the gauge-
invariant scalar potential as

V ¼ μ2H†H þ λðH†HÞ2 þM2
ΦðΦ†

7=6Φ7=6Þ
þM2

ΔTrðΔ†
1=3Δ1=3Þ þ λΦðΦ†

7=6Φ7=6Þ2

þ λΔ½TrðΔ†
1=3Δ1=3Þ�2 þ λ0ΔTrð½Δ†

1=3Δ1=3�2Þ
þ λHΦðH†HÞðΦ†

7=6Φ7=6Þ
þ λHΔðH†HÞTrðΔ†

1=3Δ1=3Þ
þ λΦΔðΦ†

7=6Φ7=6ÞTrðΔ†
1=3Δ1=3Þ: ð5Þ

As usual, we adopt the representations of the Higgs doublet
H as

H ¼
� Gþ

1ffiffi
2

p ðvþ ϕþ iG0Þ
�
; ð6Þ

where Gþ and G0 are the Goldstone bosons; ϕ is the SM
Higgs field, and v is the vacuum expectation value (VEV)
ofH. It is known that the VEVof the scalar field is dictated
by the scalar potential.

III. PHENOMENOLOGICAL ANALYSIS

Based on the introduced new interactions, in this section,
we study the implications of the Higgs diphoton decay,
li → ljγ, the muon g − 2, h → τμ, B → K�lþl−, and RK .
Since each of these processes has its own unique character-
istics, we discuss these phenomena one by one below.

A. Higgs diphoton decay

The Higgs measurement is usually described by the
signal strength parameter, which is defined as the ratio of
observation to the SM prediction and expressed as

μfi ¼ σðpp → hÞ
σðpp → hÞSM

·
BRðh → fÞ

BRðh → fÞSM
≡ μi · μf; ð7Þ

where f stands for the possible channels, and μiðμfÞ
denotes the signal strength of production (decay).
Although vector-boson fusion can also produce the SM
Higgs, we only consider the gluon-gluon fusion process
because it is the most dominant. The diphoton Higgs decay
approached the precision measurement since the 125 GeV
Higgs was observed. Therefore, any significant deviation
from the SM prediction (i.e., μfi ≠ 1) can imply the new
physical effects.
As stated earlier, the SMHiggs can couple to the LQs via

the scalar potential. From Eq. (5), it can be seen that after
spontaneous symmetry breaking (SSB), the quartic terms
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H†HΦ†
7=6Φ7=6 and H†HTrðΔ†

1=3Δ1=3Þ can lead to trilinear
couplings of Higgs to LQs as

L ⊃ μhΦhðϕ−5=3ϕ5=3 þ ϕ−2=3ϕ2=3Þ
þ μhΔhðδ−1=3δ1=3 þ δ−2=3δ2=3 þ δ−4=3δ4=3Þ; ð8Þ

where μhΦ ¼ λHΦv and μhΔ ¼ λHΔv. With the couplings in
Eq. (8), the effective Lagrangian for hgg by the LQ loop can
be formulated as

ΔLhgg ¼
αs
8π

�
μhΦ
m2

Φ

A0ðξΦÞþ
3μhΔ
2m2

Δ
A0ðξΔÞ

�
hGaμνGa

μν; ð9Þ

where ξX ¼ 4m2
X=m

2
h and the loop function is given by

A0ðxÞ ¼ xð1 − xfðxÞÞ ð10Þ

with fðxÞ ¼ ½sin−1ð1= ffiffiffi
x

p Þ�2 for x > 1. Accordingly, the
signal strength of the Higgs production and decay to
diphoton can be respectively obtained as

μi ¼
����1þ v

A1=2ðξtÞ
X

X¼Φ;Δ
nXμhX
m2

X
A0ðξXÞ

����
2

;

μγγ ¼
����1þ vNc

2

P
X¼Φ;ΔQ

2
XA0ðξXÞμhX=m2

X

A1ðξWÞ þQ2
t NcA1=2ðξtÞ

����
2

; ð11Þ

where nΦðΔÞ ¼ 2ð3Þ, and Nc ¼ 3 is the number of colors;
Q2

Φ ¼ 29=9 and Q2
Δ ¼ 21=9, and the functions for vector-

boson and fermion loops are given by

A1=2ðxÞ ¼ −2½xþ ð1 − xÞfðxÞÞ�;
A1ðxÞ ¼ 2þ 3xþ 3ð2x − x2ÞfðxÞ: ð12Þ

Since the effects of the doublet and triplet LQs are
similar, for simplicity, we set μhΦ ¼ μhΔ ¼ μLQ and
mΦ ¼ mΔ ¼ mLQ. The μγγi as a function of mLQ is pre-
sented in Fig. 1(a), and that of μLQ is shown in Fig. 1(b),
where the curves in plot (a) are μLQ ¼ 0.1, 0.5, 1 TeV,
and those in plot (b) are mLQ ¼ 0.8, 0.9, 1.0 TeV. For
comparison, we also show the results of ATLAS [84] and
CMS [85] with 1σ errors in the plots. From the plots, it
can be clearly seen that with μLQ of Oð100Þ GeV, the LQ
contributions can significantly shift the μγγi away from the
SM prediction and that the results are consistent with the
current data. On the contrary, the μγγi approaches the SM
result when μLQ is of the order of GeV.

B. Radiative and Higgs LFV processes,
muon g − 2, and B → Kð�Þlþl0− decays

In the following analysis, we study the rare lepton-flavor
violating processes, e.g., li → ljγ and h → τμþ μτ, muon
g − 2 Δaμ, and the Flavor Changing Neutral Current
(FCNC) process B → K�lþl−. We first discuss the radi-
ative LFV processes for li → ljγ. With the couplings in
Eq. (4), the LQ-loop induced decay amplitude for li → ljγ
can be written as

Lli→ljγ ¼
e
2
ljσμν½ðcLÞjiPL þ ðcRÞjiPR�liFμν; ð13Þ

where the coefficient ðcRÞji is expressed as

FIG. 1. Diphoton signal strength parameter μγγi as a function of (a) mLQ and (b) μLQ, where the curves in plots (a) and (b) denote
μLQ ¼ ð0.1; 0.5; 1Þ TeV and mLQ ¼ ð0.8; 0.9; 1.0Þ TeV, respectively.

EXPLANATION OF B → Kð�Þlþl− AND … PHYSICAL REVIEW D 94, 115005 (2016)

115005-3



ðcRÞji ≈
mt

ð4πÞ2 ðk
†Þi3 ~k3j

×
Z

d½X�
�

5

Δðmt;mΦÞ
−

2ð1 − xÞ
ΔðmΦ; mtÞ

�
;

Δðm1; m2Þ ¼ xm2
1 þ ðyþ zÞm2

2;Z
½dX� ¼

Z
dxdydzδð1 − x − y − zÞ; ð14Þ

ðcLÞji can be obtained from ðcRÞji by exchanging kab and
~kab. In order to balance the chirality of the leptons, it is
found that the contributions from k†iqkqj, ~k

†
iq
~kqj, y

†
iqkqj, and

y†iqyqj are suppressed by the lepton masses. Since the LQ
ϕ5=3 can couple to left-handed and right-handed up-type
quarks, the chirality flip by the mass insertion in the
propagator of the up-type quark can lead to freeing of
the lepton masses in the Feynman diagrams, which are
associated with kqi and ~kqi. In addition, the top quark is
much heavier than the u and c quarks; therefore, we
only present the top-quark contribution in ðcRÞji.
Straightforwardly, the BR for li → ljγ can be expressed as

BRðli → ljγÞ ¼
48π3αηi
G2

Fm
2
li

ðjðcRÞjij2 þ jðcLÞjij2Þ; ð15Þ

where ηi ≃ ð1; 1=5Þ for i ¼ ðμ; τÞ and the BRs for li →
ljνjνi in the SM have been applied. The current exper-
imental upper limits are shown in Table I. According to
Eq. (13), muon g − 2 can be easily obtained by setting
j ¼ i ¼ μ and found as

Δaμ ≃ −
mμ

2
ðcL þ cRÞμμ: ð16Þ

If the photon in li → ljγ is replaced by the Higgs
boson, similar Feynman diagrams can contribute to h →
ljli þ lilj ≡ ljli. Since the upper limit of BRðμ → eγÞ
is of Oð10−13Þ and can give strong constraints on the
parameters k†23 ~k31 and ~k†23k31, if we set k31 and ~k31 to be
small, then it is apparent that h → eμ and h → eτ are much
smaller than current upper limits. Hence, we just study the
decay h → μτ. The one-loop induced effective couplings
for hμτ are written as

L ¼ hμðCRPR þ CLPLÞτ þ H:c:; ð17Þ
where CL is expressed as [87,88]

CL ¼ ðk†Þ23 ~k33Ncmt

ð4πÞ2v
�
A

�
m2

t

m2
Φ

;
m2

h

m2
Φ

�
þ B

�
m2

t

m2
Φ

;
m2

h

m2
Φ

��

þ NcμhΦ
ð4πÞ2

X
i¼1−3;q¼u;d

½mμðk†Þ2iki3Gðmqi ; mΦÞ

þmτ
~k†2i ~ki3 ~Gðmqi ; mΦÞ�

þ NcmτμhΔ
ð4πÞ2

X
i¼1−3;q¼u;d

ðy†Þ2iyi3 ~Gðmqi ; mΔÞ; ð18Þ

CR can be obtained from CL by exchanging kab and ~kab,
and the loop functions are given by

Aðrt;rhÞ¼−
1

2
−2

Z
½dX� log ½zþð1− zÞrt−xyrh− iϵ�

þ
Z

1

0

dx log ½xþð1−xÞrt− iϵ�;

Bðrt;rhÞ¼
Z

½dX� xyrh−rt
zþð1− zÞrt−xyrh

;

Gðm1;m2Þ≈
Z

½dX� z
−xzm2

hþxm2
1þðyþ zÞm2

2

;

~Gðm1;m2Þ≈
Z

½dX� y
−xzm2

hþxm2
1þðyþ zÞm2

2

: ð19Þ

The ϵ in Aðrt; rhÞ denotes an infinitesimal positive value.
It can be seen that the terms associated with k†2iki3, ~k

†
2iki3,

and y†2iyi3 in Eq. (18) are proportional to the lepton
masses. The situation is similar to the ðcRÞji in the decays
li → ljγ. Although μhX of TeV (X ¼ Φ;ΔÞ can enhance
these effects, due to the effects of being related to
μhXml=m2

X, their contributions are at least 10−2 smaller
than those from k†2i ~ki3. Accordingly, the BR for h → μτ is
formulated as

BRðh → μτÞ ≈ mh

16πΓh
ðjCLj2 þ jCRj2Þ; ð20Þ

where Γh is the width of the Higgs boson. Because of
BRðh → μτÞ being less than 1%, we use Γh ≈ ΓSM

h ≈
4.2 MeV in our numerical estimations.
Next, we discuss the decays for b → slþl−. In order to

include the effects of lepton nonunversality, we write the
effective Hamiltonian as

H ¼ GFαVtbV�
tsffiffiffi

2
p

π
½H1μLμ þH2μL5μ�; ð21Þ

where the leptonic currents are denoted by Lð5Þ
μ ¼

lγμðγ5Þl; and the related hadronic currents are defined as

H1μ ¼ Cl
9sγμPL −

2mb

q2
C7siσμνqνPRb;

H2μ ¼ Cl
10sγμPLb: ð22Þ

TABLE I. Current upper bounds on the BRs for the decays
li → ljγ [86].

Process ði; jÞ Experimental bounds (90% C.L.)

μ− → e−γ (2, 1) BRðμ → eγÞ < 5.7 × 10−13

τ− → e−γ (3, 1) BRðτ → eγÞ < 3.3 × 10−8

τ− → μ−γ (3, 2) BRðτ → μγÞ < 4.4 × 10−8
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Here, the Wilson coefficients are read as Cl
9ð10Þ ¼

CSM
9ð10Þ þ CNP;l

9ð10Þ, and C7 ¼ CSM
7 . The detailed angular dis-

tribution for B → ðKπÞK�lþl− can be found in
Refs. [2,89–92]. Following the notations in Ref. [2], the
angular observable P0

5 is defined by

P0
5 ¼

J5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−J2cJ2s

p ; J5 ¼
ffiffiffi
2

p
ReðAL

0A
L�⊥ Þ;

J2c ¼ −jAL
0 j2; J2s ¼

1

4
ðjAL

∥ j2 þ jAL⊥j2Þ; ð23Þ

where AL
0;∥;⊥ are related to the B → K� transition form

factors and the Wilson coefficients of Cl
9;10 and C7. Their

explicit expressions can be found in Ref. [2]. In this study,
we do not directly investigate the angular analysis of
B → K�lþl−; instead, we refer to the results, which were
done by using the global analysis to get the best-fit value of
CNP
9 ≈ −1.09 for the new physics contributions [13].

Thus, we just derive the Wilson coefficients of Cl
9 and

Cl
10 from the LQ contributions.
With the Yukawa couplings in Eq. (4), the effective

Hamiltonian for b → slþl− mediated by ϕ2=3 and δ4=3 can
be respectively found as

H1
eff ¼

kblksl
2m2

Φ

ðsγμPLbÞðlγμPRlÞ;

H2
eff ¼ −

yblysl
2m2

Δ
ðsγμPLbÞðlγμPLlÞ: ð24Þ

We can decompose Eq. (24) in terms of the effective
operators O9 and O10, defined as O9ð10Þ ¼ sγμPLblγμ

ðγ5Þl. The associated Wilson coefficients of O9;10 from
the LQs then are found as

CLQ;l
9 ¼ −

1

cSM

�
kblksl
4m2

Φ

−
yblysl
4m2

Δ

�
;

CLQ;l
10 ¼ 1

cSM

�
kblksl
4m2

Φ

þ yblysl
4m2

Δ

�
; ð25Þ

where cSM ¼ VtbV�
tsαGF=ð

ffiffiffi
2

p
πÞ is a scale factor from the

SM effective Hamiltonian. It is worth mentioning that the
interaction CLQ;μ

10 O10 can contribute to Bs → μþμ−. Since
the experimental data are consistent with the SM predic-
tion, to consider the constraint from Bs → μþμ−, we adopt
the expression for the BR as [29]

BRðBs → μþμ−Þ
BRðBs → μþμ−ÞSM ¼ j1 − 0.24CLQ;μ

10 j2: ð26Þ

With 1σ errors, the allowed range for CLQ;μ
10 is obtained as

CLQ;μ
10 ¼ ð0.21; 0.79Þ. We use this result to constrain the

free parameters. Since the RK is insensitive to the B → K
transition form factors [93], in order to study the anomaly

of RK , we require that the allowed range of parameters has
to satisfy [29]

0.7 ≤ Re½Xe − Xμ� ≤ 1.5; ð27Þ

where Xl ¼ CLQ;l
9 − CLQ;l

10 , and the RK data with 1σ errors
are used.
Since the parameters in the decays li → ljγ, h → μτ,

Δaμ, and B → Kð�Þlþl− are strongly correlated, in the
following analysis, we take the current upper limits of
BRðli → ljγÞ shown in Table I as the inputs and attempt
to find the allowed parameter space, such that the excesses
in Δaμ and B → Kð�Þlþl− can be satisfied, and the
BRðh → μτÞ can be as large as possible.
From ðcRÞji in Eq. (14), the dominant effects on the

radiative LFV processes are from the ϕ5=3 and the top-
quark loop; thus, there is no possible cancellation in any of
the decay amplitudes. With the upper bound of
BRðμ → eγÞ, we see that k†13 ~k32 and ~k†13k32 have to be
very small. In order to explain the excesses of muon g − 2

and B → K�μþμ−, we set k31 ¼ ~k31 ≈ 0. As a result,
BRðh → eμÞ is negligible in this model. The related
parameters for τ → ðμ; eÞγ decays are k31;32 ~k33 and
~k31;32k33, respectively. These parameters simultaneously
influence h → ðμ; eÞτ, muon g − 2, and b → sμþμ−; there-
fore we have to analyze these processes together to get the
allowed parameter space.
Since Eqs. (14), (18), and (25) involve many free

parameters, in order to efficiently perform a numerical
analysis, we set the ranges of relevant parameters as

mLQ ∈ ½700; 1500� GeV;
μLQ ∈ ½1; 100� GeV;

fk22; ~k22; y22g ∈ ½−0.1; 0.1�;
fk33; ~k33; y33g ∈ ½−0.01; 0.01�;
fk23; ~k23; y23g ∈ ½−0.1; 0.1�;

k32 ∈ signðk22Þ½0; 0.5�;
~k32 ∈ ½−0.5; 0.5�;
y32 ∈ −signðy22Þ½0; 0.5�: ð28Þ

In order to avoid the constraints from τ → lγ (l ¼ e, μ)
and get jCLQ;μ

9 j ∼ 1, we set (k33=k32; ~k33=~k32Þ ∼ 0.1 in
Eq. (28). Additionally, the negative value of CLQ;μ

9 can
be achieved when k32ðy32Þ and k22ðy22Þ are opposite in
sign. As mentioned earlier, the Yukawa couplings in both
decays τ → lγ and h → lτ are the same; we cannot remove
the constraints from the radiative LFV processes in this
model. The BRs for h → lτ thus are of Oð10−9Þ and much
smaller than the current upper limits of Oð10−4Þ [94,95].
One way to escape the constraint from τ → lγ is to add a
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new LQ [87]. Since we focus on the excesses of muon g − 2
and B → K�μþμ−, we leave the more complicated model
for further study.
With the chosen ranges of parameters in Eq. (28), we

first show the values for CLQ;μ
9 and CLQ;μ

10 in Fig. 2(a), where
the bounds from τ → lγ have been considered; the hori-
zontal band is from the measurement of Bs → μþμ−; the
vertical band is the range that can explain the excess of
B → K�μþμ−, and we used 105 parameter sets and obtained
824 allowed points that satisfy the constraints. It can be
seen that the CLQ;μ

9 and CLQ;μ
10 from the contributions of

doublet Φ7=6 and triplet Δ1=3 LQs can simultaneously
satisfy the constraint of Bs → μþμ− and explain the excess
in B → K�μþμ−.
From Eq. (16), it is known that muon g − 2 is associated

with the Yukawa couplings k32 ~k32. Although only k32 is
related to CLQ;μ

9 and CLQ;μ
10 , since the Yukawa couplings kql,

~kql, and yql are taken to be the same order of magnitude,

we present the correlations of Δaμ and CLQ;μ
9 in Fig. 2(b),

where only the allowed range of CLQ;μ
9 is shown, and the

region between two dashed lines denotes the Δaμ data with
1σ errors. By plot (b), it can be seen clearly that the
excesses in Δaμ and B → K�μþμ− can be simultaneously
fitted in the model.
As discussed before, in order to avoid the constraint from

μ → eγ, we set k31 ¼ ~k31 ¼ 0 in our analysis; therefore,
CLQ;e
9ð10Þ for B → Keþe− decay is only related to y31y21. Since

y31;21 are free parameters, for simplicity, we then take
jy31j ∼ jk31j ∼ 0. As a result, Xe ¼ CLQ;e

9 − CLQ;e
10 ≈ 0. In

order to see whether the obtained CLQ;μ
9 and CLQ;μ

10 can fit
the RK data, we show the correlation between Xμ and CLQ;μ

9

in Fig. 3, where the band denotes the allowed range shown
in Eq. (27). It can be seen that the excesses of RK and P0

5

can be simultaneously explained when the measurement of
Bs → μþμ− is satisfied.

IV. CONCLUSION

In order to resolve the excesses of muon g − 2 and B →
Kð�Þlþl− decays, we investigate the extension of the SM
by including leptoquarks, in which the particles are colored
scalar bosons and can couple to quarks and leptons. In
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a
10

9
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(a)

FIG. 2. (a) The values of CLQ;μ
9 and CLQ;μ

10 using the ranges of parameters in Eq. (28), where the bound from the BRðBs → μþμ−Þ and
the allowed range of CLQ;μ

9 from global analysis for B → K�μþμ− are shown. (b) Correlation of Δaμ and C
LQ;μ
9 , where we only show the

values of CLQ;μ
9 that can fit the excess in B → K�μþμ−, and the band bounded by two dashed lines denotes the Δaμ data with

1σ errors [1].

1.3 1.2 1.1 1.0 0.9

1.0

1.5

2.0
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LQ,

X

FIG. 3. Correlation between Xμ ¼ CLQ;μ
9 − CLQ;μ

10 and CLQ;μ
9 ,

where the allowed range of Xμ is from the RK data with 1σ errors.
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order to accommodate the measurement of Bs → μþμ− and
the excesses of B → Kð�Þμþμ−, we study a model with one
doublet and one triplet leptoquark.
After SSB, the couplings of the SMHiggs bosons to LQs

are described by μhX ¼ λHXv. If μhX is ofOð100Þ GeV, the
signal strength parameter μγγi can significantly deviate from
the SM prediction and is still consistent with the current
Higgs measurements.
In this study, lepton-flavor violating processes li → ljγ

give strict constraints on the Yukawa couplings k31;33
and ~k31;33. As a result, the branching ratios for the
lepton-flavor violating Higgs decays h → lilj are less
than Oð10−8Þ. Nevertheless, the sizable couplings k32;22,

~k32;22, and y32;22 can still explain the excess of muon g − 2

and provide the necessary values for the Wilson coefficient
Cl
9 , such that the excesses in B → K�μþμ− and RK can be

resolved.

ACKNOWLEDGMENTS

This work was partially supported by the Ministry of
Science and Technology of Taiwan Republic of China,
under Grant No. MOST-103-2112-M-006-004-MY3
(C.-H. C.). H. O. thanks the members of Korea Institute
for Advanced Study for their hospitality during his
visit.

[1] K. A. Olive et al. (Particle Data Group Collaboration),
Chin. Phys. C 38, 090001 (2014).

[2] S. Descotes-Genon, J. Matias, M. Ramon, and J. Virto,
J. High Energy Phys. 01 (2013) 048.

[3] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
02 (2016) 104.

[4] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 111,
191801 (2013).

[5] A. Abdesselam et al. (Belle Collaboration), arXiv:1604
.04042.

[6] J. Matias, F. Mescia, M. Ramon, and J. Virto, J. High
Energy Phys. 04 (2012) 104.

[7] S. Descotes-Genon, J. Matias, and J. Virto, Phys. Rev. D 88,
074002 (2013).

[8] R. Gauld, F. Goertz, and U. Haisch, J. High Energy Phys. 01
(2014) 069.

[9] A. Datta, M. Duraisamy, and D. Ghosh, Phys. Rev. D 89,
071501 (2014).

[10] T. Hurth and F. Mahmoudi, J. High Energy Phys. 04 (2014)
097.

[11] S. Descotes-Genon, L. Hofer, J. Matias, and J. Virto, J. High
Energy Phys. 12 (2014) 125.

[12] W. Altmannshofer and D.M. Straub, Eur. Phys. J. C 75, 382
(2015).

[13] S. Descotes-Genon, L. Hofer, J. Matias, and J. Virto, J. High
Energy Phys. 06 (2016) 092.

[14] A. Crivellin, G. D’Ambrosio, and J. Heeck, Phys. Rev. Lett.
114, 151801 (2015).

[15] S. Sahoo and R. Mohanta, Phys. Rev. D 91, 094019 (2015).
[16] A. Bharucha, D. M. Straub, and R. Zwicky, J. High Energy

Phys. 08 (2016) 098.
[17] D. Becirevic, S. Fajfer, and N. Kosnik, Phys. Rev. D 92,

014016 (2015).
[18] A. Crivellin, L. Hofer, J. Matias, U. Nierste, S. Pokorski,

and J. Rosiek, Phys. Rev. D 92, 054013 (2015).
[19] C. J. Lee and J. Tandean, J. High Energy Phys. 08 (2015)

123.
[20] R. Alonso, B. Grinstein, and J. Martin Camalich, J. High

Energy Phys. 10 (2015) 184.

[21] S. Sahoo and R. Mohanta, Phys. Rev. D 93, 034018 (2016).
[22] G. Belanger, C. Delaunay, and S. Westhoff, Phys. Rev. D 92,

055021 (2015).
[23] S. Sahoo and R. Mohanta, Phys. Rev. D 93, 114001 (2016).
[24] C. W. Chiang, X. G. He, and G. Valencia, Phys. Rev. D 93,

074003 (2016).
[25] I. Dorsner, S. Fajfer, A. Greljo, J. F. Kamenik, and N.

Kosnik, Phys. Rep. 641, 1 (2016).
[26] S. M. Boucenna, A. Celis, J. Fuentes-Martin, A. Vicente,

and J. Virto, Phys. Lett. B 760, 214 (2016).
[27] G. Hiller, D. Loose, and K. Schonwald, arXiv:1609.08895.
[28] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 113,

151601 (2014).
[29] G. Hiller and M. Schmaltz, Phys. Rev. D 90, 054014 (2014).
[30] T. Hurth, F. Mahmoudi, and S. Neshatpour, J. High Energy

Phys. 12 (2014) 053.
[31] S. L. Glashow, D. Guadagnoli, and K. Lane, Phys. Rev. Lett.

114, 091801 (2015).
[32] B. Gripaios, M. Nardecchia, and S. A. Renner, J. High

Energy Phys. 05 (2015) 006.
[33] S. Sahoo and R. Mohanta, New J. Phys. 18, 013032

(2016).
[34] M. Bauer and M. Neubert, Phys. Rev. Lett. 116, 141802

(2016).
[35] D. Das, C. Hati, G. Kumar, and N. Mahajan, Phys. Rev. D

94, 055034 (2016).
[36] X. Q. Li, Y. D. Yang, and X. Zhang, J. High Energy Phys. 08

(2016) 054.
[37] D. Bečirević, S. Fajfer, N. Košnik, and O. Sumensari,

arXiv:1608.08501.
[38] S. Sahoo, R. Mohanta, and A. K. Giri, arXiv:1609.04367.
[39] B. Bhattacharya, A. Datta, J. P. Guevin, D. London, and R.

Watanabe, arXiv:1609.09078.
[40] M. Duraisamy, S. Sahoo, and R. Mohanta, arXiv:1610

.00902.
[41] M. Aaboud et al. (ATLAS Collaboration), J. High Energy

Phys. 09 (2016) 001.
[42] V. Khachatryan et al. (CMS Collaboration), Phys. Rev. Lett.

117, 051802 (2016).

EXPLANATION OF B → Kð�Þlþl− AND … PHYSICAL REVIEW D 94, 115005 (2016)

115005-7

http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1007/JHEP01(2013)048
http://dx.doi.org/10.1007/JHEP02(2016)104
http://dx.doi.org/10.1007/JHEP02(2016)104
http://dx.doi.org/10.1103/PhysRevLett.111.191801
http://dx.doi.org/10.1103/PhysRevLett.111.191801
http://arXiv.org/abs/1604.04042
http://arXiv.org/abs/1604.04042
http://dx.doi.org/10.1007/JHEP04(2012)104
http://dx.doi.org/10.1007/JHEP04(2012)104
http://dx.doi.org/10.1103/PhysRevD.88.074002
http://dx.doi.org/10.1103/PhysRevD.88.074002
http://dx.doi.org/10.1007/JHEP01(2014)069
http://dx.doi.org/10.1007/JHEP01(2014)069
http://dx.doi.org/10.1103/PhysRevD.89.071501
http://dx.doi.org/10.1103/PhysRevD.89.071501
http://dx.doi.org/10.1007/JHEP04(2014)097
http://dx.doi.org/10.1007/JHEP04(2014)097
http://dx.doi.org/10.1007/JHEP12(2014)125
http://dx.doi.org/10.1007/JHEP12(2014)125
http://dx.doi.org/10.1140/epjc/s10052-015-3602-7
http://dx.doi.org/10.1140/epjc/s10052-015-3602-7
http://dx.doi.org/10.1007/JHEP06(2016)092
http://dx.doi.org/10.1007/JHEP06(2016)092
http://dx.doi.org/10.1103/PhysRevLett.114.151801
http://dx.doi.org/10.1103/PhysRevLett.114.151801
http://dx.doi.org/10.1103/PhysRevD.91.094019
http://dx.doi.org/10.1007/JHEP08(2016)098
http://dx.doi.org/10.1007/JHEP08(2016)098
http://dx.doi.org/10.1103/PhysRevD.92.014016
http://dx.doi.org/10.1103/PhysRevD.92.014016
http://dx.doi.org/10.1103/PhysRevD.92.054013
http://dx.doi.org/10.1007/JHEP08(2015)123
http://dx.doi.org/10.1007/JHEP08(2015)123
http://dx.doi.org/10.1007/JHEP10(2015)184
http://dx.doi.org/10.1007/JHEP10(2015)184
http://dx.doi.org/10.1103/PhysRevD.93.034018
http://dx.doi.org/10.1103/PhysRevD.92.055021
http://dx.doi.org/10.1103/PhysRevD.92.055021
http://dx.doi.org/10.1103/PhysRevD.93.114001
http://dx.doi.org/10.1103/PhysRevD.93.074003
http://dx.doi.org/10.1103/PhysRevD.93.074003
http://dx.doi.org/10.1016/j.physrep.2016.06.001
http://dx.doi.org/10.1016/j.physletb.2016.06.067
http://arXiv.org/abs/1609.08895
http://dx.doi.org/10.1103/PhysRevLett.113.151601
http://dx.doi.org/10.1103/PhysRevLett.113.151601
http://dx.doi.org/10.1103/PhysRevD.90.054014
http://dx.doi.org/10.1007/JHEP12(2014)053
http://dx.doi.org/10.1007/JHEP12(2014)053
http://dx.doi.org/10.1103/PhysRevLett.114.091801
http://dx.doi.org/10.1103/PhysRevLett.114.091801
http://dx.doi.org/10.1007/JHEP05(2015)006
http://dx.doi.org/10.1007/JHEP05(2015)006
http://dx.doi.org/10.1088/1367-2630/18/1/013032
http://dx.doi.org/10.1088/1367-2630/18/1/013032
http://dx.doi.org/10.1103/PhysRevLett.116.141802
http://dx.doi.org/10.1103/PhysRevLett.116.141802
http://dx.doi.org/10.1103/PhysRevD.94.055034
http://dx.doi.org/10.1103/PhysRevD.94.055034
http://dx.doi.org/10.1007/JHEP08(2016)054
http://dx.doi.org/10.1007/JHEP08(2016)054
http://arXiv.org/abs/1608.08501
http://arXiv.org/abs/1609.04367
http://arXiv.org/abs/1609.09078
http://arXiv.org/abs/1610.00902
http://arXiv.org/abs/1610.00902
http://dx.doi.org/10.1007/JHEP09(2016)001
http://dx.doi.org/10.1007/JHEP09(2016)001
http://dx.doi.org/10.1103/PhysRevLett.117.051802
http://dx.doi.org/10.1103/PhysRevLett.117.051802


[43] K. Harigaya and Y. Nomura, Phys. Lett. B 754, 151
(2016).

[44] Y. Mambrini, G. Arcadi, and A. Djouadi, Phys. Lett. B 755,
426 (2016).

[45] M. Backovic, A. Mariotti, and D. Redigolo, J. High Energy
Phys. 03 (2016) 157.

[46] A. Angelescu, A. Djouadi, and G. Moreau, Phys. Lett. B
756, 126 (2016).

[47] Y. Nakai, R. Sato, and K. Tobioka, Phys. Rev. Lett. 116,
151802 (2016).

[48] D. Buttazzo, A. Greljo, and D. Marzocca, Eur. Phys. J. C 76,
116 (2016).

[49] S. Di Chiara, L. Marzola, and M. Raidal, Phys. Rev. D 93,
095018 (2016).

[50] S. Knapen, T. Melia, M. Papucci, and K. Zurek, Phys. Rev.
D 93, 075020 (2016).

[51] A. Pilaftsis, Phys. Rev. D 93, 015017 (2016).
[52] R. Franceschini, G. F. Giudice, J. F. Kamenik, M.

McCullough, A. Pomarol, R. Rattazzi, M. Redi, F. Riva,
A. Strumia, andR. Torre, J. High EnergyPhys. 03 (2016) 144.

[53] J. Ellis, S. A. R. Ellis, J. Quevillon, V. Sanz, and T. You,
J. High Energy Phys. 03 (2016) 176.

[54] R. S. Gupta, S. Jager, Y. Kats, G. Perez, and E. Stamou,
J. High Energy Phys. 07 (2016) 145.

[55] A. Kobakhidze, F. Wang, L. Wu, J. M. Yang, and M. Zhang,
Phys. Lett. B 757, 92 (2016).

[56] A. Falkowski, O. Slone, and T. Volansky, J. High Energy
Phys. 02 (2016) 152.

[57] R. Benbrik, C. H. Chen, and T. Nomura, Phys. Rev. D 93,
055034 (2016).

[58] F. Wang, L. Wu, J. M. Yang, and M. Zhang, Phys. Lett. B
759, 191 (2016).

[59] P. S. B. Dev and D. Teresi, Phys. Rev. D 94, 025001 (2016).
[60] B. C. Allanach, P. S. B. Dev, S. A. Renner, and K. Sakurai,

Phys. Rev. D 93, 115022 (2016).
[61] K. Cheung, P. Ko, J. S. Lee, J. Park, and P. Y. Tseng, Phys.

Rev. D 94, 033010 (2016).
[62] F. Wang, W. Wang, L. Wu, J. M. Yang, and M. Zhang,

arXiv:1512.08434.
[63] C. W. Chiang, M. Ibe, and T. T. Yanagida, J. High Energy

Phys. 05 (2016) 084.
[64] X. J. Huang, W. H. Zhang, and Y. F. Zhou, Phys. Rev. D 93,

115006 (2016).
[65] S. Kanemura, K. Nishiwaki, H. Okada, Y. Orikasa, S. C.

Park, and R. Watanabe, arXiv:1512.09048 [PTEP (to be
published)].

[66] T. Nomura and H. Okada, Phys. Lett. B 755, 306 (2016).

[67] P. Ko, Y. Omura, and C. Yu, J. High Energy Phys. 04 (2016)
098.

[68] P. Ko and T. Nomura, Phys. Lett. B 758, 205 (2016).
[69] I. Dorsner, S. Fajfer, and N. Kosnik, Phys. Rev. D 94,

015009 (2016).
[70] T. Nomura and H. Okada, arXiv:1601.04516.
[71] X. F. Han, L. Wang, and J. M. Yang, Phys. Lett. B 757, 537

(2016).
[72] G. Belanger and C. Delaunay, Phys. Rev. D 94, 075019

(2016).
[73] The ATLAS Collaboration, Report No. ATLAS-CONF-

2016-059.
[74] CMS Collaboration, Report No. CMS-PAS-EXO-16-027.
[75] V. Khachatryan et al. (CMS and LHCb Collaborations),

Nature (London) 522, 68 (2015).
[76] C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E.

Stamou, and M. Steinhauser, Phys. Rev. Lett. 112,
101801 (2014).

[77] M. Bauer and M. Neubert, Phys. Rev. D 93, 115030 (2016).
[78] C. W. Murphy, Phys. Lett. B 757, 192 (2016).
[79] W. Chao, Nucl. Phys. B911, 231 (2016).
[80] C. Hati, Phys. Rev. D 93, 075002 (2016).
[81] F. F. Deppisch, S. Kulkarni, H. Pas, and E. Schumacher,

Phys. Rev. D 94, 013003 (2016).
[82] U. K. Dey, S. Mohanty, and G. Tomar, arXiv:1606.07903.
[83] A. Di Iura, J. Herrero-Garcia, and D. Meloni, Nucl. Phys.

B911, 388 (2016).
[84] G. Aad et al. (ATLAS Collaboration), Eur. Phys. J. C 76, 6

(2016).
[85] CMS Collaboration, Report No. CMS-PAS-HIG-14-009.
[86] J. Adam et al. (MEG Collaboration), Phys. Rev. Lett. 110,

201801 (2013).
[87] S. Baek and K. Nishiwaki, Phys. Rev. D 93, 015002 (2016).
[88] S. Baek, T. Nomura, and H. Okada, Phys. Lett. B 759, 91

(2016).
[89] C. H. Chen and C. Q. Geng, Nucl. Phys. B636, 338 (2002).
[90] C. H. Chen and C. Q. Geng, Phys. Rev. D 66, 094018

(2002).
[91] W. Altmannshofer, P. Ball, A. Bharucha, A. J. Buras, D. M.

Straub, and M. Wick, J. High Energy Phys. 01 (2009) 019.
[92] U. Egede, T. Hurth, J. Matias, M. Ramon, and W. Reece,

J. High Energy Phys. 10 (2010) 056.
[93] G. Hiller and F. Kruger, Phys. Rev. D 69, 074020 (2004).
[94] V. Khachatryan et al. (CMS Collaboration), Phys. Lett. B

749, 337 (2015).
[95] G. Aad et al. (ATLAS Collaboration), J. High Energy Phys.

11 (2015) 211.

CHEN, NOMURA, and OKADA PHYSICAL REVIEW D 94, 115005 (2016)

115005-8

http://dx.doi.org/10.1016/j.physletb.2016.01.026
http://dx.doi.org/10.1016/j.physletb.2016.01.026
http://dx.doi.org/10.1016/j.physletb.2016.02.049
http://dx.doi.org/10.1016/j.physletb.2016.02.049
http://dx.doi.org/10.1007/JHEP03(2016)157
http://dx.doi.org/10.1007/JHEP03(2016)157
http://dx.doi.org/10.1016/j.physletb.2016.02.064
http://dx.doi.org/10.1016/j.physletb.2016.02.064
http://dx.doi.org/10.1103/PhysRevLett.116.151802
http://dx.doi.org/10.1103/PhysRevLett.116.151802
http://dx.doi.org/10.1140/epjc/s10052-016-3970-7
http://dx.doi.org/10.1140/epjc/s10052-016-3970-7
http://dx.doi.org/10.1103/PhysRevD.93.095018
http://dx.doi.org/10.1103/PhysRevD.93.095018
http://dx.doi.org/10.1103/PhysRevD.93.075020
http://dx.doi.org/10.1103/PhysRevD.93.075020
http://dx.doi.org/10.1103/PhysRevD.93.015017
http://dx.doi.org/10.1007/JHEP03(2016)144
http://dx.doi.org/10.1007/JHEP03(2016)176
http://dx.doi.org/10.1007/JHEP07(2016)145
http://dx.doi.org/10.1016/j.physletb.2016.03.067
http://dx.doi.org/10.1007/JHEP02(2016)152
http://dx.doi.org/10.1007/JHEP02(2016)152
http://dx.doi.org/10.1103/PhysRevD.93.055034
http://dx.doi.org/10.1103/PhysRevD.93.055034
http://dx.doi.org/10.1016/j.physletb.2016.05.071
http://dx.doi.org/10.1016/j.physletb.2016.05.071
http://dx.doi.org/10.1103/PhysRevD.94.025001
http://dx.doi.org/10.1103/PhysRevD.93.115022
http://dx.doi.org/10.1103/PhysRevD.94.033010
http://dx.doi.org/10.1103/PhysRevD.94.033010
http://arXiv.org/abs/1512.08434
http://dx.doi.org/10.1007/JHEP05(2016)084
http://dx.doi.org/10.1007/JHEP05(2016)084
http://dx.doi.org/10.1103/PhysRevD.93.115006
http://dx.doi.org/10.1103/PhysRevD.93.115006
http://arXiv.org/abs/1512.09048
http://arXiv.org/abs/1512.09048
http://dx.doi.org/10.1016/j.physletb.2016.02.022
http://dx.doi.org/10.1007/JHEP04(2016)098
http://dx.doi.org/10.1007/JHEP04(2016)098
http://dx.doi.org/10.1016/j.physletb.2016.05.014
http://dx.doi.org/10.1103/PhysRevD.94.015009
http://dx.doi.org/10.1103/PhysRevD.94.015009
http://arXiv.org/abs/1601.04516
http://dx.doi.org/10.1016/j.physletb.2016.04.036
http://dx.doi.org/10.1016/j.physletb.2016.04.036
http://dx.doi.org/10.1103/PhysRevD.94.075019
http://dx.doi.org/10.1103/PhysRevD.94.075019
http://dx.doi.org/10.1038/nature14474
http://dx.doi.org/10.1103/PhysRevLett.112.101801
http://dx.doi.org/10.1103/PhysRevLett.112.101801
http://dx.doi.org/10.1103/PhysRevD.93.115030
http://dx.doi.org/10.1016/j.physletb.2016.03.076
http://dx.doi.org/10.1016/j.nuclphysb.2016.08.012
http://dx.doi.org/10.1103/PhysRevD.93.075002
http://dx.doi.org/10.1103/PhysRevD.94.013003
http://arXiv.org/abs/1606.07903
http://dx.doi.org/10.1016/j.nuclphysb.2016.08.005
http://dx.doi.org/10.1016/j.nuclphysb.2016.08.005
http://dx.doi.org/10.1140/epjc/s10052-015-3769-y
http://dx.doi.org/10.1140/epjc/s10052-015-3769-y
http://dx.doi.org/10.1103/PhysRevLett.110.201801
http://dx.doi.org/10.1103/PhysRevLett.110.201801
http://dx.doi.org/10.1103/PhysRevD.93.015002
http://dx.doi.org/10.1016/j.physletb.2016.05.055
http://dx.doi.org/10.1016/j.physletb.2016.05.055
http://dx.doi.org/10.1016/S0550-3213(02)00444-3
http://dx.doi.org/10.1103/PhysRevD.66.094018
http://dx.doi.org/10.1103/PhysRevD.66.094018
http://dx.doi.org/10.1088/1126-6708/2009/01/019
http://dx.doi.org/10.1007/JHEP10(2010)056
http://dx.doi.org/10.1103/PhysRevD.69.074020
http://dx.doi.org/10.1016/j.physletb.2015.07.053
http://dx.doi.org/10.1016/j.physletb.2015.07.053
http://dx.doi.org/10.1007/JHEP11(2015)211
http://dx.doi.org/10.1007/JHEP11(2015)211

