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91405 Orsay cedex, France
bInstituto de F́ısica, Universidade de São Paulo,

C.P. 66.318, 05315-970 São Paulo, Brazil

E-mail: Damir.Becirevic@th.u-psud.fr, Olcyr.Sumensari@th.u-psud.fr

Abstract: We show that a modification of the model with a low energy scalar leptoquark

state carrying hypercharge Y = 7/6 allows to accommodate both RK < 1 and RK∗ < 1,

through loop effects, consistent with recent observations made at LHCb. We describe

details of the model, compute the relevant Wilson coefficient and, after discussing a number

of constraints, we examine the phenomenological consequences of the model. The bounds

on the lepton flavor violating decay rates, induced by this model, include B(Z → µτ) .
O(10−7), and B(B → Kµτ) . O(10−9). We also comment on the interpretation of the

bounds on the leptoquark mass obtained from the direct searches at LHC.

Keywords: Beyond Standard Model, Effective Field Theories

ArXiv ePrint: 1704.05835

Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP08(2017)104

mailto:Damir.Becirevic@th.u-psud.fr
mailto:Olcyr.Sumensari@th.u-psud.fr
https://arxiv.org/abs/1704.05835
https://doi.org/10.1007/JHEP08(2017)104


J
H
E
P
0
8
(
2
0
1
7
)
1
0
4

Contents

1 Introduction 1

2 ∆(7/6) or R2 model 2

2.1 Effective Hamiltonian 2

2.2 C`1`29,10 (µ) in our R2 leptoquark model 3

2.3 Constraints on g q`L,R 4

3 Phenomenology: RK and RK∗ 7

3.1 Consequence on the direct searches of the leptoquark state 12

4 Summary 13

1 Introduction

One of the most intriguing results obtained so far at the Large Hadron Collider (LHC) is

the indication of the lepton flavor universality violation (LFUV). First, from the measured

partial branching fractions of B → K`+`−, in the window of q2 ∈ [1, 6] GeV2, the LHCb

Collaboration in ref. [1] reported

RK =
B(B → Kµµ)q2∈[1,6]GeV2

B(B → Kee)q2∈[1,6]GeV2

= 0.745±0.090
0.074 ±0.036 , (1.1)

which appears to be 2.4σ below the Standard Model (SM) prediction, RSM
K = 1.00(1) [2, 3].

Not many New Physics (NP) models can explain Rexp
K < RSM

K , yet many attempts have

been reported in the literature [4–24]. In terms of a generic low energy effective field

theory it was soon realized that the models in which the NP contributions modify the

couplings to muons, rather than to electrons, are more plausible. Furthermore it was

understood that a modification of the couplings (Wilson coefficients) of muons to the

scalar and/or pseudoscalar operator cannot generate the observed suppression, whereas a

shift in couplings to the vector and/or axial operator can. Among those latter scenarios the

popular are those that give rise to C9 = −C10, or C ′9 = −C ′10, patterns that are explicitly

verified in several models, including those with an extra Z ′-boson, as well as the models

which postulate the existence of low energy leptoquark states.

The hint that the loop induced decays b→ s`` can break lepton flavor universality (1.1)

was corroborated by the most recent LHCb results [25],

Rlow
K∗ =

B(B → K∗µµ)q2∈[0.045,1.1]GeV2

B(B → K∗ee)q2∈[0.045,1.1]GeV2

= 0.660±0.110
0.070 ±0.024 ,

Rcentral
K∗ =

B(B → K∗µµ)q2∈[1.1,6]GeV2

B(B → K∗ee)q2∈[1.1,6]GeV2

= 0.685±0.113
0.069 ±0.047 , (1.2)

thus again ∼ (2.2 − 2.4)σ below the Standard Model (SM) prediction [2, 3]. If con-

firmed, these results would exclude the model of refs. [26–28], for example, in which
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the explanation of Rexp
K < RSM

K was made by means of a scalar leptoquark with hyper-

charge Y = 1/6. That latter model verifies the pattern (Cµµ9 )
′

= − (Cµµ10 )
′
, which entails

RK < RSM
K and RK∗ > RSM

K∗ .

In this paper we will argue that another model with a low energy scalar leptoquark

state can be used to explain both Rexp
K < RSM

K and Rexp
K∗ < RSM

K∗ . In that model, also

known as R2-model, the leptoquark state transforms as (3, 2, 7/6) under the Standard

Model gauge group, SU(3)c × SU(2)L × U(1)Y . A peculiarity of our model is that the

coupling of leptoquark to s and µ is absent and therefore the shift in Cµµ9 can be only

achieved through loops. The model verifies Cµµ9 = −Cµµ10 , and therefore both RK and RK∗

can be smaller than in the Standard Model.

The idea of explaining Rexp
K < RSM

K as a loop effect in a model with a scalar leptoquark

is not new. In ref. [29] the authors organized the Yukawa couplings in a similar way but

in a model in which the scalar leptoquark is a weak singlet with hypercharge Y = 1/3. It

appeared that the dominant contribution, arising from the top-quark propagating in the

loop, resulted in a positive shift of Cµµ9 so that the authors were obliged to compensate

that effect with a very large charm-muon Yukawa coupling to comply with the general

finding that Cµµ9 < 0. That induced problems elsewhere in phenomenology, ultimately

making that particular model phenomenologically unviable, see discussion in ref. [30]. In

our model, the dominant top quark contribution provides Cµµ9 < 0, as needed, without

inducing phenomenological problems elsewhere. Notice, however, that this model cannot

explain RD(∗) , the fact that was already (implicitly) shown in ref. [31].

In the remainder of this paper we will describe the specifics of our model, compute

the Wilson coefficients and describe the main constraints used to limit the values of the

Yukawa couplings in section 2. We then discuss the phenomenology of the model in section 3

where we show that the model indeed accommodates Rexp
K < RSM

K entails RK∗
exp < RSM

K∗ ,

consistent with hints from experiments. Other predictions are also made, in particular the

rates of the lepton flavor violation modes. We conclude in section 4.

2 ∆(7/6) or R2 model

In this section we give the specifics of our particular model. To be able to relate it to

the standard nomenclature, we first remind the reader of the low-energy effective theory

for b → s`` transitions, so that we can relate the results of our model to the relevant

Wilson coefficients.

2.1 Effective Hamiltonian

Since we will also be interested in lepton flavor violation (LFV), we give the most general

Hamiltonian describing the LFV transitions b→ s`−1 `
+
2 , with `1,2 ∈ {e, µ, τ}, namely [32],

Heff = −4GF√
2
VtbV

∗
ts

{
6∑
i=1

Ci(µ)Oi(µ) +
∑
i=7,8

[
Ci(µ)Oi(µ) + (Ci(µ))′ (Oi(µ))′

]
(2.1)

+
∑

i=9,10,S,P

[
C`1`2i (µ)O`1`2i (µ) +

(
C`1`2i (µ)

)′ (
O`1`2i (µ)

)′ ]}
+ h.c.,
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where the Wilson coefficients, Ci(µ) and C`1`2i (µ), are associated with the following effec-

tive operators:

O`1`29 =
e2

(4π)2
(s̄γµPLb)(¯̀

1γ
µ`2), O`1`2S =

e2

(4π)2
(s̄PRb)(¯̀

1`2),

O`1`210 =
e2

(4π)2
(s̄γµPLb)(¯̀

1γ
µγ5`2), O`1`2P =

e2

(4π)2
(s̄PRb)(¯̀

1γ
5`2),

(2.2)

in addition to the electromagnetic penguin operator, O7 = e/(4π)2mb(s̄σµνPRb)F
µν . The

chirality flipped operators, O′i, are obtained from the ones listed in eq. (2.2), after replac-

ing PL ↔ PR. Using the above Hamiltonian, one can then compute the decay rates for

Bs → `−1 `
+
2 , B → K(∗)`−1 `

+
2 , and other similar decay modes [33, 34]. As we mentioned in

introduction, to obtain both RK < RSM
K and RK∗ < RSM

K∗ we need a NP contribution to

the vector and axial Wilson coefficients, and in particular those coupling to the left-handed

quark effective current, i.e. we need Cµµ9,10 6= 0.

2.2 C`1`2
9,10(µ) in our R2 leptoquark model

Leptoquarks are colored states mediating interactions between quarks and leptons. For a

recent review of their properties see ref. [35]. In general, a leptoquark can be a scalar or a

vector field and it may come as a SU(2)L-singlet, -doublet or -triplet [36]. Here we focus

on the so-called R2 model which involves a doublet of scalar leptoquarks with hypercharge

Y = 7/6. The general Yukawa Lagrangian for this model reads

L∆(7/6) = (gR)ijQ̄i∆
(7/6)`Rj + (gL)ij ūRi∆̃

(7/6)†
Lj + h.c.,

= (V gR)ij ūiPR`j ∆(5/3) + (gR)ij d̄iPR`j ∆(2/3)

+ (UgL)ij ūiPLνj ∆(2/3) − (gL)ij ūiPL`j ∆(5/3) + h.c.,

(2.3)

where gL,R are the matrices of Yukawa couplings, that we take to be

gL =

0 0 0

0 gcµL gcτL
0 gtµL gtτL

 , gR =

0 0 0

0 0 0

0 0 gbτR

 , V gR =

0 0 Vubg
bτ
R

0 0 Vcbg
bτ
R

0 0 Vtbg
bτ
R

 , (2.4)

which is the main peculiarity of our model.1 The superscript in ∆(5/3) and ∆(2/3) refer to

the electric charge of the two mass degenerate leptoquark states, Q = Y + T3, where Y is

the hypercharge and T3 the third component of weak isospin. Moreover, in eq. (2.3) we

use Qi = [(V †uL)i dLi]
T and Li = [(UνL)i `Li]

T , to denote the quark and lepton doublets,

in which V and U are the Cabibbo-Kobayashi-Maskawa (CKM) and the Pontecorvo-Maki-

Nakagawa-Sakata (PMNS) matrices, respectively. Finally, uL, dL, `L are the fermion mass

eigenstates, whereas νL stand for the massless neutrino flavor eigenstates.

1As we shall see, after imposing the relevant constraints from the experimental data, gbτR ≈ 0. The

Yukawa couplings which verify that the matrices gL 6= 0 and gR = 0 can stem from an underlying flavor

symmetry. For example, this can be achieved by an extra U(1) which, however, would necessitate introduc-

ing a second Higgs doublet. Details of this realization are clearly beyond the scope of the present paper.

At low energy scales, the only relevant information about our model is the one given in eq. (2.4).

– 3 –



J
H
E
P
0
8
(
2
0
1
7
)
1
0
4

Figure 1. The only diagram contributing b→ s`1`2 decay in the LQ scenario considered here. In

a non-unitary gauge there is an extra diagram similar to the one depicted above, with W replaced

by a Goldstone boson.

The above choice of Yukawa couplings, and in particular gs`R = 0, means that the

contributions of the leptoquark ∆(7/6) to the transitions b → s`` can only be a loop

effect and not generated at tree level as it is often the case in the scenario with low

energy leptoquarks. The only diagram contributing (in the unitary gauge) is the one

shown in figure 1. We computed the corresponding amplitude, matched it onto the effective

theory (2.1), and found

C`1`29 = −C`1`210 =
∑

u,u′∈{u,c,t}

VubV
∗
u′s

VtbV
∗
ts

gu
′`1
L

(
gu`2L

)∗
F(xu, xu′) , (2.5)

where xi = m2
i /m

2
W , and the loop function reads,

F(xu, xu′) =

√
xuxu′

32παem

[
xu′(xu′ − 4) log xu′

(xu′ − 1)(xu − xu′)(xu′ − x∆)
+

xu(xu − 4) log xu
(xu − 1)(xu′ − xu)(xu − x∆)

− x∆(x∆ − 4) log x∆

(x∆ − 1)(x∆ − xu)(x∆ − xu′)

]
. (2.6)

We checked that the above result is finite and gauge invariant by doing the computation

in both the Feynman and the unitary gauge. The loop function vanishes when sending

the quark mass to zero, and therefore the dominant contributions are those coming from

u = u′ = t, and the one in which u = t, u′ = c, latter being CKM enhanced. This closes

our discussion of the R2 model with our particular setup specified by the structure of the

gL,R matrices, as given in eq. (2.4).

2.3 Constraints on g q`
L,R

The model described above can induce important contributions to some observables which

have already been accurately measured. In other words, we check which quantity can

be particularly sensitive to our model and then use its measured values to constrain the

non-zero entries in the matrices gL,R (2.4).

First of all, by switching on the couplings to the leptoquark of the top quark and

to µ and to τ leptons, one necessarily generates an extra term to the τ → µγ decay

amplitude. In order to comply with the experimentally established upper bound, B(τ →

– 4 –
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Figure 2. Contributions to the Z → `1`2 decay amplitude generated in our R2 model, where

∆ ≡ ∆(5/3). Another set of diagrams, similar to those shown above is obtained by replacing t→ c.

µγ) < 4.4 × 10−8 [37], we checked the expression derived in refs. [35, 38] with which we

agree, and write:

B(τ → µγ) = ττ
αem(m2

τ −m2
µ)3

4m3
τ

(
|σL|2 + |σR|2

)
,

σL = 0 ,

σR =
3imτ

64π2m2
∆

∑
q∈{c,t}

gqµ∗L

[
gqτL +

2

3

mq

mτ
Vqbg

bτ
R

(
1 + 4 log

m2
t

m2
∆

)]
. (2.7)

Since we need a significant value for gtµL and gcµL to describe the exclusive b → sµµ

decay rates, the above condition proves to be a severe bound on gbτR , due to the

mt/mτ enhancement.

Another important constraint comes from the contributions to the muon’s g − 2.

Current deviation between the measured and the SM values is ∆aexp
µ = aexp

µ − aSM
µ =

(2.8± 0.9)× 10−9, where aµ = (gµ− 2)/2, as usual. Since the SM estimate of this quantity

is not yet fully assessed [39, 40], we require the leptoquark contribution to be smaller than

2σ error on ∆aexp
µ . To do so we use the expression [35]:

∆aµ = −
3m2

µ

8π2m2
∆

∑
q∈{c,t}

|gqµL |
2

[
5

3
fS(m2

q/m
2
∆)− fF (m2

q/m
2
∆)

]
,

fS(x) =
x+ 1

4(1− x)2
+

x log x

2(1− x)3
, fF (x) =

x2 − 5x− 2

12(x− 1)3
+

x log x

2(1− x)4
. (2.8)

A very efficient constraint on g t`L and g c`L comes from the branching fractions B(Z →
``), which have been very accurately measured at LEP [41]:

B(Z → µµ)exp = 3.366(7) %, B(Z → ττ)exp = 3.370(8) % . (2.9)

In our model the diagrams contributing to Z → `` (or, more generally, to Z → `1`2)

are shown in figure 2. We computed the full amplitude, matched it with the effec-

tive Lagrangian,

Leff =
g

2 cos θW
C`1`2V L

¯̀
1γ
µPL`2Z

µ , (2.10)

– 5 –
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and obtained,

C`1`2V L = − 3

16π2

{
gt`1L gt`2∗L

m2
t

m2
∆

(
1 + log

m2
t

m2
∆

)

+
4

9
gc`1L gc`2∗L

m2
Z

m2
∆

[
sin2 θW

(
log

m2
∆

m2
Z

− iπ − 1

12

)
+

1

8

]}
. (2.11)

The top contribution in the above formula agrees with the result of ref. [42] while the

contribution arising from charm is new. Using the Lagrangian (2.10), we then obtain

B(Z → ``) =
m3
Z

24πv2ΓZ

[
|C``V L|2 − 2 Re(1 + C``V L) cos(2θW ) + 2 + cos(4θW )

]
. (2.12)

In practice, we find it more convenient to consider

R``Z =
B(Z → ``)

B(Z → ``)SM
, (2.13)

and to use the values (2.9) to 2σ accuracy.

Finally, the major constraint on the model comes from the exclusive b→ sµµ decays.

Like in our previous publications, we prefer to use two most reliable decay modes, as far as

hadronic uncertainties are concerned, namely Bs → µµ and B → Kµµ. More specifically,

to compare the measured B(Bs → µ+µ−)exp = (3.0± 0.6+0.3
−0.2)× 10−9 [43] with theory, the

only needed quantity is the decay constant fBs which has been computed by many lattice

QCD collaborations. The most recent average value is fBs = 224(5) MeV [44]. Similarly,

the lattice QCD results for the B → K form factors have been computed at large values

of q2 by two collaborations [45, 46]. Their results agree and can be used to compare with

the measured B(B → Kµ+µ−)exp

q2∈[15,22]GeV2 = (8.5 ± 0.3 ± 0.4) × 10−8 [47]. Adding to

the SM values of the Wilson coefficients the New Physics ones, which in our model means

Cµµ9,10 satisfying the condition Cµµ9 = −Cµµ10 , to 2σ accuracy, from the fit between the

measured and theory values for B(B → Kµ+µ−)q2∈[15,22]GeV2 and for B(Bs → µ+µ−), one

extracts [30]

Cµµ9 = −Cµµ10 ∈ (−0.76,−0.04) . (2.14)

This value together with the expression (2.5), with `1 = `2 = µ, leads to stringent bounds

on the couplings we are interested in, and ultimately provides RK,K∗ < 1, as we shall see

below. The result of this procedure will be called “Fit A”.

Another possibility is to, in addition to the above two quantities, also consider a few

“clean” quantities extracted from the study of B → K∗µµ decay mode. In particular,

the measured B(B → K∗µ+µ−)exp

q2∈[15,19]GeV2 = 1.95(16) × 10−7 [48, 49] can be combined

with form factors computed on the lattice at large values of q2 [50]. Furthermore, the three

observables obtained from the decay’s angular distribution, all three depending only on the

so-called transverse amplitudes, A‖,⊥(q2), with respect to the spin of the on-shell K∗. These

quantities, which also appear to be very mildly sensitive to hadronic uncertainties [51], are

– 6 –
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known as A
(2)
T , A

(re)
T and A

(im)
T , are translated into P1,2,3 in ref. [52], the notation also

respected by the experimentalists.2 More specifically,

P1 =

〈
|AL,R⊥ |

2 − |AL,R‖ |
2
〉

〈
|AL,R⊥ |2 + |AL,R‖ |2

〉 , P exp
1 = {0.08(25)low q2 ,−0.50(10)high q2},

P2 = −

〈
Re
[
AL⊥A

L ∗
‖ −A

R
⊥A

R ∗
‖

]〉
〈
|AL,R⊥ |2 + |AL,R‖ |2

〉 , P exp
2 = {−0.16(7)low q2 , 0.36(3)high q2},

P3 =

〈
Im
[
AL⊥A

L ∗
‖ −A

R
⊥A

R ∗
‖

]〉
〈
|AL,R⊥ |2 + |AL,R‖ |2

〉 , P exp
3 = {0.21(14)low q2 , 0.08(6)high q2}, (2.15)

where the full expressions for A‖,⊥ ≡ A‖,⊥(q2), in terms of form factors and Wilson coeffi-

cients, can be found eg. in ref. [33]. In the above notation, 〈. . . 〉 means that the numerator

and denominator have been partially integrated over a specific window of q2. The ex-

perimental values for P1,2,3 in two (wide) bins, corresponding to q2 ∈ [1.1, 6] GeV2 and

q2 ∈ [15, 19] GeV2, which are referred to as “low q2” and “high q2”, are extracted from

refs. [48, 49]. Thus, from the fit in which we use

B(Bs → µµ), B(B → Kµµ)q2∈[15,22]GeV2 ,B(B → K∗µµ)q2∈[15,19]GeV2 ,

(P1, P2, P3)low q2 , (P1, P2, P3)high q2 , (2.16)

to 2σ accuracy, we obtain

Cµµ9 = −Cµµ10 ∈ (−0.70,−0.16) , (2.17)

which will be referred to as “Fit B”.

Before closing this section we believe it is worth emphasizing that the model we consider

here does not give any contribution to the Bs−Bs mixing amplitude (at the one-loop level).

3 Phenomenology: RK and RK∗

We are now in a position to discuss the phenomenology of our model, including the main

topic of this paper, RK < RSM
K and RK∗ < RSM

K∗ , the problem addressed by a number of

authors in refs. [53–58].

Before focusing on our model, we first use the results for Cµµ9 = −Cµµ10 given in

eqs. (2.14) and (2.17), respectively referred to as Fit A and Fit B, and compute

RK(∗) =
B(B → K(∗)µµ)q2∈[q2

1 ,q
2
2 ]

B(B → K(∗)ee)q2∈[q2
1 ,q

2
2 ]

, (3.1)

by relying on the expressions given in our refs. [30, 33], and for three separate inter-

vals in q2. To make the comparison with experiment easier we consider three intervals:

2Note that, P1 ≡ A
(2)
T , P2 ≡ A

(re)
T /2, P3 ≡ −A(im)

T /2, where we take into account the correct signs [34]

to correctly compare with experimental results.

– 7 –
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Quantity Fit A Fit B

RK (low q2) [0.64, 0.96] [0.66, 0.91]

RK∗ (low q2) [0.83, 0.92] [0.84, 0.91]

RK (central q2) [0.66, 0.98] [0.69, 0.93]

RK∗ (central q2) [0.67, 0.98] [0.69, 0.93]

RK (high q2) [0.65, 0.98] [0.68, 0.93]

RK∗ (high q2) [0.64, 0.98] [0.67, 0.92]

Table 1. Intervals of RK and RK∗ obtained solely from the values for the Wilson coefficient

Cµµ9 = −Cµµ10 obtained from the Fit A [eq. (2.14)] and Fit B [eq. (2.17)], as discussed in the text.

q2 ∈ [0.045, 1.1] GeV2, [1.1, 6] GeV2 and [15, 19] GeV2 and call them low, central and large

q2-bin, respectively.

In figure 3 we plot the resulting RK and RK∗ by relying only on the effective theory

and on the value of Cµµ9 = −Cµµ10 obtained from the fit with the data as discussed above.

We see that in the central bin our results are in very good agreement with experiment, at

the 1σ level, regardless of the Cµµ9 value we use, (2.14) or (2.17). The situation is not as

favorable in the low q2-bin, in which the agreement between ours and the measured values

of RK∗ is not better than 1.5σ. This, however, is a very good agreement too. The values

shown in figure 3 are also listed in table 1. We stress again that these results are relevant

to any scenario satisfying the pattern Cµµ9 = −Cµµ10 , and therefore our model in particular.

We next focus on our model and beside Cµµ9 obtained in eqs. (2.14) and (2.17) we

also use the constraints discussed in the previous section. These constraints appear to be

quite severe. Consistency with Cµµ9 requires rather large values of the muonic couplings to

the leptoquark. For that reason, the experimental bound on B(τ → µγ) will necessarily

restrain gbτR to very small values. The values of gtµL [gtτL ] and gcµL [gcτL ] are then saturated

by ∆aµ and by the required consistency with the measured B(Z → µµ) [B(Z → ττ)].

We performed several scans of the model parameters. We first fixed the mass of

leptoquark to either m∆ = 650 GeV or to m∆ = 1 TeV, and varied all the couplings within

|gq`L,R| ≤
√

4π. As we anticipated above, the allowed values of gbτR are indeed negligibly

small, and for our phenomenological purposes this coupling can be safely neglected. In

the following we set it to zero. On the other hand, constraints on the couplings to muon

result in the regions shown in figure 4. Clearly, for larger m∆ the couplings grow and for

reasonable values of m∆ (less than a few TeV) the only coupling that hits the perturbativity

bound is g cµL while the other ones remain well bellow
√

4π. Notice also that in figure 4 we

highlight the regions of couplings that are needed to provide a 1.5σ compatibility of RK
and RK∗ with experimental results in the central q2-bin. In other words, to get close to

the measured values of Rexp
K and Rexp

K∗ the values of couplings g cµL and g tµL indeed need to

be large (larger than 1). The values for RK and RK∗ obtained with our model are given in

table 2. We see that the situation regarding the agreement with experimental values (1.1)

and (1.2) remains similar to the discussion based only on Cµµ9 , i.e. our values for RK and

– 8 –
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Figure 3. Results for RK and RK∗ obtained solely from the values for the Wilson coefficient

Cµµ9 = −Cµµ10 obtained from the Fit A [eq. (2.14)] and Fit B [eq. (2.17)] as discussed in the text.

The shaded area correspond to the measured values to 1σ and 2σ, cf. eqs. (1.1), (1.2). The thick

dot corresponds to the SM result.

RK∗ are compatible with experiment in the central q2-bin to 1.1σ, while in the low-q2-bin

the agreement of our RK∗ with the value in (1.2) is at the 1.8σ level.

As a curiosity we can now proceed the other way around and perform a scan of param-

eters by leaving m∆ as a free parameter, and then check how large one can take m∆ and

still remain e.g. 1.5σ-compatible with RK and RK∗ reported by LHCb in the central q2-bin.

The result of this exercise is shown in figure 5, from which we see that m∆ < 1.2 TeV.

We now enumerate the predictions of this model:

1. Like we mentioned before, this model does not induce the tree-level or the one-loop

contribution to the Bs − B̄s mixing amplitude.

2. Using eq. (2.5) and by taking into account the constraints on the couplings gqτL,R,

we were able to compute Cττ9 = −Cττ10 from which we computed the branching frac-

– 9 –
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Figure 4. Allowed values for the couplings g tµ
L and g cµ

L consistent with all the constraints discussed

in the previous section. Plots are provided for m∆ = 650 GeV and m∆ = 1 TeV. Highlighted

regions correspond to the values of the couplings that ensure the 1.5σ agreement of RK and RK∗

with experiment in the central q2-bin.

Quantity m∆ = 650 GeV m∆ = 1 TeV

RK (low q2) [0.80, 0.96] [0.82, 0.96]

RK∗ (low q2) [0.88, 0.92] [0.88, 0.92]

RK (central q2) [0.82, 0.98] [0.85, 0.98]

RK∗ (central q2) [0.82, 0.98] [0.85, 0.98]

RK (high q2) [0.81, 0.98] [0.84, 0.98]

RK∗ (high q2) [0.81, 0.98] [0.83, 0.98]

Table 2. Intervals of RK and RK∗ obtained in our model by using all the constraints discussed in

the text, and Cµµ9 = −Cµµ10 in eq. (2.14) in particular.

tions B(Bs → ττ) and B(B → K(∗)ττ)large q2 . We obtain, −0.46 ≤ Cττ9 ≤ 0.06

for m∆ = 650 GeV, which then gives:

0.78 ≤ B(Bs → ττ)

B(Bs → ττ)SM
≤ 1.03 ,

0.79 ≤
B(B → Kττ)q2∈[15,19] GeV2

B(B → Kττ)SM
q2∈[15,19] GeV2

≤ 1.03 ,

0.77 ≤
B(B → K∗ττ)q2∈[15,19] GeV2

B(B → K∗ττ)SM
q2∈[15,19] GeV2

≤ 1.03 . (3.2)

– 10 –



J
H
E
P
0
8
(
2
0
1
7
)
1
0
4

Figure 5. Results of our scan of parameters consistent with all constraints discussed in the pre-

vious section in which the leptoquark mass m∆ is varied too. We see that the 1.5σ consistency

requirement with the values of LHCb for RK and RK∗ in the central q2-bin (shaded area) results

in m∆ < 1.2 TeV.

For m∆ = 1 TeV, we obtain, −0.17 ≤ Cττ9 ≤ 0.03, which leads to:

0.92 ≤ B(Bs → ττ)

B(Bs → ττ)SM
≤ 1.01 ,

0.92 ≤
B(B → Kττ)q2∈[15,19] GeV2

B(B → Kττ)SM
q2∈[15,19] GeV2

≤ 1.01 ,

0.91 ≤
B(B → K∗ττ)q2∈[15,19] GeV2

B(B → K∗ττ)SM
q2∈[15,19] GeV2

≤ 1.01 . (3.3)

3. Our model allows for lepton flavor violation, as in most scenarios aiming to explain

the LFUV effects [59].3 Again, after inserting the values (intervals) of the couplings

g qµL and g qτL into eq. (2.5), we obtain

B(B → Kµτ) .
{

(4.6× 10−9)m∆=650 GeV , (1.5× 10−9)m∆=1 TeV

}
, (3.4)

whereas the branching fractions for similar decay modes can be obtained from the

ratios which are independent on the Wilson coefficients [33]:

B(B → K∗µτ)

B(B → Kµτ)
≈ 1.8 and

B(Bs → µτ)

B(B → Kµτ)
≈ 0.9. (3.5)

Since the LFV and lepton flavor conserving modes are related by the same model

parameters, there is obviously a correlation between various rates. A typical one

is shown in figure 6, where we see that the LFV mode can be significant even for

B(Bs → ττ) perfectly consistent with its Standard Model value.

3Note, however, that in general a LFUV does not necessarily imply the LFV, as discussed and emphasized

in ref. [24].
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Figure 6. Correlation between B(Bs → ττ) and B(B → Kµτ) as obtained in our model.

4. Another interesting LFV mode is Z → µτ . The expression given in eq. (2.11) is

trivially extended to the LFV case by simply replacing gq`L g
q`∗
L → gq`1L gq`2∗L . We

obtain that the maximal allowed values can be quite large, namely,

B(Z → µτ) .
{

(4× 10−7)m∆=650 GeV , (2.1× 10−7)m∆=1 TeV

}
, (3.6)

and could be an opportunity for future experiments.

5. We have checked that our model provides a very small contribution to B(t → bτν),

which is well within the experimental error [60].

6. We also computed the Wilson coefficient relevant to B(B → Kνν) and found that our

model can bring only a small reduction with respect to the Standard Model value, i.e.

0.94 ≤ B(B → Kνν)

B(B → Kνν)SM
≤ 1 , (3.7)

the reduction being more pronounced for smaller leptoquark masses, namely m∆ =

650 GeV.

3.1 Consequence on the direct searches of the leptoquark state

So far we have assumed the value of the leptoquark mass to be either m∆ = 650 GeV or

m∆ = 1 TeV, both being consistent with direct searches, cf. refs. [61–66]. We find that

the experimental bound, m∆ & 650 GeV, is very conservative and the reason for this can

be understood from the assumptions made in the LHC searches. So far the attempts for

direct detection of the leptoquark states, present in our model, only included the decays

∆(2/3) → tν, and ∆(5/3) → tτ, (3.8)

for which they assumed B(∆(2/3) → tν) = 1, and B(∆(5/3) → tτ) = 1. The resulting

bound, m∆ & 650 GeV, would be considerably lower if one also considered

∆(2/3) → cν, and ∆(5/3) → tµ, cτ, cµ, (3.9)

– 12 –
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Figure 7. Branching fractions of the dominant decay modes of ∆(5/3) as obtained from the con-

straints on the relevant couplings discussed in the body of this paper.

and then used the fact that the branching fractions of the above-mentioned modes are less

then one. With our couplings we can compute the relevant decay rates. We derived the

necessary expression for the decay of ∆(2/3,5/3), namely,

Γ(∆(2/3) → u νi) = Γ(∆(5/3) → u `) = |g uiL |2
(m2

∆ −m2
u)2

8πm3
∆

, (3.10)

where u ∈ {c, t} and i ∈ {µ, τ}. Notice that we neglect the contribution proportional to

gbτR due to its smallness. Furthermore, the decay rate Γ(∆(2/3) → bτ) is indeed completely

negligible. From the above formulas it is then easy to reconstruct the relevant branching

fractions for the modes searched experimentally. The net result is that the bound on

m∆ becomes lower. In other words the values we use, m∆ ≥ 650 GeV, are in fact very

conservative. Note also that the modes with the charm quark are experimentally very

challenging at the LHC.

In figure 7 we show the possible values for B(∆(5/3) → tτ) and B(∆(5/3) → tµ),

consistent with all the constraints discussed in section 2.3. This information can be used in

the forthcoming attempts at LHC to detect the leptoquark through ∆(5/3) → tµ channel.

4 Summary

In this paper we discussed a peculiar form of the R2 model, i.e. a model in which one

postulates the existence of the low energy doublet of mass degenerate scalar leptoquarks

with hypercharge Y = 7/6. A peculiarity of the model lies in the fact that the couplings of

leptoquarks to s-quark are forbidden which then means that a contribution of the model

to the b→ sµµ decay modes is induced by a loop, cf. figure 1. We computed the relevant

Wilson coefficients which, in this model, satisfy a condition Cµµ9 = −Cµµ10 and can explain

the experimental hints on the LFUV in the exclusive B → K(∗)µµ modes recently reported

by the LHCb collaboration [cf. eqs. (1.1) and (1.2)].

Since the model satisfies Cµµ9 = −Cµµ10 , we first showed that from the constraints on the

only new physics contribution (Cµµ9 ), deduced from comparison of the expressions derived

in effective field theory with quantities for which the hadronic uncertainties are under good

theoretical control, one can indeed show that both RK < RSM
K and RK∗ < RSM

K∗ .
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We then impose a number of constraints on our model and show that the agreement

with experiment remains very good. We find that our values of RK and RK∗ agree with

experiment to 1.1σ in the central q2-bin, while the agreement with Rexp
K∗ in the low q2-bin

is only at the level of 1.8σ. In this discussion, and in agreement with direct searches, we

examined the situations by fixing the leptoquark mass to either m∆ = 650 GeV or to

m∆ = 1 TeV, and in both cases the agreement remains as indicated above.

We then discussed several predictions of this model, which include a rather large upper

bound on the LFV mode, B(Z → µτ) . O(10−7), while the one on B(B → Kµτ) and

similar decay modes is O(10−9).

We also argued that the assumptions used to derive the lower bound on the leptoquark

mass from the direct searches can be reinterpreted if we constrain the Yukawa couplings and

compute the decay rates to dominant decay channels. In that way the branching fractions

can be bounded and the values of the lower bound to the leptoquark mass lowered.
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[30] D. Bečirević, N. Košnik, O. Sumensari and R. Zukanovich Funchal, Palatable Leptoquark

Scenarios for Lepton Flavor Violation in Exclusive b→ s`1`2 modes, JHEP 11 (2016) 035

[arXiv:1608.07583] [INSPIRE].
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