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1. Introduction

One of the most popular testing grounds for new physics is the disagreement between experi-
mentally measured and theoretically predicted values for RD(∗) =B(B→ D(∗)τν̄)/B(B→ D(∗)`ν̄),
`∈ (e,µ), and RK(∗) =B(B→ K(∗)µµ)/B(B→ K(∗)ee)|q2∈[q2

min,q
2
max]

, where it is found that Rexp
D(∗) >

RSM
D(∗) and Rexp

K(∗) < RSM
K(∗) . For the latest fits of the RD(∗) and RK(∗) discrepancies see, for example,

Refs. [1, 2, 3] and Refs. [4, 5, 6, 7], respectively. Interestingly enough, the scale of new physics,
i.e., ΛNP, that is associated with these two sets of departures from the values predicted within the
Standard Model (SM) framework appears not to be one and the same. In particular, if one assumes
O(1) prefactors of the d = 6 operators that can produce required shifts in RD(∗) (RK(∗)), one obtains
ΛNP ≤ 1 TeV (ΛNP ≤ 30 TeV) [8], where the operators in question scale as Λ

−2
NP.

Over the last couple of years it has become clear that the most promising sources of new
physics with regard to these lepton flavour universality violating hints are leptoquarks. These are
the fields of either scalar or vector nature that couple quarks to leptons at the tree level. For a re-
view on leptoquarks see, for example, Ref. [9]. The summary of those leptoquarks that can be used
to address either one set or both sets of anomalies is presented in Table 1 [10]. Clearly, there is
only one field, i.e., vector leptoquark U1(3,1,2/3), that can simultaneously address both discrep-
ancies [13], where the numbers in brackets represent the U1 transformation properties under the
SM gauge group SU(3)×SU(2)×U(1). Note that scalar leptoquark R2(3,2,7/6) can affect either
RD(∗) or RK(∗) but it cannot possibly explain both sets of observables at the same time [10]. This
then implies that one needs to use at least two scalar leptoquarks to generate viable new physics for
RD(∗) and RK(∗) . One such possibility is to use the S1(3,1,1/3)-S3(3,3,1/3) combination [11, 12]
whereas another option is to use the R2-S3 pair [14]. It is the physics of the latter combination that
I pursue in the rest of this manuscript.

Concretely, I present an SU(5) model with two light scalar leptoquarks, i.e., R2 and S3, that
can address both sets of anomalies [14]. At low energies, R2 generates a combination of scalar
and tensor effective operators that accommodate RD(∗) , while S3 generates a V −A operator which
accommodates RK(∗) . Since the Yukawa interactions have a common SU(5) origin, both leptoquarks
share one Yukawa coupling matrix. Also, if one takes into account all relevant flavour constraints,
one finds that the preferred region in the parameter space is compatible with direct searches at the
LHC. Furthermore, the perturbativity requirement for all the couplings up to the gauge coupling
unification scale forces the masses of both R2 and S3 to be around 1 TeV.

LEPTOQUARK RD(∗) RK(∗) RD(∗)&RK(∗)

S3(3,3,1/3) × X ×
R2(3,2,7/6) X X ×
S1(3,1,1/3) X × ×
U3(3,3,2/3) × X ×
U1(3,1,2/3) X X X

Table 1: A list of potentially relevant leptoquarks for the RD(∗) and/or RK(∗) physics [10]. The numbers in
brackets denote the leptoquark transformation properties under the SM gauge group SU(3)×SU(2)×U(1).
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2. The proposal

The interactions of R2 and S3 with the SM fermions that are relevant for the RD(∗) and RK(∗)

physics are
L ⊃ Y i j

R Q̄′i`
′
R jR2 +Y i j

L ū′RiR̃
†
2L′j +Y i jQ̄′Ci iτ2(τkSk

3)L
′
j, (2.1)

where YR, YL, and Y are Yukawa coupling matrices, τk denote the Pauli matrices, Sk
3 are the SU(2)

triplet components, R̃2 ≡ iτ2R∗2, and i, j,k = 1,2,3. This part of the lagrangian, in the mass eigen-
state basis, reads

L ⊃+(VYRE†
R)

i jūLi`R jR
5
3
2 +(YRE†

R)
i jd̄Li`R jR

2
3
2 +(URYLU)i jūRiνL jR

2
3
2 − (URYL)

i jūRi`L jR
5
3
2

− (YU)i jd̄C
LiνL jS

1
3
3 +2

1
2 (V ∗YU)i jūC

LiνL jS
− 2

3
3 −2

1
2 Y i jd̄C

Li`L jS
4
3
3 − (V ∗Y )i jūC

Li`L jS
1
3
3 ,

(2.2)

where R(Q)
2 and S(Q)

3 are the charge (and mass) eigenstates with charge Q. The mass eigenstates
are defined via uL,R =UL,Ru′L,R, dL,R = DL,Rd′L,R, `L,R = EL,R`

′
L,R, and νL = NLν ′L, where UL,R, DL,R,

EL,R, and NL are unitary matrices. Note that V = ULD†
L ≡UL and U ≡ ELN†

L ≡ N†
L are the CKM

and PMNS matrices, respectively. I introduce the following properties for the Yukawa matrices

YR = Y T
R , Y =−YL , (2.3)

and assume

YRE†
R =

0 0 0
0 0 0
0 0 ybτ

R

 , URYL =

0 0 0
0 ycµ

L ycτ
L

0 0 0

 , (2.4)

where U22
R = cosθ ≡ cθ , U23

R =−sinθ ≡−sθ , and |U11
R |= 1. Hence, the only relevant new physics

parameters for RD(∗) , RK(∗) , and all other flavour observables, are mR2 , mS3 , ybτ
R , ycµ

L , ycτ
L , and θ .

In the simplest SU(5) scenario that can accommodate light R2 and S3 and (re)produce asso-
ciated flavour structure of Eq. (2.3), the scalar sector needs to contain 45 and 50 whereas the SM
fermions comprise 5i and 10i, where i(= 1,2,3) is a generation index. Note that I denote SU(5)
representations with their dimensionalities, omit the SU(5) indices in all expressions, and underline
scalar representations throughout this manuscript.

To generate operators of Eq. (2.1) it is sufficient to introduce ai j10i5 j45 and bi j10i10 j50,
where a and b(= bT ) are 3× 3 matrices in the generation space. The former contraction couples
R2 ∈ 45 (S3 ∈ 45) with the right-handed up-type quarks (quark doublets) and leptonic doublets,
while the latter generates couplings of R2 ∈ 50 with the quark doublets and right-handed charged
leptons. To break SU(5) down to the SM gauge group one can use 24 [15]. This allows one to write
m455024, where m is a dimensionful parameter. The two R2’s that reside in 45 and 50 mix through
this contraction allowing one to end up with two light scalars, i.e., R2 and S3, and one heavy R2

state that completely decouples from the low-energy spectrum for large values of m. The relevant
lagrangian, in the mass eigenstate basis of two light leptoquarks, is

L ⊃+ sφ (V bE†
R)

i jūLi`R jR
5
3
2 + sφ (bE†

R)
i jd̄Li`R jR

2
3
2 + cφ (URaU)i jūRiνL jR

2
3
2 − cφ (URa)i jūRi`L jR

5
3
2

+2−
1
2 (aU)i jd̄C

LiνL jS
1
3
3 − (V ∗aU)i jūC

LiνL jS
− 2

3
3 +ai jd̄C

Li`L jS
4
3
3 +2−

1
2 (V ∗a)i jūC

Li`L jS
1
3
3 ,

(2.5)
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where I define the mixing angle between the two R2’s to be φ . It is now trivial to compare Eq. (2.2)
with Eq. (2.5) to obtain Y =−a/

√
2, YL = cφ a, and YR =Y T

R = sφ b. The ansatz given in Eq. (2.3) is
recovered by setting both R2 states to mix maximally, i.e., sφ = cφ = 1/

√
2. Clearly, the two SU(5)

operators proportional to a and b suffice to generate three Yukawa matrices Y , YL, and YR.
To showcases the viability of the SU(5) embedding I present in Fig. 1 a gauge coupling unifi-

cation scenario for a full-fledged model that comprises 10i, 5i, 5, 24, 45, 50, i = 1,2,3. The masses
of R2 and S3 are set at mR2 = 800 GeV and mS3 = 2 TeV to be in agreement with what is needed to
address both RD(∗) and RK(∗) in a viable manner.

The scalar fields relevant for the gauge coupling unification considerations are Λa(1,2,1/2),
Λb(3,1,−1/3) ∈ 5, φa(8,1,0), φb(1,3,0) ∈ 24, Φa(8,2,1/2), Φb(6,1,−1/3), Φc(3,3,−1/3),
Φd(3,2,−7/6), Φe(3,1,−1/3), Φ f (3,1,4/3), Φg(1,2,1/2)∈ 45, and Ωa(1,1,−2), Ωb(3,1,−1/3),
Ωc(3,2,−7/6), Ωd(6,3,−1/3), Ωe(6,1,4/3), Ω f (8,2,1/2) ∈ 50. Note, that one linear combina-
tion of Φd and Ωc (Λa and Φg) yields light R2 (the SM Higgs field) whereas the other combination
resides at the unification scale mGUT. Vertical lines in Fig. 1 represent masses of the scalar particles
in the model whereas the unification scale mGUT is identified with the mass of the proton decay
mediating gauge bosons. To generate Fig. 1 I use αS(MZ) = 0.1193, α−1(MZ) = 127.906, and
sin2

θW = 0.23126 [16] to maximise the unification scale for the case when mR2 = 800 GeV and
mS3 = 2 TeV while the masses of all other fields are allowed to freely move between 1 TeV and
mGUT except for Λb, Φe, Φ f , and Ωb that can mediate d = 6 proton decay and that need to have
masses at or above 3×1011 GeV [17, 18].

Figure 1: The gauge coupling unification for the SU(5) model comprising 10i, 5i, 5, 24, 45, 50, i = 1,2,3.

I briefly outline the most prominent features of the flavour fit that is based on the lagrangian
of Eq. (2.1) and the ansatz of Eqs. (2.3) and (2.4) in what follows and refer the reader for the detail
analysis to Ref. [14]. The operators that are relevant for the b→ cτν̄ (b→ sµµ) transitions are

ycτ
L ybτ ∗

R

m2
R2

[
(c̄RbL)(τ̄RνL)+

1
4
(c̄RσµνbL)(τ̄Rσ

µν
νL)

] (
s2θ

|ycµ

L |2

m2
S3

(s̄Lγ
µbL)(µ̄LγµνL)

)
(2.6)
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while the most important constraint originating from ∆mBs is generated by

s2
2θ

[(ycµ

L )2 +(ycτ
L )2]2

m2
S3

(s̄Lγ
µbL)

2. (2.7)

These considerations imply that, for small s2θ , the effect of new physics in b→ sµµ is suppressed
when compared to the impact on the b→ cτν̄ transitions, whereas the ∆mBs contribution is doubly
suppressed. This is what is phenomenologically preferred and the fit indeed yields |θ | ≈ π/2 and
mR2 ∼mS3 ∼ ΛNP. I plot in Fig. 2 real and imaginary part of gτ

S(ΛNP) = (ycτ
L ybτ ∗

R )(4
√

2m2
R2

GFVcb)

to demonstrate the fit quality, where ΛNP ≈ 1 TeV. For more details on the the numerical analysis I,
once again, refer the reader to Ref. [14].

Figure 2: Results of the flavour fit in the gτ
S plane for the transition b→ cτν̄τ . The allowed 1σ(2σ) regions

are rendered in red (orange). Separate constraints from RD and RD∗ to 2σ accuracy are shown by the blue and
purple regions, respectively. The region outside of the dashed oval corresponds to the LHC exclusion [19].

Since the proposal calls for two light leptoquarks that couple to the SM fermions it is important
to consider the existing and future LHC limits on the available parameter space of the model.
I accordingly summarise the LHC exclusion potentials for the relevant processes at a projected
luminosity 100 fb−1 for mR2 = 800 GeV, mS3 = 2 TeV, and |θ | ≈ π/2 in Fig. 3.

An important prediction of this proposal is that B(B→ Kµτ) is bounded from above and
below, as illustrated in Fig. 4, and is correlated with B(B→K(∗)νν). This prediction can certainly
be tested in the near future at Belle-II.

3. Conclusions

I describe a two scalar leptoquark extension of the SM that can accommodate the RD(∗) and
RK(∗) discrepancies and related flavour observables, while being compatible with direct search con-
straints at the LHC. The extension has an SU(5) origin that relates Yukawa couplings of the two
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LHC 13 TeV, 100 fb-1

t t τ τ

b b
τ
τ

b b, c c→ τ τ

c c ν ν

1 σ

= 0.8 TeV, = 2 TeV, θ ≃π/2mR2 mS3

Figure 3: Summary of the LHC limits for relevant leptoquark processes at a projected luminosity of 100 fb−1

for mR2 = 800 GeV, mS3 = 2 TeV, and |θ | ≈ π/2. The red region corresponds to the exclusion limit from
the high-pT di-tau search by ATLAS [20], while the green and turquoise exclusion regions come from
the leptoquark pair production searches by CMS [21, 22, 23]. The region above the solid black contour
represents values of the couplings that become non-perturbative at the unification scale. The region inside
the yellow contour corresponds to the 1σ fit to the low-energy observables.

Figure 4: B(B→ Kµτ) vs. Rνν = B(B→ K(∗)νν̄)/B(B→ K(∗)νν̄)SM for the 1σ (red) and 2σ (orange)
regions of Fig. 1. The black line denotes the current experimental limit, R∗νν < 2.7 [24].
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leptoquarks through a mixing angle and all Yukawas remain perturbative up to the unification scale.
I provide prospects for future discoveries of the two light leptoquarks at the LHC and spell out pre-
dictions for several yet-to-be-measured flavour observables. In particular, the proposal predicts and
correlates B(B→ Kµτ) with B(B→ K(∗)νν).
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