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We address the B-physics anomalies within a two scalar leptoquark model. The low-energy flavor
structure of our setup originates from two SUð5Þ operators that relate Yukawa couplings of the two
leptoquarks. The proposed scenario has a UV completion, can accommodate all measured lepton flavor
universality ratios in B-meson decays, is consistent with related flavor observables, and is compatible with
direct searches at the LHC. We provide prospects for future discoveries of the two light leptoquarks at the
LHC and predict several yet-to-be-measured flavor observables.
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I. INTRODUCTION

Lepton flavor universality (LFU) ratios appear to be very
interesting observables to test the validity of the Standard
Model (SM). Several experiments found that LFU ratios
RDð�Þ ¼ BðB → Dð�Þτν̄τÞ=BðB → Dð�Þlν̄lÞ, l ¼ e, μ, are
larger than RSM

Dð�Þ . The measurements of RD [1–3] differ
by ∼2σ with respect to the SM prediction [4] and by ∼3σ in
the case of RD� [5–7]. Further hints of LFU violation in
transitions b → clν (l ¼ μ, τ) were observed in RJ=ψ ratio
between Bc → J=ψlν decay widths [8]. On the other hand,
the LHCb experiment has measured LFU ratios RKð�Þ ¼
BðB → Kð�ÞμμÞ=BðB → Kð�ÞeeÞ related to the neutral-
current process b → sll and found them to be systematically
lower than expected in the SM.While RK was measured in a
single kinematical region, q2 ∈ ½1.1; 6� GeV2 [9], RK� was
measured also in the region q2 ∈ ½0.045; 1.1� GeV2 [10].

The three measured RKð�Þ deviate from the SM predictions at
∼2.5σ level [11,12].
New physics (NP) explanations of the B-physics anoma-

lies suggest a presence of one or more TeV scale mediators
which couple to left-handed currents with predominantly
third generation fermions [12–16]. Among the most promi-
nent NP candidates are leptoquarks (LQs). It turns out that
a single scalar LQ cannot provide solution to the both
B-physics anomalies. The scalar LQ that can explain RK�

is not suitable for accommodating RD� and vice versa. By
using an effective theory approach, it was shown in Ref. [13]
that of all possible singlemediators only one particular vector
LQ can generate suitable V − A operators for the anomalies
and satisfy both low-energy and high-pT constraints. The
construction of ultraviolet (UV) complete models for
these scenarios became a challenge that was addressed in
Refs. [17–23]. Another possible approach is to consider
models with several mediators. The low energy V − A
structure can be generated by integrating out two scalar
LQs [13,24,25]. Incidentally, one can explore two scalar
LQs even when they are known to generate operators with
Lorentz structures other than V − A for RDð�Þ.
In this article we propose an UV complete model based

on SUð5Þ grand unified theory (GUT) with two light scalar
LQs that can address both anomalies. The LQs in question
are R2ð3; 2; 7=6Þ and S3ð3̄; 3; 1=3Þ, where we specify their
representation under the SM gauge group SUð3Þc ×
SUð2ÞL ×Uð1ÞY . At low energies, R2 generates a combi-
nation of scalar and tensor effective operators that accom-
modate RDð�Þ , while S3 generates a V − A operator which
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accommodates RKð�Þ . In our setup, since the Yukawa
interactions have a common SUð5Þ origin, both LQs share
one Yukawa matrix. If we take into account all relevant
flavor constraints we find that the preferred region in the
parameter space is compatible with direct searches at the
LHC. Furthermore, if we demand perturbativity of all
the couplings to the GUT scale, we find that the mass
of R2 needs to be around 1 TeV. In the following we present
our setup, outline the UV completion, discuss the low-
energy phenomenology and LHC signatures.

II. SETUP

The interactions of R2 and S3 with the SM fermions are

L ⊃ Yij
RQ̄

0
il

0
RjR2 þ Yij

L ū
0
RiR̃

†
2L

0
j þ YijQ̄0C

i iτ2ðτkSk3ÞL0
j; ð1Þ

where YL, YR, and Y are Yukawa matrices, τk denote the
Pauli matrices, Sk3 are the SUð2ÞL triplet components,
fR2 ≡ iτ2R�

2, and i, j, k ¼ 1, 2, 3. We omit Hermitian
conjugate parts throughout the article. This part of the
Lagrangian, in the mass eigenstate basis, reads

L ⊃ þðVYRE
†
RÞijūLilRjR

5
3

2 þ ðYRE
†
RÞijd̄LilRjR

2
3

2

þ ðURYLUÞijūRiνLjR
2
3

2 − ðURYLÞijūRilLjR
5
3

2

− ðYUÞijd̄CLiνLjS
1
3

3 þ 2
1
2ðV�YUÞijūCLiνLjS−

2
3

3

− 2
1
2Yijd̄CLilLjS

4
3

3 − ðV�YÞijūCLilLjS
1
3

3; ð2Þ

where RðQÞ
2 and SðQÞ

3 are the charge (and mass) eigenstates
with charge Q. We define the mass eigenstates uL;R ¼
UL;Ru0L;R, dL;R ¼ DL;Rd0L;R, lL;R ¼ EL;Rl0

L;R, and νL ¼
NLν

0
L, whereUL;R,DL;R, EL;R, andNL are unitary matrices.

V ¼ ULD
†
L ≡UL and U ≡ ELN

†
L ≡ N†

L are the CKM and
PMNS matrices, respectively.
We adopt the following features for the Yukawa matrices:

YRE
†
R ¼ ðYRE

†
RÞT; Y ¼ −YL; ð3Þ

and assume

YRE
†
R ¼

0
B@

0 0 0

0 0 0

0 0 ybτR

1
CA; URYL ¼

0
B@

0 0 0

0 ycμL ycτL
0 0 0

1
CA;

ð4Þ

where U22
R ¼cosθ≡cθ, U23

R ¼−sinθ≡−sθ, and jU11
R j ¼ 1.

Relevant NP parameters are mR2
, mS3 , y

bτ
R , ycμL , ycτL , and θ.

SUð5Þ embedding. In the simplest SUð5Þ scenario that
can accommodate light R2 and S3 and (re)produce the
associated flavor structure of Eqs. (3) and (4), the scalar
sector needs to contain 45 and 50 whereas the SM fermions

comprise 5i and 10i, where ið¼ 1; 2; 3Þ is a generation
index. We omit the SUð5Þ indices and underline scalar
representations throughout this section.
To generate all three operators of Eq. (1) it is sufficient

to introduce aij10i5j45, and bij10i10j50, where a and
bð¼ bTÞ are 3 × 3matrices in 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 SUð5Þ down to the SM gauge group we can use 24
[26] or 75 [27,28]. This allows us to write either m45 50 24
or m45 50 75, where m is a dimensionful parameter. The
two R2’s that reside in 45 and 50 mix through either of
these two contractions allowing us 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 after the SUð5Þ
breaking, in the mass eigenstate basis of the two light
LQs, is

L ⊃ þsϕðV 0bE0†
R ÞijūLilRjR

5
3

2 þ sϕðbE0†
R Þijd̄LilRjR

2
3

2

þ cϕðU0
RaU

0ÞijūRiνLjR
2
3

2 − cϕðU0
RaÞijūRilLjR

5
3

2

þ 2−
1
2ðaU0Þijd̄CLiνLjS

1
3

3 − ðV 0�aU0ÞijūCLiνLjS−
2
3

3

þ aijd̄CLilLjS
4
3

3 þ 2−
1
2ðV 0�aÞijūCLilLjS

1
3

3; ð5Þ

where we define the mixing angle between the two R2’s to
be ϕ. The primed unitary transformations in Eq. (5), i.e., V 0,
E0
R,U

0
R,U

0, as well as Yukawa matrices a and b are defined
at the GUT scale. It is now trivial to compare Eq. (2) with
Eq. (5) to obtain the following identification after renorm-
alization group running from the GUT scale down to the
electroweak scale: a→−

ffiffiffi
2

p
Y, cϕU0

Ra → URYL, sϕbE
0†
R →

YRE
†
R, V

0 → V, andU0 → U. Our particular ansatz given in
Eqs. (3) and (4) is consistent with this identification if we
take both R2 states to mix maximally, i.e., sϕ¼cϕ¼1=

ffiffiffi
2

p
.

Clearly, the two SUð5Þ operators proportional to a and b
suffice to generate the three operators of Eq. (1) associated
with the Yukawa matrices Y, YL, and YR.
Perturbativity.We advocate the case that the low-energy

Yukawa couplings have an SUð5Þ origin. We implement
the low-energy Lagrangian of Eq. (1) in SARAH-4.12.3 [29]
and obtain one- and two-loop beta function coefficients to
accomplish the renormalization group running from the
electroweak to the GUT scale which we set at
5 × 1015 GeV. The low-energy Yukawas that we use as
input are the ones presented in Eq. (4) and we scan over ybτR ,
ycμL , and ycτL to identify the region of parameter space for
which all Yukawa couplings remain below

ffiffiffiffiffiffi
4π

p
up to the

GUT scale. We find, e.g., that the most relevant Yukawa
coupling contributions for the running of ybτR are
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16π2
d ln ybτR
d ln μ

¼ jycμL j2 þ jycτL j2 þ
9

2
jybτR j2 þ 1

2
y2t þ…;

where yt is the top Yukawa coupling.
Proton decay. LQs are commonly associated with proton

decay. It is thus important to address the issue of matter
stability. R2 cannot mediate proton decay at tree level either
directly or through mixing via one or two Higgs scalars in
our setup. It is an innocuous field with regard to the issue of
matter stability. It can also be arranged that S3 does not
contribute towards proton decay. One prerequisite for this
to happen is the absence (or suppression) of the contraction
cij10i10j45 that couples S3 to two quark doublets [30]. The
other prerequisite is that S3 does not mix with any other LQ
with diquark couplings. Both prerequisites can be simulta-
neously satisfied in a generic SUð5Þ framework [31]. It is
thus possible to have light R2 and S3 without any conflict
with the stringent experimental limits on matter stability.

III. LOW-ENERGY PHENOMENOLOGY

Charged-current decays. The relevant effective
Lagrangian for (semi-)leptonic decays is

Ld→ulν̄
eff ¼ −

4GFffiffiffi
2

p Vud½ð1þ gVL
ÞðūLγμdLÞðl̄Lγ

μνLÞ

þ gSLðμÞðūRdLÞðl̄RνLÞ
þ gTðμÞðūRσμνdLÞðl̄Rσ

μννLÞ�; ð6Þ

where neutrinos are in the flavor basis. The effective
Wilson coefficients of d → ulν̄l0 are related to the LQ
couplings at the matching scale Λð≈1 TeVÞ via the
expressions

gSLðΛÞ ¼ 4gTðΛÞ ¼
yul

0
L ydlR

�

4
ffiffiffi
2

p
m2

R2
GFVud

;

gVL
¼ −

ydl
0 ðVy�Þul

4
ffiffiffi
2

p
m2

S3
GFVud

: ð7Þ

From the above equations we learn that the only transitions
affected by R2 in our scenario are b → cτν̄l. S3, on the
other hand, contributes to processes involving u, c, s, b,
and l;l0 ¼ μ, τ, but gives a negligibly small contribution
to RDð�Þ .
To compute RD we employ the B → D form factors

calculated using the lattice QCD [4,32], resulting in
prediction RSM

D ¼ 0.29ð1Þ which is ≈2σ below the exper-
imental average Rexp

D ¼ 0.41ð5Þ [33–35]. On the other
hand, the B → D� form factors have never been computed
on the lattice at nonzero recoil. Thus, for RD� we consider
the leading form factors extracted from the B → D�lν̄
(l ¼ e, μ) spectra [36], which are combined with the ratios
A0ðq2Þ=A1ðq2Þ and T1−3ðq2Þ=A1ðq2Þ computed in Ref. [6].

We obtain thevalueRSM
D� ¼ 0.257ð3Þwhich is≈3σ below the

experimental average Rexp
D� ¼ 0.30ð2Þ [36]. Moreover, to

confront the scalar (tensor) effective coefficients in Eq. (7)
with low-energy data, we account for the SM running from
the matching scale μ ¼ Λ down to μ ¼ mb, while the vector
coefficient is not renormalized by QCD [37].
We include in the fit several (semi-)leptonic decays

which are sensitive to the S3 couplings [38]. Particularly,
the LFU ratios Rμ=e

Dð�Þ ¼ BðB → Dð�Þμν̄Þ=BðB → Dð�Þeν̄Þ
[39,40] impose severe constraints to simultaneous explan-
ations of the b → c and b → s anomalies [41].
Furthermore, we consider BðB → τν̄Þ and the kaon LFU
ratio RK

e=μ ¼ ΓðK− → e−ν̄Þ=ΓðK− → μ−ν̄Þ [42], both in
agreement with their SM predictions. See, e.g., Ref. [38]
for further discussion.
Neutral-current decays. The standard left-handed effec-

tive Hamiltonian for the b → s (semi-)leptonic transition
can be written as

Hb→sll
eff ¼ −

4GFλtffiffiffi
2

p
X

i¼7;9;10

CiðμÞOiðμÞ; ð8Þ

where λt ¼ VtbV�
ts. The relevant operators for our discus-

sion are

O9ð10Þ ¼
e2

ð4πÞ2 ðs̄LγμbLÞðl̄γ
μðγ5ÞlÞ: ð9Þ

In our setup, only S3 contributes at tree level via [38]

δCμμ
9 ¼ −δCμμ

10 ¼
πv2

λtαem

ybμðysμÞ�
m2

S3

¼ πv2

λtαem

sin 2θðycμL Þ2
2m2

S3

: ð10Þ

In the second line we explicitly write the dependence of
δCμμ

9 on sin 2θ. This angle allows one to vary RKð�Þ,
independently of RDð�Þ . Since we consider a scenario with
relatively small Yukawa couplings, it is a very good
approximation to neglect loop-induced contributions of
R2 (and S3) to this transition. For a different setup, see
Ref. [43]. The 1σ interval Cμμ

9 ¼ −Cμμ
10 ∈ ð−0.85;−0.50Þ is

obtained by performing a fit to the clean b → sll observ-
ables, namely, RK , RK� , and BðBs → μμÞ [44,45].
Contributions to the left-handed current operators in

b → sll transition unavoidably imply contributions to B →
Kð�Þνν decays which are well constrained by experiments.
These decays are governed by

Lb→sνν
eff ¼

ffiffiffi
2

p
GFαemλt
π

Cij
Lðs̄LγμbLÞðν̄LiγμνLjÞ; ð11Þ

where Cij
L ¼ δijCSM

L þ δCij
L is the Wilson coefficient which

includes the SM contribution CSM
L ¼ −6.38ð6Þ [46] and the
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contribution δCij
L from NP. Similarly as in the b → sll

transition, the only tree-level contribution to b → sνν̄
comes from the S3 state and reads [38]

δCij
L ¼ πv2

2αemλt

ybjðysiÞ�
m2

S3

; i; j ¼ μ; τ: ð12Þ

These effective coefficients modify the ratios Rð�Þ
νν ¼

BðB → Kð�ÞννÞ=BðB → Kð�ÞννÞSM in the following way:

Rð�Þ
νν ¼

P
ijjδijCSM

L þ δCij
L j2

3jCSM
L j2 : ð13Þ

In Sec. IV we confront the predictions of Rð�Þ
νν with

experimental bounds Rνν < 3.9 and R�
νν < 2.7 [47].

Further flavor constraints. Our low-energy fit also
includes constraints which will be more extensively dis-
cussed in a future publication. These are (i) the Bs − B̄s
mixing amplitude, which is shifted by the S3 box diagram,
proportional to sin2 2θ½ðycμL Þ2 þ ðycτL Þ2�2=m2

S3
, (ii) the exper-

imental limits Bðτ → μϕÞ ∼ cos4 θðycμL ycτL Þ2=m4
S3
, bounded

to remain below 8.4 × 10−8, andBðτ → μγÞexp < 4.4 × 10−8

[48], (iii) the muon g − 2, which shows ≈3.6σ discrepancy
with respect to the SM [49] but receives only small
contribution in our setup, and (iv) the Z-boson couplings
to leptons measured at LEP [50], which are modified at loop
level by both R2 and S3. Finally, we have also checked
that our model is compatible with measured D − D̄ mixing
parameters.

IV. NUMERICAL RESULTS

Weperform a fit to the observables listed above by varying
the parameters ybτR , ycμL , ycτL and θ, which were introduced in
Sec. II. The fit requires S3 to be more massive than R2. The
masses mR2

and mS3 are set to the lowest values allowed
by projected LHC constraints, namely,mR2

¼ 800 GeV and
mS3 ¼ 2 TeV, as we discuss later on. Note that in our flavor
fit we obtain two solutions corresponding to small (θ ∼ 0)
and large (jθj ∼ π=2) mixing angles. These two solutions
successfully suppress the key constraints, such as RKð�Þ and
Δms since they are proportional to sin 2θ. Further inclusion
of Bðτ → μϕÞ ∝ cos4 θ in the fit selects the solution with
jθj ≈ π=2 as the only viable one. The results of our fit in
the gSL complex plane are shown in Fig. 1 to 1σ and 2σ
accuracies. The SMpoint is excludedwith 3.8σ significance,
while the best fit point provides a perfect agreement with
RDð�Þ and RKð�Þ . Interestingly, a simultaneous explanation of
RD andRD� requires complex gSL , which is whywe consider
complex ybτR [51,52]. Note that the phase in ybτR causes no
observable CP violating effects. The best fit point is con-
sistent with the LHC constraints superimposed on the same
plot. A purely imaginary solution is

Re½gSL � ¼ 0; jIm½gSL �j ¼ 0.59ðþ0.13
−0.14Þ1σðþ0.20

−0.29Þ2σ: ð14Þ

An important prediction of our scenario is that BðB → KμτÞ
is bounded from above and below, as illustrated in Fig. 2.
At 1σ we obtain

1.1 × 10−7 ≲ BðB → Kμ�τ∓Þ ≲ 6.5 × 10−7: ð15Þ
This value is smaller than the current BðB → KμτÞexp <
4.8 × 10−5 [53], which can certainly be improved by LHCb

FIG. 1. Results of the flavor fit in the gSL plane, as defined in
Eq. (6) for the transition b → cτν̄τ. The allowed 1σð2σÞ 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 LHC exclusions, as discussed in Sec. V, are
depicted by the gray regions.

FIG. 2. BðB → KμτÞ is plotted against Rνν ¼ BðB → Kð�Þνν̄Þ=
BðB → Kð�Þνν̄ÞSM for the 1σ (red) and 2σ (orange) regions of
Fig. 1. The black line denotes the current experimental limit,
R�
νν < 2.7 [47].
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and Belle-II. Note that our prediction can easily be trans-
lated into similar modes via relations BðB → K�μτÞ≈
1.9 × BðB → KμτÞ and BðBs → μτÞ ≈ 0.9 × BðB → KμτÞ
[54–56]. Another important prediction of our setup is a
≳50% enhancement ofBðB → Kð�ÞννÞ, which can be tested
in the near future at Belle-II. Remarkably, these two
observables are highly correlated as depicted in Fig. 2.
Furthermore,we predict a lower bound onBðτ → μγÞ, which
lies just below the current experimental limit,

Bðτ → μγÞ ≳ 1.5 × 10−8: ð16Þ
Finally, our description of the B-physics anomalies, and

most particularly RDð�Þ, strongly depends on the assumption
that the LQ states are not too far from the TeV scale.
Thus, these particles are necessarily accessible at the
LHC, yielding also predictions for the direct searches which
we discuss next.

V. LHC PHENOMENOLOGY

Direct searches at the LHC can play an important role
in constraining LQ model(s) aiming to explain the RDð�Þ

and RKð�Þ anomalies. In the following we show that the
benchmark masses mR2

¼ 800 GeV and mS3 ¼ 2 TeV are
currently allowed by the high-pT and direct search experi-
ments at the LHC and present exclusion limits for a
projected LHC luminosity of 100 fb−1 of data.
High-pT di-tau tails. The dominant NP contributions to

qq̄ → ττ production, in view of the flavor structure of

Eq. (4), come from the t-channel exchange of R
5
3

2 and R
2
3

2

states in charm and bottom annihilation, respectively.
Similar contributions from S3 depend on the value of the
mixing angle θ. As discussed in Sec. IV, the low-energy fit
prefers jθj ≈ π=2. In this case an almost exact flavor
alignment takes place between τ and the third quark

generation, meaning that only the exchange of S
−1
3

3 from
initial bb̄ collisions contributes to ττ production. Following
Ref. [57], we confront this scenario with data by recasting
the most recent search by ATLAS [58] at 13 TeV and
36.1 fb−1 for a Z0 → τhadτ̄had heavy resonance in the high-
mass tails. Our results for the 95% C.L. limits in the
ycτL –ðybτR =iÞ plane are given by the red exclusion region in
Fig. 3 for the two benchmark masses, jθj ≈ π=2, and the
LHC luminosity of 100 fb−1.
Leptoquark pair production.—For the benchmark masses,

bounds from pair-produced LQs can only be derived for R2.
The dominant decay channels for each charged eigenstate

are R
2
3

2 → τb, νc and R
5
3

2 → τt, τc with the corresponding
branching fractions fixed by the squared ratio of Yukawa

couplings ycτL =y
bτ
R . To set limits on gg → ðR2

3

2Þ�R
2
3

2, we use
CMS results from the search [59] for bb̄ττ̄ final states and
the multijet plus missing energy search [60] for cc̄νν̄ final
states, i.e., jj plus missing energy signature. The 95% C.L.

exclusion limits are given by the light green and turquoise
regions in Fig. 3 for a luminosity of 100 fb−1. As for the pair

production of R
5
3

2 states, we employ the search by CMS [61]
targeting tt̄ττ̄ final states. Results from this search are given
by the dark green exclusion region in Fig. 3.

VI. CONCLUSIONS

We propose a two scalar LQ extension of the SM that can
accommodate all measured LFU ratios in B-meson decays
and related flavor observables, while being compatible with
direct search constraints at the LHC. The extension has an
SUð5Þ origin that relates Yukawa couplings of the two LQs
through a mixing angle and all Yukawas remain perturba-
tive up to the unification scale. We provide prospects for
future discoveries of the two light LQs at the LHC and spell
out predictions for several yet-to-be-measured flavor observ-
ables. In particular, we predict and correlate BðB → KμτÞ
with BðB → Kð�ÞννÞ. We also predict a lower bound for
Bðτ → μγÞ which is just below the current experimental
limit.
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FIG. 3. Summary of the LHC limits for each LQ process
at a projected luminosity of 100 fb−1 for mR2

¼ 800 GeV,
mS3 ¼ 2 TeV, and jθj ≈ π=2. The red region corresponds to
the exclusion limit from the high-pT di-tau search by ATLAS
[58], while the green and turquoise exclusion regions come from
LQ pair production searches by CMS [59–61]. The region above
the solid black contour represents values of the couplings that
become nonperturbative at the GUT scale. The region inside the
yellow contour corresponds to the 1σ fit to the low-energy
observables.
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