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We revisit the possibilities of accommodating the experimental indications of the lepton flavor
universality violation in b-hadron decays in the minimal scenarios in which the Standard Model is
extended by the presence of a singleOð1 TeVÞ leptoquark state. To do so we combine the most recent low
energy flavor physics constraints, including Rexp

Kð�Þ and Rexp
Dð�Þ , and combine them with the bounds on the

leptoquark masses and their couplings to quarks and leptons as inferred from the direct searches at the LHC
and the studies of the large pT tails of the pp → ll differential cross section. We find that none of the
scalar leptoquarks of mLQ ≃ 1 ÷ 2 TeV can accommodate the B-anomalies alone. Only the vector
leptoquark, known as U1, can provide a viable solution which, in the minimal setup, provides an
interesting prediction, i.e., a lower bound to the lepton flavor violating b → sμ�τ∓ decay modes, such as
BðB → KμτÞ≳ 0.7 × 10−7.

DOI: 10.1103/PhysRevD.104.055017

I. INTRODUCTION

In Ref. [1] we made a comprehensive phenomenological
analysis of the new physics (NP) scenarios in which the
Standard Model (SM) is extended minimally by a single
Oð1 TeVÞ leptoquark state. The purpose of that study was
to examine which one of the known leptoquarks can be
made compatible with the experimental indications of the
lepton flavor universality violation (LFUV), as inferred
from the decays of b-flavored hadrons, and be consistent
with many other flavor observables, as well as with the
direct and indirect NP searches at the LHC. Since the
publication of that study several new measurements
appeared, and some of the theoretical estimates have been
improved. More specifically:

(i) LHCb collaboration presented their new result for
RK [2] which now, combined with their previous
data, amounts to

R½1.1;6�
K ¼ 0.847� 0.042; ð1Þ

which is 3.1σ lower than predicted in the SM,

R½1;6�
K ¼ 1.00ð1Þ [3].1 We remind the reader that

the ratios

R
½q2

1
;q2

2
�

Kð�Þ ¼ B0ðB → Kð�ÞμμÞ
B0ðB → Kð�ÞeeÞ ; ð2Þ

are defined in terms of partial branching fractions
(B0), corresponding to a conveniently chosen inter-
val q21 ≤ q2 ≤ q22 as to stay away from the prominent
cc̄-resonances. In this paper, in addition to the value
(1), we will also use [4]

R½0.045;1.1�
K� ¼ 0.68� 0.10;

R½1.1;6�
K� ¼ 0.71� 0.10: ð3Þ

Notice that a hint of LFUV has also been observed in
the decay of Λb [5].

(ii) The experimental value of BðBs → μμÞ has been
recently updated to [6]

BðBs → μμÞ ¼ ð2.70� 0.36Þ × 10−9; ð4Þ

to which we include the most recent update of the
LHCb result BðBs → μμÞ ¼ ð3.09þ0.48

−0.44Þ × 10−9 [7],
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1We combined the errors in quadrature before symmetrizing
them.

PHYSICAL REVIEW D 104, 055017 (2021)

2470-0010=2021=104(5)=055017(12) 055017-1 Published by the American Physical Society

https://orcid.org/0000-0002-5418-8040
https://orcid.org/0000-0001-6399-9964
https://orcid.org/0000-0002-4027-5477
https://orcid.org/0000-0002-7673-9448
https://orcid.org/0000-0002-8918-4808
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.055017&domain=pdf&date_stamp=2021-09-14
https://doi.org/10.1103/PhysRevD.104.055017
https://doi.org/10.1103/PhysRevD.104.055017
https://doi.org/10.1103/PhysRevD.104.055017
https://doi.org/10.1103/PhysRevD.104.055017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


and by using the prescription of Ref. [8] to build the
likelihood functions, the new average value is

BðBs → μμÞ ¼ ð2.85� 0.33Þ × 10−9; ð5Þ

thus a little over 2σ lower than predicted in the SM,
BðBs → μμÞ ¼ 3.66ð14Þ × 10−9 [9].

(iii) Experimental indications of LFUV have also been
observed in the b → clν̄l decays, and more spe-
cifically in

RDð�Þ ¼ BðB → Dð�Þτν̄Þ
BðB → Dð�Þlν̄Þ

�
�
�
�
l∈fe;μg

: ð6Þ

Recent measurements by Belle [10], lead to the new
averages [11],

RD ¼ 0.340� 0.030;

RD� ¼ 0.295� 0.014; ð7Þ

which are, due to experimental correlations, about
≈3σ larger than predicted in the SM (see [11] and
references therein),

RSM
D ¼ 0.293� 0.008;

RSM
D� ¼ 0.257� 0.003: ð8Þ

A similar deviation, but with less competitive ex-
perimental uncertainties, has been observed in a
similar RJ=ψ ratio [12].

(iv) Direct searches for the leptoquark states, either via
the pair production of leptoquarks or through a study
of the high pT tails of the differential cross section
of pp → ll, have been significantly improved,
resulting in ever more stringent bounds on masses
and (Yukawa) couplings relevant to the results
presented here.

In the following we will use the above experimental
improvements, combine them with theoretical expressions
used in Ref. [1] and references therein, or with the
improved expressions which will be properly referred to
in the body of this letter organized as follows: In Sec. II we
update the effective field theory (EFT) analysis of the
transitions b → sμμ and b → cτν̄ to determine the effective
coefficients that can accommodate the latest experimental
results for RKð�Þ and RDð�Þ . In Sec. III, we remind the reader
of the leptoquark (LQ) states that can induce the viable
effective operators. In Sec. IV, we derive updated limits on
the LQ mass and couplings by using the most recent
LHC results at high-pT . In Sec. V, we combine the low and
high-energy constraints to determine which LQs can
accommodate the LFU discrepancies. Our findings are
summarized in Sec. VI.

II. EFFECTIVE FIELD THEORY

A. RK and RK�

The effective Lagrangian for a generic exclusive
decay based on b → sl−

1l
þ
2 , with l1;2 ∈ fe; μ; τg can be

written as

Lnc ⊃
4GF

ffiffiffi

2
p VtbV�

ts

X

i

CiOi þ H:c:; ð9Þ

where the effective couplings (Wilson coefficients)
Ci ≡ CiðμÞ and the operators Oi ≡OiðμÞ are defined at
the scale μ. The operators relevant to this study are

Ol1l2
9 ¼ e2

ð4πÞ2 ðs̄γμPLbÞðl̄1γ
μl2Þ;

Ol1l2
10 ¼ e2

ð4πÞ2 ðs̄γμPLbÞðl̄1γ
μγ5l2Þ;

Ol1l2
S ¼ e2

ð4πÞ2 ðs̄PRbÞðl̄1l2Þ;

Ol1l2
P ¼ e2

ð4πÞ2 ðs̄PRbÞðl̄1γ
5l2Þ; ð10Þ

in addition to the chirality flipped ones, O0
i, obtained from

Oi by replacing PL ↔ PR. The effect of operators O1−6 is
included in the redefinition of the effective Wilson coef-
ficients C7;9. In what follows we ignore the electromagnetic

dipole operators Oð0Þ
7 since they do not play a significant

role in describing the effects of LFUV. Starting from Eq. (9)
it is straightforward to compute the decay rates for
Bs → l−

1l
þ
2 , B → Kð�Þl−

1l
þ
2 , and Λb → Λl−

1l
þ
2 see e.g.,

Refs. [13,14]. In the following the NP contributions to
b → sl−

1l
þ
2 will be denoted by δCl1l2

i .2

After neglecting the NP couplings to electrons, it has
been established that in order to simultaneously accom-
modate Rexp

K < RSM
K and Rexp

K� < RSM
K� , the preferred

scenarios are those with δCμμ
9 < 0, or those in which

δCμμ
9 ¼ −δCμμ

10 < 0. This conclusion has been corroborated
by numerous global analyses of the b → sμμ observables
[15]. In this work, we adopt a conservative approach by
only taking into account the LFUV ratios (Rexp

K , Rexp
K� ) and

BðBs → μμÞexp, the quantities for which the hadronic
uncertainties are very small and well under control.
Notice that the subpercent precision of the lattice QCD
determination of the decay constant entering BðBs →
μμÞexp is also a very recent achievement, fBs

¼ 230.3�
1.3 MeV [16].

2From now on we will drop the electric charges for the LFV
modes and denote BðB → Kð�Þl1l2Þ ¼ BðB → Kð�Þl−

1 l
þ
2 Þ þ

BðB → Kð�Þlþ
1 l

−
2 Þ.
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The result of our fit is shown in Fig. 1 where we see a
good agreement among all three observables. Furthermore,
we again see that the data are not consistent with the
scenario δCμμ

9 ¼ þδCμμ
10, but instead they are consistent

with the solution, δCμμ
9 ¼ −δCμμ

10 . By focussing onto the
latter, we find

δCμμ
9 ¼ −δCμμ

10 ¼ −0.41� 0.09; ð11Þ

which measures the deviation between the measured and
the SM predictions of all three observables combined.

B. RD and RD�

We remind the reader of the most general low-energy
EFT describing the b → clν̄ decay with operators up to
dimension-six,

Lcc ¼ −2
ffiffiffi

2
p

GFVcb½ð1þ gVL
Þðc̄LγμbLÞðl̄Lγ

μνLÞ
þ gVR

ðc̄RγμbRÞðl̄Lγ
μνLÞ þ gSRðc̄LbRÞðl̄RνLÞ

þ gSLðc̄RbLÞðl̄RνLÞ þ gTðc̄RσμνbLÞðl̄Rσ
μννLÞ�

þ H:c:; ð12Þ
where the NP couplings, gi ≡ giðμÞ, are defined at the
renormalization scale which in the following will be
taken to be μ ¼ mb. Flavor indices in gi are omitted for
simplicity.
To determine the allowed values of gi, we assume that

NP predominantly contributes to the b → cτν̄ transition,
while being tiny in the case of electron or muon in the final

state. In addition to the ratios RD and RD� , an important
constraint onto gP ≡ gSR − gSL comes from the Bc-meson
lifetime [17]. In that respect, we conservatively impose on
the still unknown decay rate to be BðBc → τν̄Þ≲ 30%.
That constraint alone already eliminates a possibility of
accommodating the Rexp

Dð�Þ values by solely relying on the
(pseudo)scalar operators [17].
By using the hadronic input collected in Ref. [1] we

make the one-dimensional fits in which one real effective
coupling at a time is allowed to take a non-zero value,
giðmbÞ, where i ∈ fVL; SR; SL; Tg. We also consider two
scenarios motivated by the LQ models and defined by the
relations gSLðΛÞ ¼ þ4gTðΛÞ and gSLðΛÞ ¼ −4gTðΛÞ at
the scale Λ ≈ 1 TeV. After accounting for the renormal-
ization group running from Λ tomb, these relations become
gSLðmbÞ ≈þ8.1gTðmbÞ and gSLðmbÞ ≈ −8.5gTðmbÞ,
respectively. We quote the allowed 1σ ranges for
gSLðmbÞ in the latter two scenarios, both for real and for
purely imaginary values. The results of all these scenarios
are presented in Table I, where we see that only a few
scenarios can improve the SM description of b → cτν̄ data.
In Fig. 2,we predict the correlation betweenRD�=RSM

D� and
RD=RSM

D within selected EFT scenarios, and we confront
these predictions with the current experimental values for
these ratios. In this plot, we also illustrate the results
presented in Table I and confirm that the scenarios with
gVL

> 0, gSL ¼ −4gT > 0 and gSL ¼ �4gT ∈ iR are in
good agreement with current data. Furthermore, it becomes
clear why the scenario gSL ¼ 4gT ∈ R is excluded, as it
cannot simultaneously explain an excess in both Rexp

D and
Rexp
D� . In the same Fig. 2, we show a similar correlation

between RΛc
=RSM

Λc
and RD�=RSM

D� , which is perhaps more
interesting a prediction, since the value of RΛc

¼ BðΛb →
Λcτν̄Þ=BðΛb → Λcμν̄Þ has not yet been experimentally

FIG. 1. Allowed regions in the plane δCμμ
9 vs δCμμ

10 to 1σ
accuracy derived by using RK (red region), RK� (blue region) and
BðBs → μμÞ (gray region). Darker (lighter) green regions corre-
spond to the combined fit to 1σ (2σ) accuracy.

TABLE I. Low-energy fit to the b → cτν̄ effective coefficients
(Eff. coeff.) defined in Eq. (12) by using RD and RD� , and by
imposing that BðBc → τ̄νÞ≲ 30%. For the individual effective
coefficients ga, we fix the renormalization scale at μ ¼ mb. For
the remaining scenarios with both gSL and gT , we impose the
conditions gSL ¼ �4gT at Λ ¼ 1 TeV, and provide the allowed
range for gSLðmbÞ after accounting for the renormalization-group
evolution. The values of χ2min for each scenario is to be compared
to χ2SM ¼ 12.7.

Eff. coeff. 1σ range χ2min=dof

gVL
ðmbÞ 0.07� 0.02 0.02=1

gSRðmbÞ −0.31� 0.05 5.3=1
gSLðmbÞ 0.12� 0.06 8.8=1
gTðmbÞ −0.03� 0.01 3.1=1

gSL ¼ þ4gT ∈ R −0.03� 0.07 12.5=1
gSL ¼ −4gT ∈ R 0.16� 0.05 2.0=1
gSL ¼ �4gT ∈ iR 0.48� 0.08 2.4=1
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established, although the early study has been reported in
Ref. [18]. Theoretical expressions for RΛc

in a general NP
scenario (12) can be found in Ref. [19].

III. LEPTOQUARKS FOR RKð�Þ AND RDð�Þ

In this section we discuss which LQ can be added to the
SM in order to accommodate one or both types of the LFUV
ratios, RKð�Þ and RDð�Þ . We refer the reader to our previous
paper [1] for a more extensive discussion. We specify each

LQ by its SM quantum numbers ðSUð3Þc; SUð2ÞL; Uð1ÞYÞ,
where the electric charge, Q ¼ Y þ T3, is the sum of the
hypercharge (Y) and the third-component of weak isospin
(T3). We neglect the possibility of right-handed neutrinos
and we work in the basis with diagonal lepton and down-
quark Yukawas, i.e., with left-handed doublets Qi ¼
ððV†uLÞidLiÞT and Li ¼ ðνLilLiÞT , where V stands for the
CKM matrix.

A. Scalar leptoquarks

(i) S3 ¼ ð3̄; 3; 1=3Þ: The weak triplet of LQs is the only
scalar boson that can simultaneously accommodate
Rexp
K < RSM

K and Rexp
K� < RSM

K� at tree level [20,21].
The Yukawa Lagrangian of S3 can be written as

LS3 ¼ yijLQ
C
i iτ2ðτ⃗ · S⃗3ÞLj þ H:c:; ð13Þ

where τk are the Pauli matrices (k ¼ 1, 2, 3) and
yijLðRÞ the generic Yukawa couplings with quark

(lepton) indices iðjÞ. LQ couplings to diquarks
are neglected in order to guarantee the proton
stability [22]. After integrating out the LQ, we find
that the b → sl−

l l
þ
k effective coefficients read

δCkl
9 ¼ −δCkl

10 ¼
πv2

VtbV�
tsαem

ybkL ðyslL Þ�
m2

S3

; ð14Þ

which is indeed a pattern that can accommodate
b → sμμ data, cf. Fig. 1. As for the charged current
transitions, b → clν̄l0 , the S3 scenario generates at
tree level

gVL
¼ −

v2

4Vcb

ybl
0

L ðVyLÞcl
m2

S3

; ð15Þ

which is strictly negative if we account for the
constraints coming from B → Kð�Þνν̄ and ΔmBs

[1].
Therefore, this scenario is in conflict with results
presented in Table I and it cannot accommodate
Rexp
Dð�Þ > RSM

Dð�Þ as a small and positive gVL
value is

needed.
(ii) S1 ¼ ð3̄; 1; 1=3Þ: The weak singlet scalar LQ has the

peculiarity of contributing to the b → cτν̄ transition
at tree level, but only at loop level to b → sll [23].
The S1 Yukawa Lagrangian reads

LS1 ¼ yijLQ
C
i iτ2LjS1 þ yijRu

C
RilRjS1 þ H:c:; ð16Þ

where yL and yR are the LQ Yukawa matrices, and
we neglect the diquark couplings for the same reason
as in the S3 case. The coefficients Ckl

9 þ Ckl
10 and

Ckl
9 − Ckl

10 are generated at one-loop by yL and yR,
respectively, with the relevant expressions provided

FIG. 2. Predictions for RD�=RSM
D� and RΛc

=RSM
Λc

versus RD=RSM
D

in several EFT scenarios, see text for details. Current 1σ (2σ)
experimental constraints are depicted by the darker (lighter) green
region. Dashed lines correspond to effective couplings that are in
tension with the BðBc → τνÞ < 0.3 constraint.
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in Ref. [23]. This scenario contributes to the b →
clν̄l0 transitions via,

gVL
¼ v2

4Vcb

ybl
0

L ðVy�LÞcl
m2

S1

; ð17Þ

gSL ¼ −4gT ¼ −
v2

4Vcb

ybl
0

L ðyclR Þ�
m2

S1

; ð18Þ

at the matching scale μ ¼ mS1 . Note, in particular,
that both gVL

and gSL ¼ −4gT can accommodate the
observed excesses in RD and RD� , see also Fig. 2.

(iii) R2 ¼ ð3; 2; 7=6Þ: The weak doublet was proposed to
separately explain the LFUV effects in the charged
[24,25] and in the neutral current B-decays [26].
This is the only scalar LQ that automatically con-
serves baryon number [27]. Its Yukawa Lagrangian
writes

LR2
¼ −yijL ūRiR2iτ2Lj þ yijRQ̄iR2lRj þ H:c:; ð19Þ

with yL and yR being the LQ couplings to fermions.
At tree level one gets,

δCkl
9 ¼ δCkl

10¼tree −
πv2

2VtbV�
tsαem

yskR ðyblR Þ�
m2

R2

; ð20Þ

a pattern excluded by the observed values of RK
and RK� , viz. Fig. 1. If, however, one sets yR ¼ 0,
the leading contribution to b → sμμ arises at one-
loop level and the Wilson coefficients verify
δCμμ

9 ¼ −δCμμ
10 < 0, which is a satisfactory scenario

[26]. Furthermore, this LQ contributes to the tran-
sition b → clν̄l0 , via the effective coupling,

gSL ¼ 4gT ¼ v2

4Vcb

ycl
0

L ðyblR Þ�
m2

R2

; ð21Þ

at μ ¼ mR2
. It can therefore accommodate the

observed excess in RD and RD� , provided a large
complex phase is present, cf. Fig. 2.

B. Vector leptoquarks

(i) U1 ¼ ð3; 1; 2=3Þ: A scenario with a weak singlet
vector LQ attracted a lot of attention in the literature
since it provides the operators needed to explain
both the b → cτν̄ and b → sμμ anomalies [28–30].
The corresponding interaction Lagrangian can be
written as

LU1
¼ xijLQ̄iγμLjU

μ
1 þ xijR d̄Ri

γμlRjU
μ
1 þ H:c:; ð22Þ

where xL and xR stand for the U1 couplings to
fermions. Notice that the diquark couplings are

absent for this state so that no additional assumption
is needed. In its minimal setup, in which xR ¼ 0, and
starting from Eq. (22), one can easily obtain the
contribution to b → sl−

l l
þ
k ,

δCkl
9 ¼ −δCkl

10 ¼ −
πv2

VtbV�
tsαem

xskL ðxblL Þ�
m2

U1

; ð23Þ

while for the b → clν̄l0 one gets,

gVL
¼ v2

2Vcb

ðVxLÞcl0 ðxblL Þ�
m2

U1

: ð24Þ

In other words, this state alone can simultaneously
explain RKð�Þ and RDð�Þ , even in the minimal setup.
The main reason for that to be the case is the
absence of the tree level constraint coming from
BðB → Kð�Þνν̄Þ.

The challenge for extensions of the SM by a
single vector LQ arises at the loop level because this
scenario is nonrenormalizable, which then under-
mines its predictiveness unless the ultraviolet (UV)
completion is explicitly specified [31]. Several such
completions have been proposed in the literature and
they in general involve a Z0 and a color-octet of
vector bosons, in addition to the U1 LQ itself, at the
Oð1 TeVÞ scale [32]. In such situations additional
assumptions on the spectrum of these states and on
their couplings are required, which is a departure
from the minimalistic scenarios described in this
paper.

(ii) U3 ¼ ð3; 3; 2=3Þ: Finally, the interaction of the weak
triplet LQ with quarks and leptons is described by

LU3
¼ xijLQ̄iγμðτ⃗ · U⃗μ

3ÞLj þ H:c:; ð25Þ

where, as before, xL stands for the couplings to
fermions. In contrast to U1 this LQ allows for the
dangerous diquark couplings, neglected in the La-
grangian above in order to ensure the proton stability.
This scenario contributes to b → sl−

l l
þ
l via,

δCkl
9 ¼ −δCkl

10 ¼ −
πv2

VtbV�
tsαem

xskL ðxblL Þ�
m2

U3

; ð26Þ

which, again, can explain RK and RK� [33], but it
contributes to b → clν̄l0 through

gVL
¼ −

v2

2Vcb

ðVxLÞcl0 ðxblL Þ�
m2

U3

: ð27Þ

which is negative and therefore cannot accommo-
date RD and RD� [1], see Table I. Furthermore,
being a vector LQ, just like in the case of U1, in this
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case too it is essential to specify the UV completion
in order to remain predictive at the loop level.

IV. LHC CONSTRAINTS

Search for LQs in hadron colliders, either via their direct
production [34,35] or through a study of the high-pT tails
of the pp → ll distributions [36–38], results in powerful
constraints on the LQ masses and on their couplings to
quarks and leptons. We provided such constraints in our
previous paper [1], which we update in the following by
relying on the most recent LHC data.

A. Direct searches

The dominant mechanism for the LQ production at the
LHC is pp → LQ†LQ. Several searches for LQ pairs have
been made at ATLAS and CMS for different final states,
namely ðq̄lÞðql̄Þ, ðq̄νÞðqν̄Þ and ðq̄dlÞðquν̄Þ, where qd and
qu stand for the generic down- and up-type quarks. From
these searches it is possible to derive model independent
bounds on a given LQ mass as a function of its branching
fraction into a specific quark-lepton final state.
In Table II we present the new limits on the LQ masses

obtained from our recast of the pp → LQ†LQ → ðq̄lÞðql̄Þ
ATLAS and CMS searches. These limits are obtained as a
function of the LQ branching fraction β, which we take to
the benchmark values β ¼ 1 and β ¼ 0.5. Our main
assumption is that the LQ production cross-section is
dominated by QCD, which is true for the range of
Yukawa couplings allowed by flavor constraints [1].
Furthermore, we assume that the vector LQ (Vμ) interaction
with gluons (Gμν) is described by L ⊃ κgsV

†
μGμνVν, with

κ ¼ 1 (Yang-Mills case) [39], and we use the predictions
from [35] in our recast. Note that the limits on LQs given in
Table II are considerable improvements since our previous
study [1], thanks to 140 fb−1 of the LHC data. As a result,

we see that the overall lower limits on the LQ masses have
been increased.
The LHC searches considered in Table II assume that pairs

of LQs are produced and decay into the same quark-lepton
final states.Recently,CMSperformeda search for pair ofLQs
in the mixed channel pp → LQ†LQ → bτtν, with 140 fb−1

data [46]. This search was performed under the assumption
that the LQs decay with equal branching fractions (β ¼ 0.5)
to the final states LQð2=3Þ → bτ̄; tν̄, or LQð−1=3Þ → tτ; bν,
where the upper index denotes the LQ electric charge. Under
this assumption the lower limits 1.0 TeV and 1.8 TeV have
been obtained for the scalar and vector LQs, respectively.
That search is particularly useful for the U1 ¼ ð3; 1; 2=3Þ
scenario, since the gauge invariance requirement implies that
the couplings ofU1 to tν̄ and to bτ̄ are equal. Note, however,
that this search is very model dependent and, in particular, it
does not generically apply to the models containing, e.g.,
S1 ¼ ð3̄; 1; 1=3Þ or R2 ¼ ð3; 2; 7=6Þ.

B. Bounds from indirect high-pT searches

Since the pioneering paper of Ref. [36] it is known that
the high-energy tails of the invariant mass distribution of
the processes pp → llð0Þ [37,38] and pp → lν [47] are
ideal probes for generic LQ models. These observables are
particularly useful for setting upper bounds on comple-
mentary combinations of the couplings that cannot be
constrained by flavor observables at low energies. In order
to constrain the LQ couplings using LHC data, we follow a
similar recasting procedure as outlined in Ref. [1]. The
most recent ATLAS and CMS searches for resonances in
the dilepton channels used here are

(i) pp → τþτ−: We recast the ATLAS search for heavy
Higgs boson decaying into the ττ channel, at

ffiffiffi
s

p ¼
13 TeV with 140 fb−1 data [48]. We consider events
with hadronic τ-leptons (τhad) and we focus our
analysis on the b-veto category.

(ii) pp → μþμ−: We recast the CMS search for a heavy
Z0 boson decaying into the μμ channel, at

ffiffiffi
s

p ¼
13 TeV with 140 fb−1 data [49]

We do not recast LHC searches in the pp → τν mode since
they are still only available with 36 fb−1 data [50,51]. Note,
in particular, that gauge invariance under SUð2ÞL implies
that large LQ contributions to pp → lν would necessarily
appear in pp → ll, which we consider in our study.
Moreover, we do not recast the lepton flavor violating
(LFV) modes such as pp → ll0, with l ≠ l0, since these
constraints, in the specific case of LQs, turn out to be
weaker than the combination of constraints arising from
pp → ll and pp → l0l0 [1,38].
In this paper, we have refined the procedure for

extracting our LQ limits in comparison to our previous
paper [1]. The main differences are the following ones:

(i) We perform a more conservative statistical analy-
sis by using the so-called CLs method [52].

TABLE II. Summary of the current limits from searches for
pair-produced LQs at the LHC for possible final states (first
column). Limits on scalar and vector LQs are shown in the second
and third column, respectively, for a branching fraction β ¼ 1
(β ¼ 0.5).

Decays Scalar LQ limits Vector LQ limits Lint=Ref:

jjττ̄ … … …
bb̄ττ̄ 1.0 (0.8) TeV 1.5 (1.3) TeV 36 fb−1 [40]
tt̄ττ̄ 1.4 (1.2) TeV 2.0 (1.8) TeV 140 fb−1 [41]

jjμμ̄ 1.7 (1.4) TeV 2.3 (2.1) TeV 140 fb−1 [42]
bb̄μμ̄ 1.7 (1.5) TeV 2.3 (2.1) TeV 140 fb−1 [42]
tt̄μμ̄ 1.5 (1.3) TeV 2.0 (1.8) TeV 140 fb−1 [43]

jjνν̄ 1.0 (0.6) TeV 1.8 (1.5) TeV 36 fb−1 [44]
bb̄νν̄ 1.1 (0.8) TeV 1.8 (1.5) TeV 36 fb−1 [44]
tt̄νν̄ 1.2 (0.9) TeV 1.8 (1.6) TeV 140 fb−1 [45]
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The 95% confidence level (CL) upper limits on the
LQ couplings are obtained by profiling the like-
lihood ratio with the qμ test statistics described in
[53] and implemented in the pyhf package [54].
Notice that the limits extracted using the CLs
method are much more resilient to possible statis-
tical fluctuations in the experimental data populating
low sensitivity regions of the spectrum, like, e.g., the
tails of the invariant mass. The resulting exclusion
limits are therefore weaker when compared to the
statistical method employed in [1]. Moreover,
when performing the statistical analysis we have
included a 20% systematic uncertainty on the LQ
signal.

(ii) We take into account the interference of the
t-channel LQ with the SM Drell-Yan process.

Once included, these interference effects can have
a moderate impact on the resulting limits, depend-
ing on the production channel. In particular, the
constructive/destructive interference patterns can
strengthen/weaken the naive limits from the jANPj2
term up to Oð20%Þ.

(iii) Instead of showing limits from each individual qq̄ →
ll processes at a time, we provide limits for the
individual couplings coming from different produc-
tion channels. This results in more useful limits on
the LQ couplings since they take into account all
contributions, including the CKM-suppressed proc-
esses. For instance, the limits on the coupling yslL for
the S3 leptoquark are extracted from combining
ss̄ → ll, cc̄ → ll, and the Cabibbo suppressed
processes uū; uc̄; cū → ll.

FIG. 3. Upper limits on the scalar (vector) LQ couplings yijL (xijL ), as a function of the LQ masses, which have been obtained from the
most recent LHC searches in the high-pT bins of pp → ll at 13 TeV with 140 fb−1 [48,49]. The solid (dashed) lines represent limits
arising from di-muon (di-tau) searches, by turning on a single LQ coupling in flavor space. In the plots we highlight the regions
consistent with the lower bounds on the LQ masses given in Table II and discussed in Sec. IVA. The qq̄ pairs inside the parentheses
indicate the combination of qq̄ → ll channels used to set the exclusion limits for each coupling. Notice that all uū transitions are
Cabibbo suppressed.
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(iv) Our limits are also projected to the high-luminosity
LHC phase with 3 ab−1 in Sec. V. To this purpose,
we assume that the signal and background samples
scale with the luminosity ratio, whereas all uncer-
tainties scale with its square root. Although this
assumption might appear too optimistic, it is worth
stressing that higher m2

ll bins will become available
with more data. Those higher bins are more sensitive
to the LQ contributions than the bins that have
been considered in the searches performed so
far [48,49].

Our constraints are collected in Fig. 3 for the LQ models
that are relevant for the B-physics anomalies, namely the
scalars S1, S3 and R2, and the vector U1. In these plots we
only present limits for the vector LQ couplings to left-
handed currents.3 The 95% upper limits on the couplings
are obtained as a function of the LQ masses by turning on
one single flavor coupling at a time. The specific qq̄ → ll
transitions contributing to each exclusion limit are dis-
played inside the parentheses ðqq̄Þ. As shown in Fig. 3,
these limits are typically more stringent than naive pertur-
bative bounds on the couplings, namely jyj≲ ffiffiffiffiffiffi

4π
p

. The
relevance of these constraints to the scenarios aiming to
explain RKð�Þ and RDð�Þ will be discussed in Sec. V.

V. WHICH LEPTOQUARK?

In Table III we summarize the situation regarding the
viability of a scenario in which the SM is extended by a
single Oð1 TeVÞ LQ state. We now comment and provide
useful information for each one of them.

(i) S3:With respect to our previous paper, the situation in
the scenario with a triplet of mass degenerate scalar
LQs did not significantly change. This scenario is
indeed the best scalar LQ solution to describing the
current B-physics anomaly Rexp

Kð�Þ < RSM
Kð�Þ, which is

why it is often combined in the literaturewith another
scalar LQ so as to accommodate both Rexp

Kð�Þ < RSM
Kð�Þ

and Rexp
Dð�Þ > RSM

Dð�Þ .
(ii) S1: As noted in Eq. (17), even in the minimalistic

scenario (with yijR ¼ 0), S1 alone can reproduce the
observation Rexp

Dð�Þ > RSM
Dð�Þ . In the nonminimal case

(yijR ≠ 0), the additional coupling, gSL ¼ −4gT ,
also provides a viable solution to this problem,
cf. Fig. 2. This scenario, however, does not lead to
a desired contribution to the b → sμμ. In the minimal
ansatz for the Yukawa couplings accommodating
Rexp
Kð�Þ < RSM

Kð�Þ and ΔmBs
requires large LQ mass,

mS1 ≳ 4 TeV, and at least one of the Yukawa cou-
plings to hit the perturbativity limit

ffiffiffiffiffiffi

4π
p

[1]. There-
fore, one needs to turn on at least ycτR and otherwise

satisfy the condition jyiμR j ≪ jyiμL j, for i ∈ fu; c; tg
to be consistent with data, cf. Fig. 1. However,
requiring consistency with a number of measured
flavor physics observables [1], including Rμ=e

Dð�Þ ¼
BðB → Dð�Þμν̄Þ=BðB → Dð�Þeν̄Þ, BðB → Kð�Þνν̄Þ,
BðK → μνÞ=BðK → eνÞ and the experimental
limit on Bðτ → μγÞ, leads to a large mS1 and very
large couplings. This is why the S1 scenario is
considered as unacceptable for describing
Rexp
Kð�Þ < RSM

Kð�Þ , but fully acceptable for describing
Rexp
Dð�Þ > RSM

Dð�Þ . cf. Refs. [1,57,58].
(iii) R2: Clearly, on the basis of Eq. (21) and the results

presented in Table I and Fig. 2, this scenario can be
viable for enclosing Rexp

Dð�Þ > RSM
Dð�Þ , if at least one y

ij
R

is non-zero, usually ybτR . In fact, it suffices to allow
ycτL ðybτR Þ� to beOð1Þ to ensure the compatibility both
with the low-energy observables and with direct
searches at LHC, as shown in Fig. 3. As mentioned
before, this LQ scenario generates the combination
gSL ¼ 4gT at the matching scale μ ≃mR2

, which is
consistent with data if gSL is mostly imaginary,
cf. Fig. 2 and Refs. [24,59,60].

Like in the S1 scenario, this LQ cannot generate
the tree level contribution consistent with
RKð�Þ < RSM

Kð�Þ , but it can do so through the box-
diagrams [26]. The two essential couplings for this
to be the case, ycμL and ytμL , can now be quantitatively
scrutinized. To that end it is enough to use two key
constraints: the one arising from the well measured
BðZ → μμÞ [61] and another one, stemming from
the high-pT tail of the pp → μμ differential cross
section. Note that the expression for the correspond-
ing LQ contribution to Z → μμ has been recently
derived in Ref. [62], where the non-negligible finite
terms ∝ xZ log xt have been properly accounted for
(xi ¼ m2

i =m
2
R2
). As for the LQ mass, we use the

bound given in Table II and set mR2
¼ 1.7 TeV,

while from Fig. 3 we can read off the constraints on
the couplings as obtained from the large pT con-
siderations. The result is shown in Fig. 4 where we

TABLE III. Summary of the LQ models which can accom-
modate RKð�Þ (first column), RDð�Þ (second column), and both
RKð�Þ and RDð�Þ (third column), without being in conflict with
existing constraints. See text for details.

Model RKð�Þ RDð�Þ RKð�Þ & RDð�Þ

S3 ð3̄; 3; 1=3Þ ✓ ✗ ✗

S1 ð3̄; 1; 1=3Þ ✗ ✓ ✗

R2 ð3; 2; 7=6Þ ✗ ✓ ✗

U1 ð3; 1; 2=3Þ ✓ ✓ ✓
U3 ð3; 3; 2=3Þ ✓ ✗ ✗

3See Refs. [55,56] for recent and updated high-pT limits for
right-handed couplings.
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also draw the curves corresponding to three signifi-
cant values of RKð�Þ , making it obvious that only
RKð�Þ ≳ 0.9 is compatible with the two mentioned
constraints. In other words, RKð�Þ in this scenario is

pushed to the edge of 1σ compatibility with RðexpÞ
Kð�Þ ,

cf. also Ref. [63].
As discussed in our previous paper, the simulta-

neous explanation of both RKð�Þ and RDð�Þ in this

scenario is not possible even to 2σ because of the
chiral enhancement by the top quark which leads to a
prohibitively large Bðτ → μγÞ, in conflict with the
experimental bound [26].

(iv) U1: Owing to the fact that this LQ does not
contribute to B → Kð�Þνν̄ at tree level, this is the
only scenario that can satisfy both anomalies. The
main drawback, however, is that the constraints
derived from the loop induced processes cannot
be used unless a clear UV completion is specified
which in turn requires introducing several new
parameters and new assumptions (model depend-
ence) making the scenario less predictive. For that
reason we do not include, for example, the constraint
arising from the frequency of oscillation of the
Bs − B̄s system (ΔmBs

) when dealing with vector
leptoquarks. In our previous paper [1] we made a
detailed analysis and found that this scenario, how-
ever, can be significantly constrained by the tree
level processes alone, cf. also Ref. [64]. In particular
we showed that the model results in interesting
correlation between the LFV processes B → Kð�Þμτ
and τ → μϕ, and both the upper and lower bounds
for these modes have been derived. With respect to
our previous paper, the lower bound on mU1

has
increased and we set it to mU1

¼ 1.8 TeV, see
Table II. We then use the low energy flavor physics
observables as in Ref. [1], combine them with the
new constraints on couplings, as obtain from the
high-pT shapes of pp → ll, shown in Fig. 3, and
instead of plotting the couplings, we focus directly
onto observables. Using the expressions for exclu-
sive LFV b → sl1l2 modes [14,57] in the first panel
of Fig. 5 we show how the region of BðB → KμτÞ
and Bðτ → μϕÞ, allowed by the low-energy flavor
physics constraints (gray points), gets reduced to the
red region, once the current constraints coming from

FIG. 4. The allowed regions for the couplings ycμL and ytμL are
plotted in white for the R2 ¼ ð3; 2; 7=6Þ LQ with mass
mR2

¼ 1.7 TeV. Predictions for RK ≈ RK� in the bin q2 ∈
½1; 6� GeV2 are shown by the red contours. Excluded regions
by Z-pole observables and pp → μμ constraints are depicted in
blue and gray, respectively.

FIG. 5. Lower and upper bounds on the exclusive b → sμτ processes as obtained in the minimal U1 scenario from the constraints
arising both from the low-energy observables (gray points) and those coming from the current direct searches at the LHC (red points),
the subset of which (blue points) correspond to the projected integrated luminosity of 3 ab−1.

SINGLE LEPTOQUARK SOLUTIONS TO THE B-PHYSICS … PHYS. REV. D 104, 055017 (2021)

055017-9



the high pT considerations of pp → ll at the
LHC are taken into account. We see that in both
channels the current experimental bounds are al-
ready eliminating small sections of the parameter
space. In the same plot we also show how that
experimental bound on Bðτ → μϕÞ is expected to be
lowered once the Belle II runs will be completed
[65]. Concerning the experimental bound on
BðB → KμτÞ, we note that the BABAR bound
(4.8 × 10−5) [66] has been recently confirmed and
slightly improved by LHCb (3.9 × 10−5) [67]. In the
minimal U1 scenario considered here, and with the
current experimental constraints, we obtain

BðB → KμτÞ≳ 0.7 × 10−7; ð28Þ

which could be tested experimentally. Note that this
(lower) bound is not expected to increase signifi-
cantly with the improved luminosity of the LHC
data, and with the projected 3 ab−1 of data we get
only a factor of about 3 improvement, namely
BðB → KμτÞ ≳ 2.2 × 10−7.
We should also mention that, in this scenario,

from the lower bound (28) and the experimental
upper bound, one can derive the bounds on similar
decay modes since BðB→K�μτÞ=BðB→KμτÞ≈1.8,
BðBs → μτÞ=BðB → KμτÞ ≈ 0.9, and BðΛb →
ΛμτÞ=BðB → KμτÞ ≈ 1.7 [14]. Furthermore, in this
scenario the SM contribution to the b → cτν̄ de-
cay modes gets only modified by and overall
factor. For that reason, the predicted increase of
RX with respect to the SM is the same for

any X ∈ fDð�Þ; Dð�Þ
s ; J=ψ ;Λð�Þ

c ;…g. From the right
panel of Fig. 5 we see that with the current
experimental constraints we have

1.05≲ RX

RSM
X

≲ 1.25; ð29Þ

the interval which remains as such even by projec-
ting to 3 ab−1 of the LHC data (blue regions in
Fig. 5).
We were able to check the robustness of the

above findings by varying mU1
and by imposing all

of the constraints mentioned above, including the
LHC bounds on the pair-produced leptoquarks
decaying into various final states. The result is
shown in Fig. 6 from which we see that the lower
bound on BðB → KμτÞ remains stable with respect
to the variation of mU1

. Notice that the lower bound
on the mass is mU1

≳ 1.35 TeV, while the pertur-
bativity limit on the couplings set an upper limit
mU1

≲ 18 TeV.

VI. CONCLUSIONS

In this work we revisited our previous phenomenological
study and examined the viability of the scenarios in which
the SM is extended by only one Oð1 TeVÞ LQ after
comparing them to the most recent experimental results,
in addition to those already discussed in our Ref. [1]. In that
respect the Belle measurement of RDð�Þ [10] has been
particularly important, as well as the new RK and BðBs →
μμÞ values reported by the LHCb Collaboration [2,7].
Besides the low-energy observables, we also exploit the
most recent experimental improvements regarding the
direct searches and the high pT considerations of the pp →
ll differential cross section studied at the LHC.
Better experimental bounds on the LQ pair production,

pp → LQ†LQ, results in a larger lower bound onmLQ, now
straddling 2 TeV and being higher for the vector LQs than
that for the scalar ones. From the study of the large-pT
spectrum of the differential cross section of pp → ll, we
extract the upper bounds on Yukawa couplings which
provide us with constraints complementary to those
inferred from the low-energy observables.
Whenever available we use the improved theoretical

expressions and improved hadronic inputs. On the basis
of our results,which are summarized inTable III,we confirm
that none of the scalar LQs alone, with the mass
mLQ ≲ 2 TeV, can be a viable scenario of NP that captures
both types of anomalies, Rexp

Kð�Þ < RSM
Kð�Þ and Rexp

Dð�Þ > RSM
Dð�Þ .

Instead, one can combine S3 with either S1 orR2 [25,68–70]
to get a model suitable for describing all of the data in a
scenario requiring the least number of parameters.
With the new experimental data we were able to better

examine the model with R2 scalar LQ, and check on the
possibility of describing the Rexp

Kð�Þ < RSM
Kð�Þ anomaly through

the loop process. We found that BðZ → μμÞ and the
constraint coming from the high pT shape of the pp →
μμ cross section at the LHC are complementary to each

FIG. 6. Limits on BðB → KμτÞ with respect to the variation of
the mass of the U1-leptoquark, and by keeping all of the
constraints discussed in the text. Colors of the points are the
same as in Fig. 5.
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other and allow us to rule out the model (to 1σ) if
RKð�Þ ≲ 0.9.
Besides the scalar LQs we also considered the vector

one, U1, for which we could not account for the loop
induced processes, such as ΔmBs

, but by focusing on the
tree level observables alone we could confirm that this
scenario, in its minimal setup (xR ¼ 0) can describe both
Rexp
Dð�Þ > RSM

Dð�Þ and Rexp
Kð�Þ < RSM

Kð�Þ . In this U1 model all the
exclusive processes based on b → cτν̄ are modified by the
same multiplicative factor so that all the LFUV ratios are
the same. In other words, and with the currently available
experimental information, 1.05≲ RX=RSM

X ≲ 1.25, X ∈
fDð�Þ; Dð�Þ

s ; J=ψ ;Λð�Þ
c ;…g. Also interesting are the upper

and lower bounds on the LFV b → sμτ modes. While the
upper bound is already superseded by the experimentally
established one, this scenario provides us with the lower
bound, which we found to be BðB → KμτÞ≳ 0.7 × 10−7.

In this study we also included baryons and obtain
1.2 × 10−7 ≲ BðΛb → ΛμτÞ≲ 6.6 × 10−5, where the lower
bound is a prediction of the U1 model discussed here, and
the upper bound is obtained by rescaling the experimental
bound on BðB → KμτÞ.
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