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We discuss the minimal theory for quark-lepton unification at the low scale. In this context, the quarks
and leptons are unified in the same representations and neutrino masses are generated through the inverse
seesaw mechanism. The properties of the leptoquarks predicted in this theory are discussed in detail, and
we investigate the predictions for the leptonic and semileptonic decays of mesons. We study the possibility
to explain the current value of RK reported by the LHCb Collaboration and the value of the muon
anomalous magnetic moment reported by the Muon g − 2 experiment at Fermilab.
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I. INTRODUCTION

The idea of quark-lepton unification by Pati and Salam
[1] provides a simple and elegant approach to think about
unification of matter and interactions in nature. The
minimal theory of Pati-Salam is very predictive because
it predicts, at the scale where matter unifies, that the masses
of the charged leptons and down quarks are equal, and the
masses for the up-quarks are equal to the Dirac masses for
neutrinos. Moreover, the SUð4ÞC gauge symmetry must be
broken around the canonical seesaw scale, 1014 GeV, in
order to achieve small neutrino masses, via the seesaw
mechanism [2–5], in agreement with experiments.
The simplest quark-lepton unification theory that can

be realized at the tera-electron-volt (TeV) scale was
proposed in Ref. [6]. This theory is based on the SUð4ÞC ⊗
SUð2ÞL ⊗ Uð1ÞR gauge group, and in order to have a
consistent theory for fermion masses at the low scale,
neutrino masses are generated through the inverse seesaw
mechanism [7,8]. This theory for quark-lepton unification
predicts, among the new fields required for its consistency,
the existence of mediators that interact simultaneously with
both leptons and quarks. Particularly, this theory predicts
a vector leptoquark, Xμ ∼ ð3; 1; 2=3ÞSM, and two scalar
leptoquarks, Φ3 ∼ ð3̄; 2;−1=6ÞSM and Φ4 ∼ ð3; 2; 7=6ÞSM,

which mediate exotic processes that could otherwise not
be seen in the context of the Standard Model (SM).1

For a review about the phenomenology of leptoquarks
see Ref. [9].
Recently, the LHCb Collaboration has reported results

for the ratio RK defined as

RK ¼ BrðBþ → Kþμþμ−Þ
BrðBþ → Kþeþe−Þ ;

which is predicted to be 1 in the SM. The measurement
reported by LHCb [10] using data from Run 2 is

Rexp
K ð1.1 < q2 < 6.0 GeV2Þ ¼ 0.846þ0.042þ0.013

−0.039−0.012 ; ð1Þ

which is in tension with the SM prediction at 3.1σ. This
observable, together with RK� and the leptonic decays
BrðBs → lþl−Þ, where l ¼ e, μ, are usually classified as
clean observables; in the former the hadronic and the long
distance effects cancel almost exactly. These experimental
results have motivated many studies in the particle physics
community; see e.g., [11–35].
There are also new results reported by the Fermilab

Muon g − 2 experiment on the anomalous magnetic
moment of the muon aμ from their Run 1 [36]. The com-
bined result with the one from the E821 experiment at BNL
[37] deviates from the SM prediction2 by 4.2σ,
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1We label with the subscript SM the quantum numbers of
the corresponding field under the Standard Model gauge
group SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY .2There are results from lattice QCD that are compatible with
the experimental value [38].
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Δaμ ¼ aexpμ − aSMμ ¼ ð251� 59Þ × 10−11: ð2Þ

There have been different proposals of theories beyond
the SM to explain this anomaly; see e.g., Refs. [39–54].
These results for RK and ðg − 2Þμ, which are naturally
expected if new physics is around the multi-TeV scale,
could help us find a new direction for physics beyond the
Standard Model.
In this article, we investigate the possibility to explain

the experimental value ofRK in two main scenarios. In the
first scenario the scalar leptoquark Φ3 ∼ ð3̄; 2;−1=6ÞSM
gives the main contribution to the relevant meson decays,
while in the second scenario the scalar leptoquark Φ4 ∼
ð3; 2; 7=6ÞSM plays the main role to explain the value of
RK . In the second scenario, Φ4 couples mostly to electrons
as required by constraints from lepton flavor violation.
We also show that the component ϕ5=3

4 of Φ4, due to the
enhancement by the factor mt=mμ, can explain the reported
value of the anomalous magnetic moment of the muon by
the Muon g − 2 Collaboration. Moreover, we show that the
theory of minimal quark and lepton unification can address
simultaneously the anomaly in RKð�Þ and the experimental
value of ðg − 2Þμ. In these scenarios,Φ3 andΦ4 explain the
flavor anomalies while Φ4 addresses the ðg − 2Þμ through
its couplings mainly to muons, so that the predictions are
consistent with constraints from lepton flavor violation.
This article is organized as follows: in Sec. II we discuss

the minimal theory for quark-lepton unification at the low
scale, in Sec. III we investigate the predictions for meson
decays and discuss the different leptoquark candidates to
explain the experimental value of RK . In Sec. IV we
discuss the possibility to explain the recent experimental
results for the g − 2 of the muon and demonstrate that the
theory can address the anomalies in the clean observables
involving b → s transitions and the muon g − 2. Finally, in
Sec. V we summarize our main findings.

II. MINIMAL THEORY FOR QUARK-LEPTON
UNIFICATION

The minimal theory for quark-lepton unification that can
describe physics at the TeV scale was proposed in Ref. [6].
This theory is based on the gauge symmetry,

GQL ¼ SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR;

and the SM matter fields are unified as

FQL ¼
�
u ν

d e

�
∼ ð4; 2; 0Þ;

Fu ¼ ð uc νc Þ ∼ ð4̄; 1;−1=2Þ; ð3Þ

and Fd ¼ ð dc ec Þ ∼ ð4̄; 1; 1=2Þ: ð4Þ

Here all the SM fields and νc are in the left-handed
representation, and the unification for quarks and leptons
is for each SM family. This theory can be seen as a
low energy limit of the Pati-Salam model based on
SUð4ÞC ⊗ SUð2ÞL ⊗ SUð2ÞR, when the SUð2ÞR symmetry
is broken to Uð1ÞR. One can also obtain the gauge
symmetry GQL from a unified theory based on SUð6Þ.
In this theory the gauge fields live in

Aμ ¼
�

Gμ Xμ=
ffiffiffi
2

p

X�
μ=

ffiffiffi
2

p
0

�
þ T4B0

μ ∼ ð15; 1; 0Þ; ð5Þ

where Gμ ∼ ð8; 1; 0ÞSM are the gluons, Xμ ∼ ð3; 1; 2=3ÞSM
are vector leptoquarks, and B0

μ ∼ ð1; 1; 0ÞSM. The Higgs
sector is composed of three scalar representations:

HT
1 ¼ ðHþ H0 Þ ∼ ð1; 2; 1=2Þ;
χ ¼ ð χu χ0R Þ ∼ ð4; 1; 1=2Þ; and

Φ ¼
�Φ8 Φ3

Φ4 0

�
þ

ffiffiffi
2

p
T4H2 ∼ ð15; 2; 1=2Þ: ð6Þ

Here H2 ∼ ð1; 2; 1=2ÞSM is a second Higgs doublet,
Φ8 ∼ ð8; 2; 1=2ÞSM, and the scalar leptoquarks Φ3 ∼
ð3̄; 2;−1=6ÞSM and Φ4 ∼ ð3; 2; 7=6ÞSM. The T4 generator
of SUð4ÞC in the above equation is normalized as
T4 ¼ 1

2
ffiffi
6

p diagð1; 1; 1;−3Þ. The GQL gauge group is sponta-

neously broken to the SM gauge group by the vacuum
expectation value (VEV) of the scalar field hχ0Ri ¼ vχ=

ffiffiffi
2

p
,

which gives mass to the vector leptoquark Xμ, defining the
scale of matter unification.
The Yukawa interactions in this theory are given by

−LY
QL ¼ Y1FQLFuH1 þ Y2FQLFuΦþ Y3H

†
1FQLFd

þ Y4Φ†FQLFd þ H:c:; ð7Þ

and the mass matrices for the SM fermions read as

MU ¼ Y1

v1ffiffiffi
2

p þ 1

2
ffiffiffi
3

p Y2

v2ffiffiffi
2

p ; MD
ν ¼ Y1

v1ffiffiffi
2

p −
ffiffiffi
3

p

2
Y2

v2ffiffiffi
2

p ;

ð8Þ

MD ¼ Y3

v1ffiffiffi
2

p þ 1

2
ffiffiffi
3

p Y4

v2ffiffiffi
2

p ; ME ¼ Y3

v1ffiffiffi
2

p −
ffiffiffi
3

p

2
Y4

v2ffiffiffi
2

p :

ð9Þ

Here the VEVs of the Higgs doublets are defined as hH0
1i ¼

v1=
ffiffiffi
2

p
and hH0

2i ¼ v2=
ffiffiffi
2

p
. Notice that without the scalar

field Φ one cannot generate a consistent relation for
charged fermion masses. Now, in order to generate small
neutrino masses at the low scale one needs to go beyond the
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canonical seesaw mechanism. We can generate small
Majorana masses for the light neutrinos if we add three
new singlet left-handed fermionic fields S ∼ ð1; 1; 0Þ and
use the following interaction terms [6], which emerge in the
Lagrangian once the fermion singlets are included,

−Lν
QL ¼ Y5FuχSþ 1

2
μSSþ H:c: ð10Þ

In this case the mass matrix for neutrinos in the basis
(ν, νc, S) reads as

ðννcSÞ

0
B@

0 MD
ν 0

ðMD
ν ÞT 0 MD

χ

0 ðMD
χ ÞT μ

1
CA
 ν

νc

S

!
: ð11Þ

Here MD
ν is given by Eq. (8) and MD

χ ¼ Y5vχ=
ffiffiffi
2

p
. The

light neutrino mass is given by

mν ≈ μðMD
ν Þ2=ðMD

χ Þ2; ð12Þ

if MD
χ ≫ MD

ν ≫ μ holds. Such a hierarchy is motivated by
the different scales of the theory: MD

χ ∝ vχ , which deter-
mines the scale of matter unification, MD

ν ∝ v1;2, which
defines the electroweak scale, and μ is instead protected by
a fermion symmetry, so that it is technically natural to
assume it is small. Notice that neutrinos would be massless
in the limit μ → 0, which is the usual relation in the inverse
seesaw mechanism.
The vector leptoquarks, Xμ ∼ ð3; 1; 2=3ÞSM, have the

following interactions:

L ⊃
g4ffiffiffi
2

p XμðQ̄Lγ
μlL þ ūRγμνR þ d̄RγμeRÞ þ H:c:; ð13Þ

where the gauge coupling g4 is equal to the strong coupling
constant evaluated at the quark-lepton unification scale and
ðνRÞc ¼ ðνcÞL. See Appendix A for details of the inter-
actions in the physical basis.
The Yukawa interactions in Eq. (7), other than generat-

ing the mass of the fermions, contain new Yukawa inter-
actions with respect to the Standard Model. Particularly, the
predicted scalar leptoquarks, Φ3 ∼ ð3̄; 2;−1=6ÞSM and
Φ4 ∼ ð3; 2; 7=6ÞSM, have the following interactions with
quarks and leptons:

−LY
QL ⊃ Y2QLΦ3ðνcÞL þ Y2lLΦ4ðucÞL þ Y4lLΦ

†
3ðdcÞL

þ Y4QLΦ
†
4ðecÞL þ H:c: ð14Þ

We note that neutrino masses can be small even when
Y2 → 0, due to the inverse seesaw mechanism, but the
entries in Y4 cannot be arbitrarily small because one needs a
realistic relation between down quarks and charged lepton
masses,

Y4 ¼
ffiffiffi
3

2

r
1

v2
ðMD −MEÞ: ð15Þ

The scalar leptoquarksΦ3 andΦ4 can be written in SUð2ÞL
components as

Φ3 ¼
 

ϕ1=3
3

ϕ−2=3
3

!
and Φ4 ¼

 
ϕ5=3
4

ϕ2=3
4

!
; ð16Þ

where the numbers in the superscript denote the electric
charge. In Appendix A we present the interactions of the
leptoquarks in the physical basis, where the fermions are
mass eigenstates. For some phenomenological studies of
this theory see, for example, Refs. [25,55].

III. MESON DECAYS: RK AND RK�

The theory predicts the existence of a vector leptoquark,
Xμ, and two scalar leptoquarks, Φ3 and Φ4, among other
fields. The interactions of the Xμ leptoquark are determined
by several unknown unitary mixing matrices; see
Appendix A for details. Unfortunately, one cannot explain
easily the values of RK and satisfy the bounds from the
experimental constraints on KL → e�μ∓ when the mixing
matrix is unitary. See the studies in Refs. [25,33] for details.
Consequently, we focus this study on the scalar leptoquarks
that the theory predicts.
The interactions of the scalar leptoquarks with the

Standard Model fermions are needed to render the fermion
masses realistic, and therefore cannot be assumed small. In
particular, in Eqs. (8) and (9) one can see that Y2 can be
neglected, but Y4 must be nonzero in order to have a
consistent relation between the charged leptons and down
quark masses. For simplicity, in this section we will study
scenarios where we take the limit Y2 → 0, and hence, the
interactions of the scalar leptoquarks with the SM fermions
are given by

−LY ¼ Yab
4 ðd̄bRðϕ1=3

3 Þ�νaL þ d̄bRðϕ−2=3
3 Þ�eaL þ ēbRðϕ5=3

4 Þ�uaL
þ ēbRðϕ2=3

4 Þ�daLÞ þ H:c:; ð17Þ

which in the basis where the fermions are mass eigenstates
read

−LY ¼ d̄bRV
ab
4 ðϕ1=3

3 Þ�νaL
þ d̄bRðK�

3V
�
PMNSV4Þabðϕ−2=3

3 Þ�eaL þ ēbRV
ab
6 ðϕ5=3

4 Þ�uaL
þ ēbRðK2VT

CKMK1V6Þabðϕ2=3
4 Þ�daL þH:c: ð18Þ

To determine the parameters quantifying the leptoquark
interaction with fermions, i.e., the corresponding coupling
and the leptoquark mass, the predictions of the theory
should be contrasted with experimental measurements.
Strikingly, both scalar leptoquarks contribute to b → s
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transitions through their coupling between the charged
leptons and down quarks, via the ϕ−2=3

3 and ϕ2=3
4 fields.

Therefore, in light of recent deviations reported by the
LHCb on such transitions, we should ask the theory to
accommodate the experimental results, being the largest
deviation 3.1σ in the clean observableRK . In the following
phenomenological analysis we are only considering the

clean observables; namely, the ratios RKð�Þ and the branch-
ing fraction of the leptonic decays BrðBs → lþl−Þ.

A. Scalar leptoquark ϕ− 2=3
3

The scalar leptoquark ϕ−2=3
3 contributes to the following

dimension six effective interactions:

L
ϕ−2=3
3

eff ⊃
4GFffiffiffi

2
p VtbV�

ts
α

4π
½C0

9llðs̄γμPRbÞðl̄γμlÞ þ C0
10llðs̄γμPRbÞðl̄γμγ5lÞ� þ H:c:; ð19Þ

whose Wilson coefficients are determined after integrating ϕ−2=3
3 out and are given by

C0
10ll ¼ −C0

9ll ¼
� ffiffiffi

2
p

π

GFVtbV�
tsα

� ðK�
3V

�
PMNSV4Þl3ðK3VPMNSV�

4Þl2
4M2

ϕ−2=3
3

≃ ð36 TeVÞ2 ðK
�
3V

�
PMNSV4Þl3ðK3VPMNSV�

4Þl2
4M2

ϕ−2=3
3

: ð20Þ

The fact that the theory predicts C0
10ll ¼ −C0

9ll allows us to write the leptonic branching ratio Bs → lþl− as a function
of a single Wilson coefficient C0

10ll,

BrðBs → lþl−Þ ¼ BrðBs → llÞSM × ð1þ 0.4875Re½C0
10ll� þ 0.05940jC0

10llj2Þ; ð21Þ

where for the Standard Model prediction we take BrðBs → μþμ−ÞSM ¼ 3.66 × 10−9 [56] and BrðBs → eþe−ÞSM ¼
8.35 × 10−14 [57,58]. The same applies to the rest of the clean observables we are considering,3

RK ¼ RSM
K

1 − 0.5040Re½C0
10μμ� þ 0.06359jC0

10μμj2
1 − 0.5040Re½C0

10ee� þ 0.06359jC0
10eej2

for q2 ⊂ ½1.1; 6� GeV2; ð22Þ

RK� ¼ RSM
K�

1þ 0.4335Re½C0
10μμ� þ 0.07473jC0

10μμj2
1þ 0.4325Re½C0

10ee� þ 0.07472jC0
10eej2

for q2 ⊂ ½1.1; 6� GeV2; ð23Þ

RK� ¼ RSM
K�

1þ 0.2363Re½C0
10μμ� þ 0.03266jC0

10μμj2
1þ 0.2252Re½C0

10ee� þ 0.03127jC0
10eej2

for q2 ⊂ ½0.045; 1.1� GeV2: ð24Þ

For the contributions to the Wilson coefficients from the
SM we take CSM

7 ¼ −0.304, CSM
9 ¼ 4.211, and CSM

10 ¼
−4.103 [61].
In Fig. 1 we show the parameter space in the BrðBs →

μþμ−Þ vs BrðBs → eþe−Þ plane that satisfies the exper-
imental value of RK at the 1σ level [10]; see Eq. (1). We
note that, due to the quadratic dependence of the observ-
ables on C0

10ll, for a given BrðBs → μþμ−Þ and BrðBs →
eþe−Þ there exist four possible values of RK allowed. In
this figure we present the solution that is also consistent
with the measured window for RK. We also take into
account the existing experimental bounds on the leptonic

decay to muons [62] and to electrons [63], which are
given by

BrðBs → μþμ−Þexp ¼ 3.0� 0.6þ0.3
−0.2 × 10−9; ð25Þ

BrðBs → eþe−Þexp < 2.8 × 10−7: ð26Þ

The region shaded in gray in Fig. 1 shows explicitly the
parameter space satisfying BrðBs → μþμ−Þexp [62] at the
1σ level. As the figure shows, we find that there is a region
of the parameter space that satisfies Rexp

K and BrðBs →
μþμ−Þexp at 1σ which corresponds to the overlapping region
between the regions shaded in gray and in orange in
the plot.

3For the calculation of the ratios RK and RK� we adopt the
form factors from Ref. [59] and Ref. [60], respectively.
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In Fig. 2 we plot the correlation between the semi-
leptonic ratios for the different q2 ranges tested at
experiment for the values of BrðBs → μþμ−Þ and
BrðBs → eþe−Þ consistent with the experimental values

of Rexp
K and BrðBs → μþμ−Þexp at the 1σ level. We note

that the theory predicts a window for RK� that is
consistent with the experimental values of this
observable [64],

Rexp
K� ¼

�
0.66þ0.11

−0.07ðstatÞ � 0.03ðsystÞ for 0.045 < q2 < 1.1 GeV2;

0.69þ0.11
−0.07ðstatÞ � 0.05ðsystÞ for 1.1 < q2 < 6.0 GeV2;

ð27Þ

which deviate from the Standard Model prediction by 2.2σ
and 2.4σ, respectively. Since the main focus of our work is
to explain RK and BrðBs → μþμ−Þ, we aim to reproduce

these observables within 1σ, while forRK� we consider the
2σ ranges. As Fig. 2 shows, for RK� in the range 1.1 <
q2 < 6 GeV2 the full predicted window is in agreement
with the experimental measurement within 1σ, while for
0.045 < q2 < 1.1 GeV2, the theory prefers higher values
still within 2σ of its experimental value.
Figure 3 shows the parameter space in the plane of

the relevant Wilson coefficients C0
10μμ and C0

10ee that
satisfies the experimental value of the clean observables
at the 1σ level: BrðBs → μþμ−Þexp in orange and Rexp

K in

blue. For R½0.045;1.1�
K� and R½1.1;6�

K� we consider the 2σ range
of the measurements which are shown in red and green,
respectively; between brackets we specify the window of
the integrated q2. As can be seen from the lower left part
of the plot, all observables can be explained by Wilson
coefficients C0

10μμ ≈ −8 and C0
10ee ≈ −9.

As we have shown in this subsection, the simplest theory
where one can understand unification of matter at the
TeV scale naturally accommodates the so-called flavor
anomalies in b → s transitions observed at experiment.
As one can read from the Wilson coefficients in Eq. (20),
such transitions particularly imply the presence of four
entries in the Yukawa matrix between the charged leptons
and the down quarks, which in the physical basis reads as

FIG. 2. The purple band gives the prediction for RK� in the window 0.045 < q2 < 1.1 GeV2 (left panel) and 1.1 < q2 < 6 GeV2

(right panel) for the points satisfyingRexp
K and BrðBs → μþμ−Þexp within 1σ. The region shaded in orange (light orange) corresponds to

the measurement of RK� at 1σ (2σ).

FIG. 1. The orange band gives the correlation between
BrðBs → eþe−Þ and BrðBs → μþμ−Þ that explains the RK
experimental measurement within 1σ. The gray band corresponds
to the measurement of BrðBs → μþμ−Þ within 1σ. The black
dashed lines correspond to the SM predictions for each channel.
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Ṽ4 ≡ K�
3V

�
PMNSV4, as can be read from Eq. (18). However,

the rest of the couplings in this matrix may lead to other
flavor transitions, such as KL → μ�e∓ and τ decays to light
mesons and a charged lepton, which suffer from strong
experimental constraints. Requiring consistency with the
experiment allows us to infer the texture of the Yukawa
matrix Ṽ4. By adopting the following hierarchy in their
entries:

ð28Þ

where the squares denote large entries while the dots
denote small entries, the theory can accommodate the
experimental values of the clean observables involving

b → s transitions while being consistent with all existing
flavor constraints. Notice that lepton flavor violation
processes such as the radiative decays μ → eγ or the muon
magnetic moment ðg − 2Þμ do not offer relevant constraints
to the four matrix entries involved in b → s transitions
since they suffer from the muon mass suppression and a
near cancellation of the loop functions due to the lepto-
quark charge of jQLQj ¼ 2=3. We refer the reader to
Appendix B for more details.
The leptoquark ϕ−2=3

3 can also induce the decays B →
Kμ�e∓ and Bs → μ�e∓; however, these decays depend on
a different combination of couplings than the ones that
enter in RKð�Þ , and hence, there exists enough freedom in
the Wilson coefficients for this decay to satisfy the
experimental constraint. Furthermore, C0

10 will also modify
the Bs − B̄s mass difference at one-loop that leads to the
constraint jC0

10jMϕ2=3
3

≲ 100 TeV [65]. Since we need

C0
10 ≃ −9 to explain the flavor anomalies, the mass of

the leptoquark must satisfy Mϕ2=3
3

≲ 10 TeV.

On the other hand, we note that ϕ1=3
3 , which also belongs

to the SUð2ÞL doublet in Eq. (18), shares the entries of Ṽ4

up to the effect of the VPMNS and some complex diagonal
phases. Knowing the texture of Ṽ4 from the interactions
involving ϕ−2=3

3 , the theory predicts a modification of
processes such as B → Kð�Þνν̄ and Bs → νν̄. The current
experimental bound on the former is given by BrðBþ →
Kþνν̄Þ < 1.7 × 10−5 [66], which is a factor of 3 larger than
the prediction in the SM BrðBþ → Kþνν̄ÞSM ¼ 5.6 × 10−6

[67], and BrðBþ → K�þνν̄Þ < 4 × 10−5 [68], still far from
the SM prediction BrðBþ → K�þνν̄ÞSM ¼ 9.6 × 10−6 [67].
Because of this and the large uncertainties in the hadronic
form factors, it is hard to obtain constraints from these
observables.

B. Scalar leptoquark ϕ2=3
4

The scalar leptoquark ϕ2=3
4 contributes to the following

dimension six effective interactions:

L
ϕ2=3
4

eff ¼ 4GFffiffiffi
2

p VtbV�
ts
α

4π
½C9llðs̄γμPLbÞðl̄γμlÞ þ C10llðs̄γμPLbÞðl̄γμγ5lÞ� þ H:c:; ð29Þ

where the Wilson coefficients are given by

C10ll ¼ C9ll ¼ −
�

π
ffiffiffi
2

p

GFVtbV�
tsα

� ðK2VT
CKMK1V6Þ3lðK�

2V
†
CKMK

�
1V

�
6Þ2l

4M2

ϕ2=3
4

: ð30Þ

In this case the leptonic branching ratio is also given as a function of a single Wilson coefficient, C10ll,

BrðBs → lþl−Þ ¼ BrðBs → lþl−ÞSM × ð1 − 0.487448Re½C10ll� þ 0.0594014jC10llj2Þ; ð31Þ

FIG. 3. Parameter space of the Wilson coefficients C0
10ee and

C0
10μμ required to explain the flavor anomalies. The orange band

is in agreement with the measurement of BrðBs → μþμ−Þ and the
blue band with RK within 1σ. The red and green bands

correspond to the measurements of R½0.045;1.1�
K� and R½1.1;6�

K� within
2σ, respectively.
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as well as the other clean observables we consider,

RK ¼ RSM
K

1 − 0.01812Re½C10μμ� þ 0.06359jC10μμj2
1 − 0.01781Re½C10ee� þ 0.06359jC10eej2

for q2 ⊂ ½1.1; 6� GeV2; ð32Þ

RK� ¼ RSM
K�

1 − 0.08301Re½C10μμ� þ 0.07473jC10μμj2
1 − 0.08428Re½C10ee� þ 0.07472jC10eej2

for q2 ⊂ ½1.1; 6� GeV2; ð33Þ

RK� ¼ RSM
K�

1 − 0.04783Re½C10μμ� þ 0.03266jC10μμj2
1 − 0.04600Re½C10ee� þ 0.03127jC10eej2

for q2 ⊂ ½0.045; 1.1� GeV2: ð34Þ

FIG. 4. Left panel: Parameter space of the Wilson coefficients C10ee and C10μμ required to explain the flavor anomalies. The orange
band is in agreement with the measurement of BrðBs → μþμ−Þ and the blue band with RK within 1σ. The red and green bands

correspond to the measurements of R½0.045;1.1�
K� and R½1.1;6�

K� within 2σ, respectively. Right panel: The orange band gives the correlation
between BrðBs → eþe−Þ and BrðBs → μþμ−Þ that explains theRK experimental measurement within 1σ. The gray band corresponds to
the measurement of BrðBs → μþμ−Þ within 1σ. In both panels, only the region where C10μμ is very close to zero is allowed by
the μ → eγ constraint. Therefore, the prediction for BrðBs → μþμ−Þ is very close to the SM prediction; the latter is shown by a black
dashed line.

FIG. 5. The purple band gives the prediction for RK� in the window 0.045 < q2 < 1.1 GeV2 (left panel) and 1.1 < q2 < 6 GeV2

(right panel) for the points satisfyingRexp
K within 1σ. The region shaded in orange (light orange) corresponds to the measurement ofRK�

at 1σ (2σ). We show the solution with small Wilson coefficients.
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In the left panel in Fig. 4 we show our results in the plane
of the Wilson coefficients C10ee vs C10μμ. The orange band
reproduces the measured value for BrðBs → μþμ−Þ while
the blue band reproduces RK within 1σ. The red and green

bands reproduce the measurements of R½0.045;1.1�
K� and

R½1.1;6�
K� within 2σ, respectively. In contrast to the Φ3

leptoquark, Φ4 can reproduce the observables with small
Wilson coefficients and coupling mainly to electrons;
namely, C10μμ ≈ 0 and C10ee ≈ −1.3. Therefore they will
have a smaller impact on each separate channel. Note that
the component ϕ5=3

4 can give large contributions to μ → eγ
since the near cancellation on the loop functions that takes
place for ϕ2=3

4 does not take place for ϕ5=3
4 ; see Appendix B

for more details. Therefore, in order to be consistent with
the lepton flavor violation constraints, the following texture
in the Yukawa matrix Ṽ6 ¼ K2VT

CKMK1V6 must be
adopted,

ð35Þ

where the leptoquark Φ4 couples mostly to electrons.
In Fig. 5 we show the correlation predicted for the

ratios RK� and RK adopting the texture in Eq. (35). In
the left panel we give the predictions4 for RK� in the
window 1.1 < q2 < 6 GeV2, where the purple band is
in agreement with RK within 1σ. In the right panel
we show the predictions for RK� in the window
0.045 < q2 < 1.1 GeV2.

IV. THE g − 2 OF THE MUON

The Fermilab g − 2 experiment has recently reported
results on the anomalous magnetic moment of the muon
aμ ≡ ðg − 2Þμ=2 from their Run 1 [36]. The combined
result with the one from the E821 experiment at BNL [37]
deviates from the SM prediction by 4.2σ, as Eq. (2)
manifests. In this section we show that in the most general
case, the theory gives a prediction for ðg − 2Þμ that can
explain the reported deviation, involving the same lepto-
quarks in the theory that have been discussed so far.
In this theory, the main contribution to the muon g − 2 is

generated by the scalar leptoquark ϕ5=3
4 with the top quark

running in the loop. In Fig. 6 we show the Feynman graphs
for the two different topologies. The relevant Yukawa
interactions for the ϕ5=3

4 field are given by

−L ⊃ ēiðλijRPL þ λijLPRÞujðϕ5=3
4 Þ� þ H:c:; ð36Þ

where the matrices λL;R correspond to

λR ¼ VT
6 and λL ¼ −K3VPMNSV�

5; ð37Þ

and these matrices can be written in terms of the Yukawa
matrices in the Lagrangian as V5 ¼ NTY2UC and V6 ¼
UTY4EC as discussed in Appendix A. The new contribu-
tion to the muon g − 2 can be written as

Δaμ ¼
−3
16π2

m2
μ

M2

ϕ5=3
4

X
j

�
ðjλ2jL j2 þ jλ2jR j2Þ

×

�
2

3
F1ðxjÞ þ

5

3
F2ðxjÞ

�

þmuj

mμ
Re½λ2jL ðλ2jR Þ��

�
2

3
F3ðxjÞ þ

5

3
F4ðxjÞ

��
; ð38Þ

where the loop functions are given by

F1ðxÞ ¼
1

6ð1 − xÞ4 ð2þ 3x − 6x2 þ x3 þ 6x ln xÞ; ð39Þ

F2ðxÞ ¼
1

6ð1 − xÞ4 ð1 − 6xþ 3x2 þ 2x3 − 6x2 ln xÞ; ð40Þ

F3ðxÞ ¼
1

ð1 − xÞ3 ð−3þ 4x − x2 − 2 ln xÞ; ð41Þ

F4ðxÞ ¼
1

ð1 − xÞ3 ð1 − x2 þ 2x ln xÞ; ð42Þ

with xj ¼ ðmuj=Mϕ5=3
4

Þ2. Therefore, the dominant contri-

bution will come from the top quark in the loop.
We present our results in Fig. 7 in the λ23L vsMϕ5=3

4

plane.

The shaded bands are in agreement with the combined
result from the Muon g − 2 experiment at Fermilab and
E821 at BNL within 1σ given in Eq. (2). The orange band
corresponds to fixing λ23R ¼ −λ23L =5, the blue band is for
λ23R ¼ −λ23L , while the green band is for λ23R ¼ −5λ23L .
The contributions from ϕ−2=3

3 and ϕ2=3
4 to the muon g − 2

have chiral suppression and although this can be lifted
through mixing, the latter is determined by the electroweak

FIG. 6. Feynman diagrams for the topologies of the main
contributions from the scalar leptoquark ϕ5=3

4 to ðg − 2Þμ. The
different colors in the vertices indicate opposite chiralities in the
leptoquark-muon coupling.

4We note that the experimental value BrðBs → μþμ−Þexp is
already consistent with the SM prediction at 1σ.
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scale and generically it is very small; furthermore, the
constraints from the LHC rule out such a scenario as an
explanation for the ðg − 2Þμ anomaly [44].

A. Connection between the flavor
and muon g − 2 anomalies

In this section we study the possibility to explain theRK
and the ðg − 2Þμ anomalies simultaneously. For alternative
solutions to both of these anomalies see e.g., Refs. [69–74].
In the theory discussed in this work, the flavor and muon
g − 2 anomalies can be simultaneously explained when we
consider the contributions from both Φ3 and Φ4. As we
have discussed, Φ4 can explain the g − 2 of the muon,
and in order to avoid the strong experimental constraint on

μ → eγ we assume that Φ4 couples mainly to muons by
adopting the following texture:

ð43Þ

As we studied in Sec. III A, Φ3 can be used to explain the
flavor anomalies by being coupled to both electrons and
muons, and hence, we assume the following texture:

ð44Þ

As given in Eq. (37) the coupling λ23L is determined by the
matrix V5. Therefore, for the matrix V5 we only require the
entry V23

5 to be nonzero.
In the left panel in Fig. 8 we show the parameter space

of the Wilson coefficients C0
10ee, C

0
10μμ, and C10μμ, assum-

ing that Φ4 couples mainly to muons [i.e., adopting
the texture in Eq. (43)]. As can be seen in this plot, the
flavor observables can be reproduced with C0

10ee ≈ −6,
C0
10μμ ≈ −5, and for the contribution from Φ4 we take

C10μμ ¼ −0.5C0
10μμ.

The entries in the V6 matrix can be written in terms of the
coefficient C10μμ as follows:

V32
6 ðV22

6 Þ� ¼ −4M2

ϕ2=3
4

C10μμ

�
GFVtbV�

tsα

π
ffiffiffi
2

p
�
; ð45Þ

where we have assumed K2VCKMK1 ∼ 1, for simplicity.
Notice that one of the couplings, λ23R , needed to predict
ðg − 2Þμ is λ23R ¼ −V32

6 . Then, assuming V32
6 ¼ −V22

6 , the

FIG. 8. Left panel: Same as Fig. 3; we also include a contribution from C10μμ ¼ −0.5C0
10μμ. Right panel: The region shaded in blue is

in agreement with the combined result from the Muon g − 2 experiment at Fermilab and E821 at BNL within 1σ. We have also fixed the
Wilson coefficients that reproduce the experimental measurements of BrðBs → μþμ−Þ and RK within 1σ and RK� within 2σ.

FIG. 7. Parameter space in the λ23L vs Mϕ5=3
4

plane, the shaded
regions reproduce the combined result from the Muon g − 2
experiment at Fermilab and E821 at BNL within 1σ. Different
colors correspond to different relations between the couplings
λ23L and λ23R .
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coupling λ23R can be written as a function ofMϕ2=3
4

using the

above equation. Neglecting the mass splitting between the
fields in Φ4, we have Mϕ2=3

4

¼ Mϕ5=3
4

¼ MΦ4
. Therefore,

the predictions for g − 2 will depend only on two param-
eters, λ23L andMΦ4

. In the right panel in Fig. 8 we show the
predictions for the Muon g − 2 after fixing the Wilson
coefficients to the values that reproduce the flavor anoma-
lies. The blue band is in agreement with the measured value
of ðg − 2Þμ within 1σ. Consequently, there are consistent
scenarios that provide a simultaneous explanation of the
flavor and muon g − 2 anomalies.
There also exists a solution with smaller values for

the Wilson coefficients even though the measured values
for RK� cannot be reproduced. First of all, for ϕ5=3

4 to
be able to explain ðg − 2Þμ at the multi-TeV scale we
need the coefficient C10μμ to be order one, so we set
C10μμ ¼ 1.5C0

10μμ. From the left panel in Fig. 9 we see that
for C0

10μμ ¼ 0.3 and C0
10ee ¼ 0 we can reproduce the

measured values for RK and BrðBs → μþμ−Þ; moreover,
in this scenario the new physics is only coupled to muons.
However, the predictions for RK� turn out to be larger
than the current observed value. In the right panel of
Fig. 9 we assume that V32

6 ¼ −V22
6 and show the region in

the λL vs MΦ4
plane that explains the g − 2 of the muon

within 1σ.
Focusing on the region that reproduces BrðBs → μþμ−Þ

andRK within 1σ, in the left panel of Fig. 9, we obtain the

following predictions for RK� : R½0.045;1.1�
K� ¼ ½0.98 − 1.34�,

R½1.1;6�
K� ¼ ½1.08 − 1.85�, both are much higher than the

current observed values given in Eq. (27). The values of
the Wilson coefficients on the right panel in Fig. 9
correspond to the lower end in these ranges.

V. SUMMARY

We have discussed the simplest quark-lepton unification
theory that can be realized at the TeV scale [6] and can be
seen as a low energy limit of the Pati-Salam theory.
This theory is based on the SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR
gauge group and, in order to have a consistent theory for
fermion masses at the low scale, neutrino masses are
generated through the inverse seesaw mechanism. This
theory predicts the existence of a vector leptoquark,
Xμ ∼ ð3; 1; 2=3ÞSM, and two scalar leptoquarks, Φ3 ∼
ð3̄; 2;−1=6ÞSM and Φ4 ∼ ð3; 2; 7=6ÞSM, that can provide
a relevant contribution to meson decays.
We have studied the possibility to explain the exper-

imental values for the clean observables involving b → s
transitions, i.e.,RK ,RK� and BrðBs → μþμ−Þ, in two main
scenarios. In the first scenario the scalar leptoquark Φ3

gives the main contributions to explain the measured values
of the relevant meson decays through couplings to both
electrons and muons. In the second scenario the scalar
leptoquark Φ4 plays the main role to explain the values for
the neutral flavor anomalies; in this scenario the new
physics is coupled mostly to electrons as it is required
by the experimental bound from μ → eγ. Furthermore, we
showed that Φ4 can be used to explain the g − 2 of the
muon while being consistent with other experimental
bounds.
We found scenarios where we can address simultane-

ously the flavor and the ðg − 2Þμ anomalies, in which both
leptoquarks Φ3 and Φ4 play a role. In these scenarios, the
recent experimental results for RK and RK� are explained
by contributions from Φ3 and Φ4, with Wilson coefficients
of the same order as in the SM, while the measured value of
ðg − 2Þμ can be addressed by couplingΦ4 mostly to muons,

FIG. 9. Left panel: Same as Fig. 3; we also include a contribution from C10μμ ¼ 1.5C0
10μμ. Right panel: The region shaded in blue is in

agreement with the combined result from the Muon g − 2 experiment at Fermilab and E821 at BNL within 1σ. We have also fixed the
Wilson coefficients that reproduce the experimental measurements of BrðBs → μþμ−Þ andRK within 1σ. The predicted values forRK�

are higher than the current central values as discussed in the text.
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so that the aforementioned anomalies can all be explained
in consistency with constraints from lepton flavor violation.
We hope that, in the near future, more experimental data

and an improvement of the theoretical predictions will
determine whether these anomalies represent final evidence
for new physics, and whether the minimal theory for quark-
lepton unification can be behind them by contrasting
alternative predictions with experimental results.
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APPENDIX A: LEPTOQUARK INTERACTIONS

In our convention the mass matrices are diagonalized as

UTMUUC ¼ Mdiag
U ; ðA1Þ

DTMDDC ¼ Mdiag
D ; ðA2Þ

ETMEEC ¼ Mdiag
E : ðA3Þ

The following matrices enter in the leptoquark inter-
actions below:

V1 ¼ N†
CUC; V2 ¼ E†

CDC; V3 ¼ UTY2NC; V4 ¼ NTY4DC; V5 ¼ NTY2UC; and V6 ¼ UTY4EC;

VDE ¼ D†E; U†D ¼ K1VCKMK2; and E†N ¼ K3VPMNS:

K1 andK3 are diagonal matrices containing three phases,
while K2 has two phases.

(i) Vector leptoquark Xμ ∼ ð3; 1; 2=3ÞSM:
g4ffiffiffi
2

p d̄LVDEγ
μeLXμ; ðA4Þ

g4ffiffiffi
2

p ūLðK1VCKMK2VDEK3VPMNSÞγμνLXμ; ðA5Þ

g4ffiffiffi
2

p ðνcÞLV1γ
μðucÞLXμ; ðA6Þ

g4ffiffiffi
2

p ðecÞLV2γ
μðdcÞLXμ: ðA7Þ

(ii) Scalar leptoquark Φ3 ∼ ð3̄; 2;−1=6ÞSM:

uTLCV3ðνcÞLϕ−2=3
3 ; ðA8Þ

−dTLCK2VT
CKMK1V3ðνcÞLϕ1=3

3 ; ðA9Þ

νTLCV4ðdcÞLðϕ1=3
3 Þ�; ðA10Þ

eTLCK
�
3V

�
PMNSV4ðdcÞLðϕ−2=3

3 Þ�: ðA11Þ

(iii) Scalar leptoquark Φ4 ∼ ð3; 2; 7=6ÞSM:

νTLCV5ðucÞLϕ2=3
4 ; ðA12Þ

−eTLCK�
3V

�
PMNSV5ðucÞLϕ5=3

4 ; ðA13Þ

uTLCV6ðecÞLðϕ5=3
4 Þ�; ðA14Þ

dTLCK2VT
CKMK1V6ðecÞLðϕ2=3

4 Þ�: ðA15Þ

Notice that when Y2 → 0 the matrices V3 → 0
and V5 → 0.

APPENDIX B: BOUNDS FROM μ → eγ

In this Appendix we discuss the implications from the
experimental bounds on μ → eγ on the three scenarios
studied in this work:

(i) Φ3 scenario: In this case only the field ϕ−2=3
3

contributes to μ → eγ but its contribution is chiral
suppressed. Furthermore, the contribution from
ϕ−2=3
3 has a near cancellation in the loop functions

due to the electric charge of −2=3; this is because in
the limit x → 0 the loop functions approach
F1ðxÞ → 1=3 and F2ðxÞ → 1=6, and hence, the
combination QdF1ðxÞ −QLQF2ðxÞ ≈OðxÞ (i.e., it
almost vanishes).

(ii) Φ4 scenario: In this case two fields, ϕ2=3
4 and ϕ5=3

4 ,
contribute to μ → eγ. The contribution from ϕ2=3

4 is

suppressed as in the case of ϕ−2=3
3 discussed above.

However, the component ϕ5=3
4 can still give a con-

tribution to this observable larger than the current
experimental bound. The decay width is given by
[75,76]
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Γðμ → eγÞ ≃ α

4

m5
μ

M4

ϕ5=3
4

X
j

���� 3

32π2
λ2jR λ

1j�
R

× ½QqF1ðxjÞ þQLQF2ðxjÞ�
����2; ðB1Þ

with xj ¼ ðmuj=Mϕ5=3
4

Þ2, λR ¼ VT
6 , and assuming

VCKM ∼ 1 we have that Ṽ6 ≃ V6. In Fig. 10 we
show the parameter space in the λR vs Mϕ5=3

4

plane.

The region shaded in red is excluded by the
experimental bound Brðμ → eγÞ ≤ 4.2 × 10−13

[77]. This is the motivation behind the texture
chosen in Eq. (35) with couplings mostly to elec-
trons. For the plot we have chosen the benchmark
values of λR ¼ λ23R ¼ −λ22R ¼ λ13R =36 ¼ λ12R =36, so
that we obtain C10μμ ¼ 10−3 and C10ee ¼ −1.3,
which are able to explain the flavor anomalies.
We are also taking MΦ4

¼ Mϕ5=3
4

¼ Mϕ2=3
4

since

the mass splitting cannot be large.
(iii) Φ3 &Φ4 scenario: In Sec. IVA we discussed the

scenario where both fields, Φ3 and Φ4, contribute to
the flavor anomalies and the connection between
the predictions forRK and ðg − 2Þμ. In this case, the
bound from μ → eγ can be satisfied because the
coupling of Φ4 to electrons is suppressed and the Φ3

contribution to such processes is also suppressed,
and therefore, this bound can be neglected as in the
first case discussed above.
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