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We show that one can explain the neutral and charged anomalies in B-meson decays in the minimal
theory for quark-lepton unification. The implications for flavor violating processes are discussed in detail.
Strikingly, experimental observations suggest that the unification of quarks and leptons could be realized at
the Oð102Þ TeV scale.
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I. INTRODUCTION

The StandardModel of particle physics (SM), despite the
glory of explaining the vast majority of phenomena seen at
experiment, cannot be the final theory. There are theoreti-
cal, phenomenological and cosmological motivations for a
high-energy completion, which leads to reconsider the SM
as part of the renormalizable terms of an effective field
theory (EFT). Among the experimental corroboration for
physics beyond the SM, it is well known that at least two
neutrinos must have a nonzero mass and we do not have an
explanation for the hierarchy between the charged fermion
masses. Besides, an already long-standing tension has been
reported in the semileptonic decays of the B meson [1–13].
These discrepancies with respect to the SM prediction on
lepton flavor universality, referred in the literature as flavor
anomalies, exhibit a hierarchical flavor structure which
seems to be correlated with the flavor puzzle in the SM and
suggests the presence of new physics at the few TeV scale.
In this paper we discuss the possibility to explain the

flavor anomalies in the context of the simplest theory where
quarks and leptons are unified at the low scale, following
Pati and Salam’s idea [14]. The theory, presented in
Ref. [15], is based on SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR and
constitutes one of the simplest extensions of the SM, being
only separated by one breaking step from the SM gauge
group, containing the SM fermions, the right-handed neu-
trinos, and being able to describe physics at the multi-TeV

scale with light neutrino masses generated by the inverse
seesaw mechanism.
The minimal theory for quark-lepton unification [15]

predicts a vector leptoquark, Xμ ∼ ð3; 1; 2=3ÞSM, whose
mass defines the scale of quark-lepton unification. This
scale does not necessary have to be large as their GUT
partners SUð5Þ or SOð10Þ since baryon number is pre-
served at the renormalizable level and neutrinos get mass
through the inverse seesaw mechanism without the need of
a GUT scale to suppress the active neutrino masses. It is
well known, however, that the vector leptoquark can
mediate the decay KL → e�μ∓, which sets a lower bound
on the quark-lepton unification scale larger than 103 TeV if
the mixings between quarks and leptons are neglected
[16,17]. Among the new field content, the theory predicts
four new scalars, which have unique properties: (a) a scalar
diquark, (b) a second Higgs doublet, responsible to break
the degeneracy between the masses for charged leptons and
down quarks (the latter being a consequence of quark-
lepton unification), (c) and two scalar leptoquarks, Φ3 ∼
ð3̄; 2; 1=6ÞSM and Φ4 ∼ ð3; 2; 7=6ÞSM, which will induce
fermion flavor violation through the Yukawa interactions.
The leptoquarks Φ3 and Φ4 are the only pure scalar

leptoquarks (not admitting diquark couplings) to which the
SM fermions can interact. Their interactions conserve
baryon number at the renormalizable level. They are also
protected against unacceptable baryon number violation at
the nonrenormalizable level by the Pati-Salam SU(4)
symmetry and its minimal matter content, forbidding
baryon number violating operators until dimension seven
in the effective field theory [18], which makes them
excellent candidates to live at the few TeV scale. The
leptoquark interactions are defined by new mixing matrices
between the quarks and leptons, which are in principle
unknown. However, the theory predicts unique relations
between the decay channels of the vector leptoquark, the
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scalar leptoquarks and the new Higgs boson [19], which are
independent of them once the summation over final
fermions is performed, being these very attractive signa-
tures of the quark-lepton unification symmetry. We refer
the reader to Refs. [20–24] for phenomenological studies in
the context of this theory.
In this paper, we focus on the flavor violation constraints

in the theory. We show how the scalar leptoquark Φ4 ∼
ð3; 2; 7=6ÞSM can accommodate the observed anomalies
while being consistent with any other existing experimental
constraint. This possibility was already considered in
Ref. [25] from a simplified model perspective, with generic
Yukawa interactions of this leptoquark with matter, and it
was further addressed in Ref. [26] in the context of quark-
lepton unification, where the flavor anomalies were also
explained by assuming empirically some textures for the
physical couplings of leptoquarks with the SM fermions.
The main focus in the latter was to simultaneously address
the neutral flavor anomalies and the recent (and still
ambiguous) anomalous magnetic moment of the muon
[27,28] consistently with the existing experimental bounds.
Unfortunately, for the Φ3 contribution to the flavor anoma-
lies studied there, large Wilson coefficients are needed to
address them [26], which lead to large branching ratios for
the meson decays that might be in tension with the
experiment.
In this new study we exploit the fact that the Yukawa

interactions relevant for the flavor anomalies are strikingly
factorized in unitary components and diagonal matrices
composed of the physical masses of the SM fermions at the
quark-lepton unification scale. The latter allows us to
determine the textures given the available experimental
constraints and make predictions and correlate observables
that allow the testability of the theory in a foreseeable
future. We will show how the role of Φ4 in the neutral
anomalies presented in Ref. [26] is recovered from this new
point of view of fermion mass spectrum and unitarity and
will explore its implications on the rest of flavor inter-
actions. Remarkably, the theory predicts that the contribu-
tion of the vector leptoquark to KL → e�μ∓ is suppressed,
thereby allowing the theory to be realized at a lower
scale than that expected in generic Pati-Salam theories,
particularly around 100 TeV. This study suggests a strong
correlation between the ratios RKð�Þ and Brðτ → eγÞ that
will allow us to test the possibility to address the flavor
anomalies in the near future.
Altogether we believe that the minimal theory based on

the gauge group SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR is a very
simple and compelling extension of the SM that can
address the observed flavor anomalies, unifies quarks
and leptons, allows for a GUT embedding at the high
scale, and predicts masses for the neutrinos. We insist that
there is hope to test its existence in the near future, since
nonsuppressed Yukawa interactions are needed to correct
the fermion mass relations and the scalar leptoquark Φ4 in

this theory cannot be heavier than a few TeVs. Therefore,
we eagerly encourage our experimental colleagues to look
for the imprints of quark-lepton unification discussed in
this paper in the flavor and collider experiments.

II. MINIMAL THEORY FOR QUARK-LEPTON
UNIFICATION

A simple renormalizable theory for quark-lepton uni-
fication at the low scale was proposed in Ref. [15], which
can be seen as a low energy limit of the Pati-Salam theory.
This theory is based on the gauge symmetry:

SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR;

and each family of the SM matter fields plus three right-
handed neutrinos are unified in three representations:

FQL ¼
�
u ν

d e

�
∼ ð4; 2; 0Þ;

Fu ¼ ð uc νc Þ ∼ ð4̄; 1;−1=2Þ; and

Fd ¼ ð dc ec Þ ∼ ð4̄; 1; 1=2Þ;

while the SUð4ÞC gauge fields live in Aμ ∼ ð15; 1; 0Þ. The
minimal Higgs sector is composed of three scalar represen-
tations: Φ∼ð15;2;1=2Þ, χ∼ð4;1;1=2Þ and H1∼ð1;2;1=2Þ.
The Yukawa interactions for the charged fermions can be
written as

−L ⊃ Y1Fa
QLϵabH

b
1Fu þ Y2Fa

QLϵabΦbFu þ Y3H
†
1FQLFd

þ Y4Φ†FQLFd þ H:c:; ð1Þ

where a and b correspond to the SUð2ÞL indices, while for
the neutrinos one can implement the inverse seesaw mecha-
nism using the terms

−L ⊃ Y5FuχSþ 1

2
μSSþ H:c: ð2Þ

Here the fields S ∼ ð1; 1; 0Þ are SM fermionic singlets.
This theory predicts a vector leptoquark, Xμ ∼

ð3; 1; 2=3ÞSM,1 associated to the SUð4ÞC symmetry break-
ing, a scalar diquark Φ8 ∼ ð8; 2; 1=2ÞSM, a second Higgs
doublet H2 ∼ ð1; 2; 1=2ÞSM, and two physical scalar lep-
toquarks Φ3 ∼ ð3̄; 2;−1=6ÞSM and Φ4 ∼ ð3; 2; 7=6ÞSM. All
these scalars live in the adjoint representation Φ ∼
ð15; 2; 1=2Þ and therefore interact with the SM fermions
through the Yukawa interaction in Eq. (1). The scalar
leptoquarks decompose in SUð2ÞL components as,

1We use the label “SM”when referring to the quantum numbers
of the SM gauge group, i.e. SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY . Other-
wise, the quantum charges will refer to the Pati-Salam gauge
symmetry SUð4ÞC ⊗ SUð2ÞL ⊗ Uð1ÞR.
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Φ3 ¼
�

ϕ1=3
3

ϕ−2=3
3

�
; and Φ4 ¼

�
ϕ5=3
4

ϕ2=3
4

�
; ð3Þ

where the numbers in the superscript denote the electric
charge. The Yukawa interactions for Φ3 and Φ4 are
obtained by expanding the interactions in Eq. (1) in terms
of the SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY fields,

−L ⊃ Y2εabla
LΦb

4ðucÞL þ Y2εabQa
LΦb

3ðνcÞL
þ Y4Φ

†
3lLðdcÞL þ Y4Φ

†
4QLðecÞL þ H:c: ð4Þ

Notice that in this sector the interactions are parametrized
by only two Yukawa matrices because the SUð4ÞC sym-
metry relates the different Yukawa interactions in a unique
way, as Eq. (1) displays. After spontaneous breaking of the
electroweak symmetry, the charged fermion masses and the
Dirac neutrino masses (MD

ν ) are given by

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 ;

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 :

ð5Þ

Here the vacuum expectation values (VEVs) of the Higgs
doublets are defined as hH0

1i¼ v1=
ffiffiffi
2

p
, and hH0

2i ¼ v2=
ffiffiffi
2

p
.

In our convention the mass matrices are diagonalized as

UTMUUc ¼ Mdiag
U ; NTMνNc ¼ Mdiag

ν ;

DTMDDc ¼ Mdiag
D ; ETMEEc ¼ Mdiag

E : ð6Þ

The neutrino masses are generated using the inverse seesaw
mechanism (for more details see Ref. [15]).

A. Flavor violation and fermion masses

In this theory the interactions mediating flavor violating
processes for down quarks are proportional to the Yukawa
matrix Y4, which from Eq. (5) one can write as:

Y4 ¼
ffiffiffi
3

2

r
ðMD −MEÞ

v sin β
: ð7Þ

Here v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ v22

p
¼ 246 GeV and tan β ¼ v2=v1. As

one can appreciate, the Yukawa matrix Y4 defines the
difference between the mass matrices for down quarks and
charged leptons. Therefore, the amount of flavor violation
is bounded from above by the values of the quark masses in
the flavor space. A similar relation to Eq. (7) exists for Y2.
However, since the Dirac masses MD

ν are unknown, the
entries in Y2 are not constrained and could even be zero.

Contrarily, the entries of Y4 are needed to correct the
mass relation between the down quarks and charged
leptons. Thus, in the following we will focus only on this
matrix.
To understand the connection between the flavor struc-

ture of the SM and the flavor violation in this theory, let us
consider the interactions of the scalar leptoquarks Φ3 and
Φ4 mediated by the Yukawa matrix Y4.

2 Starting from their
components with electromagnetic charge �2=3,

ēidjϕ−2=3
3 ∶ icij3 PR ¼ i

ffiffiffi
3

2

r
1

v sinβ
ðV†Mdiag

D −Mdiag
E VT

c ÞijPR;

ð8Þ

d̄iejϕ2=3
4 ∶ icij4 PR ¼ i

ffiffiffi
3

2

r
1

v sin β
ðMdiag

D V�
c − VMdiag

E ÞijPR;

ð9Þ

where PL;R are the chiral projectors PL;R ¼ ð1 ∓ γ5Þ=2,
and the matrices V and Vc are unitary (mixing) matrices
defined as V ¼ D†E and Vc ¼ D†

cEc, respectively. On the
other hand, the Yukawa interactions mediated by Y4 for
their SUð2ÞL partners are given by

ν̄idjϕ1=3
3 ∶ iðV†

PMNSK
�
3c3ÞijPR

¼ i

ffiffiffi
3

2

r
1

v sin β
ðV†

PMNSÞikK�k
3 ðV†Mdiag

D −Mdiag
E VT

c ÞkjPR;

ð10Þ

ūiejϕ5=3
4 ∶ iðK1VCKMK2c4ÞijPR

¼ i

ffiffiffi
3

2

r
1

vsinβ
Ki

1V
ik
CKMK

k
2ðMdiag

D V�
c−VMdiag

E ÞkjPR; ð11Þ

where K1, K2 and K3 are diagonal matrices containing
phases. We note that, since the VCKM and VPMNS have well-
known structures, the above Feynman rules are also deter-
mined by the matrices c3 and c4. Notice that the matrices c3
and c4 define the interactions of the leptoquarks with the
down quarks and charged leptons, and that the amount of
flavor violation in these interactions is bounded by the
correspondent fermion masses and mixings. Neglecting the
masses of the first generation, me and md, we can write
the matrices c3 and c4 as follows:

2We could similarly proceed with the other scalars inΦ, i.e.H2

and Φ8. However, we focus on the scalar leptoquarks since we
expect, motivated by the recent flavor anomalies, at least one of
them to be at the TeV scale.
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c3 ¼
ffiffiffi
3

2

r
1

v sin β

0
B@

0 msðV�Þ21 mbðV�Þ31
−mμV12

c msðV�Þ22 −mμV22
c mbðV�Þ32 −mμV32

c

−mτV13
c msðV�Þ23 −mτV23

c mbðV�Þ33 −mτV33
c

1
CA; ð12Þ

c4 ¼
ffiffiffi
3

2

r
1

v sin β

0
B@

0 −mμV12 −mτV13

msðV�
cÞ21 msðV�

cÞ22 −mμV22 msðV�
cÞ23 −mτV23

mbðV�
cÞ31 mbðV�

cÞ32 −mμV32 mbðV�
cÞ33 −mτV33

1
CA: ð13Þ

Remarkably, the theory allows us to write the (in principle)
arbitrary Yukawa matrix Y4 in the physical basis for the
fermions as a linear combination (L.C.) of two pieces: the
known fermionmasses (Mf) and two unitarymatrices (VðcÞ)
which cannot be derived from first principles, i.e.
Y4 ¼ L:C:½Mf; VðcÞ�. Such factorization, as we will show
in the upcoming sections, will allow us to determine the
texture of V and Vc combining theoretical and experimental
constraints, which will have strong implications on the
quark-lepton unification scale as well as on establishing
correlations among flavor observables. In the following we
will assume

Mϕ−2=3
3

∼Mϕ1=3
3

∼MΦ3
; and Mϕ2=3

4

∼Mϕ5=3
4

∼MΦ4
; ð14Þ

for simplicity, since no large splitting is expected from the
SUð2ÞL corrections. Taking into account that perturbativity
of the Yukawa couplings requires that sin β ≳ 0.01, while
direct searches at LHCdemandMΦ4

;MΦ3
≳ 1 TeV [29–32],

the lower limit on the productMΦ3;4
sin β ≳ 10 GeVmust be

fulfilled.

III. FLAVOR ANOMALIES

Experimental measurements suggest violation of lepton
flavor universality in processes involving b → s transitions,
usually referred as neutral anomalies, and b → c transi-
tions, known as charged anomalies. The theory for quark-
lepton unification proposed in Ref. [15] predicts several
fields beyond the SM, as we mentioned briefly in Sec. II:

(i) Vector leptoquark, Xμ ∼ ð3; 1; 2=3ÞSM: This vector
boson could explain the flavor anomalies and satisfy
the strong experimental bound on KL → e�μ∓
among others only if we do not stick to the unitary
constraints on the matrices defining the mixing
between quarks and leptons, i.e. V and Vc. There-
fore, we do not see this solution very appealing even
if it has been used often in the literature [33–40].

(ii) Scalar diquark, Φ8 ∼ ð8; 2; 1=2ÞSM: The scalar di-
quark does not couple to leptons and then it cannot
play a relevant role in the flavor anomalies.

(iii) New Higgs doublet, H2 ∼ ð1; 2; 1=2ÞSM: In this
theory one has new physical Higgs bosons, the
charged Higgs H�, the heavy CP-even H Higgs

and the CP-odd A Higgs. These Higgses cannot be
used to address the anomalies because they provide
only scalar operators [41,42].

(iv) Scalar leptoquark, Φ3 ∼ ð3̄; 2; 1=6ÞSM: The possibil-
ity of using Φ3 to explain the flavor anomalies was
studied in Ref. [26]. Unfortunately, this solution
requires large Wilson coefficients and one predicts
generically too large branching ratios for the meson
decays.

(v) Scalar leptoquark, Φ4 ∼ ð3; 2; 7=6ÞSM: This scalar
leptoquark is the best candidate we have to address
the flavor anomalies. Its couplings to down quarks
and charged leptons are related to the unification of
quarks and leptons. We have shown in the previous
section that the flavor violating interactions are
bounded from above by the values of the quark
and lepton masses.

In this section we study in detail the possibility to explain
the neutral flavor anomalies using the interactions of Φ4

with quarks and leptons. We relegate the study of the
charged anomalies to the Appendix since they are not
solely determined by the Yukawa matrix Y4. Nevertheless,
in that appendix we show how they can also be successfully
explained by the leptoquark Φ4 by allowing for complex
Wilson coefficients. The possibility of explaining both
neutral and charged anomalies with this single scalar
leptoquark was already noted in Ref. [25], although in
their study the textures are empirically adopted from the
perspective of a simplified model. In our case, however, the
minimal theory for quark-lepton unification will allow us to
establish exact correlations among different flavor observ-
ables, as we will show in the upcoming sections.
The neutral anomalies are specially motivated after the

latest measurement reported by the LHCb collaboration
[43] on the ratio:

RK ≡ BrðB → Kμþμ−Þ
BrðB → Keþe−Þ ; ð15Þ

which deviates 3.1σ from the SM prediction. From the
scalars predicted by the theory, the ϕ2=3

4 and ϕ−2=3
3

leptoquarks contribute to the processes involving b → s
transitions through the effective interactions listed below,
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−Lb→s
eff ⊃

ðcli3 Þ�ckj3
2M2

Φ3

ðd̄iRγμdjRÞðēkLγμelLÞ

þ cil4 ðcjk4 Þ�
2M2

Φ4

ðd̄iLγμdjLÞðēkRγμelRÞ þ H:c: ð16Þ

Taking i ¼ 2, j ¼ 3, l ¼ k ¼ l, the above interactions can
be identified with the following Wilson coefficients,

C0
9μμ ¼ −C0

10μμ ¼
ffiffiffi
2

p
π

αGFVtb
CKMðVts

CKMÞ�
ðc223 Þ�c233
4M2

Φ3

;

C0
9ee ¼ −C0

10ee ¼
ffiffiffi
2

p
π

αGFVtb
CKMðVts

CKMÞ�
ðc123 Þ�c133
4M2

Φ3

;

C9μμ ¼ C10μμ ¼
ffiffiffi
2

p
π

αGFVtb
CKMðVts

CKMÞ�
c224 ðc324 Þ�
4M2

Φ4

;

C9ee ¼ C10ee ¼
ffiffiffi
2

p
π

αGFVtb
CKMðVts

CKMÞ�
c214 ðc314 Þ�
4M2

Φ4

; ð17Þ

in the context of the effective Lagrangian

−Lb→s
eff ⊃

4GFffiffiffi
2

p Vtb
CKMðVts

CKMÞ�
α

4π
½C9llðs̄γμPLbÞðl̄γμlÞ

þ C10llðs̄γμPLbÞðl̄γμγ5lÞ
þ C0

9llðs̄γμPRbÞðl̄γμlÞ
þ C0

10llðs̄γμPRbÞðl̄γμγ5lÞ� þ H:c: ð18Þ

Here, GF is the Fermi constant and Vtb
CKM and Vts

CKM are
elements of the Cabibbo-Kobayashi-Maskawa matrix.
The anomalies we are interested to address appear in
RK [43], and RK� [44] (the latter defined as Eq. (15)
but exchanging the K by K�):

Rhigh‐q2
K ¼ 0.846þ0.042

−0.039ðstatÞþ0.013
−0.012ðsystÞ;

Rlow‐q2
K� ¼ 0.66þ0.11

−0.07ðstatÞ � 0.03ðsystÞ;
Rhigh‐q2

K� ¼ 0.69þ0.11
−0.07ðstatÞ � 0.05ðsystÞ; ð19Þ

where high-q2 refers to the integrated window q2 ⊂
½1.1; 6� GeV2 and low-q2 to q2 ⊂ ½0.045; 1.1� GeV2.
Recently, the LHCb collaboration reported [45]

RK� ¼ 0.70þ0.18
−0.13ðstatÞþ0.03

−0.04ðsystÞ; ð20Þ

in the q2 range ½0.045; 6� GeV2. In the plots attached to this
section we show the constraints coming from the RK�

measurements in the different q2 bins because they are
more restrictive, although we have checked that the above
measurement does not exclude any of the parameter space
we show in the figures where there is overlap between the
measurements in Eq. (19).

We already mentioned that Φ3 alone cannot address the
neutral anomalies in a consistent way [26], however one
could in principle consider the combined effect of both
scalar leptoquarks Φ3 and Φ4. New physics affecting the
muons is discouraged because (a) in the case of Φ3, the
linear term in C0

9μμ ¼ −C0
10μμ enters constructively and

destructively in RK� and RK , respectively,
3 and hence a

reduction of both ratios cannot be simultaneously achieved
with small Wilson coefficients; (b) for Φ4, the quadratic
term of C9μμ ¼ C10μμ inRK is approximately 6 times larger
than the linear term, which rapidly dominates and precludes
the possibility of reducing RK with only the muonic
interactions, hence requiring the help of large Wilson
coefficients for the electrons, as illustrated in the left panel
of Fig. 1. Therefore, we proceed with a solution that only
modifies the couplings to electrons. The latter is also
motivated by the experimental measurement of BrðBs →
μþμ−Þ [46], which lies very close to the SM prediction.
We note that, as the right panel in Fig. 1 shows, the

tension among the ratios RK and RK� could be explained

(by relaxing Rlow-q2

K� to 1.5σ) with the presence of only one
Wilson coefficient: C9eeð¼ C10eeÞ ≃ −1.4. In Fig. 1, the
blue, red, and green shaded areas show where the exper-

imental values of Rhigh-q2

K , Rhigh-q2

K� , and Rlow-q2

K� are met at

1σ, respectively. We also show Rlow-q2

K� at 1.5σ in a green
dashed line. In Fig. 2 we show the predictions for the ratios
RKð�Þ as a function of the relevant Wilson coefficient
C9eeð¼ C10eeÞ for the neutral anomalies, which encodes
the interaction between the leptoquarkΦ4 and the electrons
and quarks. The explicit dependence of the ratios on such
Wilson coefficient are given by

RK ¼ RSM
K ð1 − 0.01781RefC9eeg þ 0.06359jC9eej2Þ−1

for q2 ⊂ ½1.1; 6� GeV2;

RK� ¼ RSM
K� ð1 − 0.08886RefC9eeg þ 0.07258jC9eej2Þ−1

for q2 ⊂ ½1.1; 6� GeV2;

RK� ¼ RSM
K� ð1 − 0.04912RefC9eeg þ 0.03078jC9eej2Þ−1

for q2 ⊂ ½0.045; 1.1� GeV2; ð21Þ

where the relevant Wilson coefficient is defined, in turn, as
follows

C9eeð¼C10eeÞ¼
3π

4
ffiffiffi
2

p
αGFVtb

CKMðVts
CKMÞ�

msmb

v2
ðV�

cÞ21V31
c

M2
Φ4
sin2β

:

ð22Þ

The above equation indicates which are the entries in the
unitary mixing matrices required to address the neutral

3We refer the reader to Ref. [26] for the explicit formulas of the
ratios as a function of the Wilson coefficients.
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anomalies. As one can appreciate, this theory offers a
scenario to explain the neutral anomalies using the fermion
flavor violating interactions of the Φ4 leptoquark. See the
Appendix for the explanation of the charged anomalies in
the context of this leptoquark.

IV. FLAVOR CONSTRAINTS

In the previous section we have discussed which ele-
ments of V and Vc are involved in explaining the observed
deviations in the (expected) lepton flavor universal ratios
RKð�Þ . However, there are many other experimental bounds

that will refine the shape of these matrices. For a TeV scale
Φ4, particularly strong are the radiative leptonic decay μ →
eγ and the lepton flavor violating decay KL → μ�e∓,
where KL stands for the long-lived neutral kaon.
The main conditions that must be imposed to the textures

of V and Vc are listed below:
(i) The neutral anomalies in the RKð�Þ ratios require

c214 ≠ 0 and c314 ≠ 0, which translates into V21
c ≠ 0

and V31
c ≠ 0, respectively (see Sec. III). Notice

that, as Fig. 2 shows, only the Wilson coefficient
C9eeð¼ C10eeÞ ≠ 0 is needed in order to address the
experimental measurement of the high q2 ratios
RKð�Þ at 1σ and RK� integrated between 0.045 <
q2=GeV2 < 1 at 1.5σ.

(ii) The radiative decays of charged leptons mediated by
ϕ2=3
4 and ϕ−2=3

3 are not only chirality suppressed, but
are also further suppressed by the ratio ðmq=MΦ3;4

Þ4
(where mq refers to the mass of the quark running
inside the loop) because of a cancellation in the loop
functions due to the �2=3 electric charge of the
leptoquarks [47]. However, such cancellation does
not apply to ϕ5=3

4 , whose effect therefore dominates
the contribution to the radiative leptonic decays
through the diagrams shown in Fig. 3. Although
being chirality suppressed, the stringent experimen-
tal constraint Brðμ → eγÞ < 4.2 × 10−13 [48] sets
the following bounds on the parameters of the
theory:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi����ðV�
cÞ21

�
ðV�Þ22 −ms

mμ
V22
c

�����
s

< 0.44

�
MΦ4

j sinβj
10 GeV

�
;

ð23Þ

FIG. 2. Predictions forRK integrated over 1.1 < q2=GeV2 < 6

(blue), and RK� for the low 0.045 < q2=GeV2 < 1.1 (green) and
high 1.1 < q2=GeV2 < 6 (red) bins, as a function of C9ee. The
shaded areas show where the respective experimental measure-
ments are satisfied at 1σ. The green dashed line corresponds to
the experimental constraint on the low-q2 RK� at 1.5σ.

FIG. 1. Parameter space satisfying the different anomalous ratios RKð�Þ in Eq. (19) at 1σ in the C9μμ-C9ee (left panel) and C9ee-C0
9ee

(right panel) planes: in blue the Rexp
K within 1.1 < q2=GeV2 < 6, in red Rexp

K� for 1.1 < q2=GeV2 < 6, and in green Rexp
K� for

0.045 < q2=GeV2 < 1.1. The dashed line shows the Rexp
K� for the low q2 window at 1.5σ. Note that C10ee ¼ C9ee, C10μμ ¼ C9μμ, and

C0
10ee ¼ −C0

9ee, according to Eq. (17).
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi����ðV�
cÞ31

�
V32
c −

mμ

mb
ðV�Þ32

�����
s

<0.011

�
MΦ4

jsinβj
10GeV

�
;

ð24Þ

where the bounds are set by requiring that the
contribution of each quark, charm in Eq. (23) and
top in Eq. (24), saturates the experimental constraint.
While Eq. (23) could be easily satisfied, the condition
in Eq. (24) requires V32

c − ðmμ=mbÞðV�Þ32 ≃ 0, i.e.
the texture of matrix c4, displayed in Eq. (13), must
contain a zero in the element c324 . We note that V31

c is
needed to address the neutral anomalies and therefore
cannot be suppressed.

(iii) Similarly, the strongest bound from kaon decays,
BrðKL → e�μ∓Þ < 4.7 × 10−12 [49], requires

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jV21V12

c j
q �

10 GeV
MΦ3

sin β

�
and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jV12V21

c j
q �

10 GeV
MΦ4

sin β

�
< 0.10: ð25Þ

While the constraint acting on the contribution
coming from Φ3 can be easily avoided by having
a heavy Φ3, the bound on the Φ4 leptoquark trans-
lates into V12 → 0 because, similarly to the previous
case, a nonzero V21

c is needed to address the neutral
anomalies.

Taking the above conditions into account, let us now
exploit the fact that the matrices V and Vc are unitary to
shape their textures. Let us start from a generic para-
metrization of a unitary 3 × 3 matrix where we have taken
the imaginary phases to be zero for simplicity4

0
B@

c12c13 s12c13 s13
−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13

1
CA;

ð26Þ

where cij ≡ cos θij and sij ≡ sin θij, and θ12, θ13 and θ23
are Euler angles.
Starting from Vc, from condition (i) we know that the

elements V21
c and V31

c cannot be suppressed. Condition (ii),
however, requires V32

c ≃ ðmμ=mbÞV32. Unitarity demands
then that V32

c ≲ 0.1. The only possibility that consistently
satisfies conditions (i) and (ii) is c12 → ϵ and s13 → ϵ0,
being ϵ and ϵ0 small parameters according to conditions (i)
and (ii).5 Hence,

Vc ¼

0
B@

ϵ 1 ϵ0

− cos θc ϵ cos θc − ϵ0 sin θc sin θc
sin θc −ϵ sin θc þ ϵ0 cos θc cos θc

1
CA; ð27Þ

where we have neglected order Oðϵ2Þ, Oðϵ02Þ and
Oðϵϵ0Þ terms.
For the matrix V, on the other hand, there is more

freedom. Condition (iii) requires that V12 → 0. We will
assume without loss of generality that s12 → 0,6

V ¼

0
B@

c13 0 s13
−s23s13 c23 s23c13
−c23s13 −s23 c23c13

1
CA

¼c23→ϵ00

0
B@

cos θ 0 sin θ

− sin θ ϵ00 cos θ

−ϵ00 sin θ −1 ϵ00 cos θ

1
CA; ð28Þ

where in the last equality we have taken the limit of
c23 → ϵ00 to be consistent with the stringent experimental
bounds on lepton flavor violating processes involving
muons, and we have relabeled the remaining angle c13
as cos θ. Using the textures for V and Vc, the Yukawa
matrix for the Φ4 leptoquark reads

FIG. 3. Feynman diagrams for the topologies of the main contributions from the scalar leptoquarks to li → ljγ.

4The constraints from electric dipole moments (EDMs) give us
a nontrivial bound on these phases. In this theory one has one-
loop contributions to, for instance, the electron EDM with the
leptoquark Φ4 inside the loop, the Higgs doublets H1 and H2

changing the quark chirality inside the loop, while the electron
chirality is changed in the external line. We will investigate the
EDM constraints in a future publication.

5There is freedom in choosing the sign of the complementary
trigonometric function of the one we take to be small. We will
assume it positive without loss of generality.

6Note that the other possibility c13 → 0 is already included in
the left-hand side of Eq. (28) if one indeed takes c13 → 0.
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c4 ¼
ffiffiffiffiffiffiffiffi
3=2

p
v sin β

0
B@

0 0 −mτ sin θ

−ms cos θc msðϵ cos θc − ϵ0 sin θcÞ −mμϵ
00 ms sin θc −mτ cos θ

mb sin θc 0 mb cos θc

1
CA;

≃
ffiffiffiffiffiffiffiffi
3=2

p
v sin β

0
B@

0 0 −mτ sin θ

−ms cos θc 0 ms sin θc −mτ cos θ

mb sin θc 0 mb cos θc

1
CA: ð29Þ

Notice that, in the limit ϵ00 → 0, condition (ii) fixes
ðϵ sin θc þ ϵ0 cos θcÞ ≃ −mμ=mb. Hence, the element c224
is expected to be of the order of the first generation of quark
masses and therefore we will neglect it in the following.
The above matrix defines the Yukawa interactions of

ϕ2=3
4 with the SM fermions, as parametrized in Eq. (8). The

Feynman rules of its SUð2ÞL partner, ϕ5=3
4 , are also

determined by the texture above, as Eq. (11) shows, up
to known mixing matrices. For the latter case we will adopt
K1VCKMK2c4 ∼ c4. It worths to emphasize that knowing
the textures of the matrices V and Vc allows us to predict
the interactions of the other scalars in the Φ ∼ ð15; 2; 1=2Þ
representation, i.e. the scalar leptoquarkΦ3, the diquarkΦ8

and the second HiggsH2. However, since only a light (TeV
scale) Φ4 is required for consistency with current exper-
imental data, the rest of the scalar fields in Φ could be
heavier as long as the following sum rule coming from the
scalar potential is respected [23],

M2
Φ8

þ 2M2
H2

¼ 3

2
ðM2

Φ3
þM2

Φ4
Þ; ð30Þ

and hence easily avoid the current bounds.
Now, applying the texture of c4 from Eq. (29) in Eq. (22),

the Wilson coefficient contributing to the anomalies is
given by

C9eeð¼C10eeÞ ¼ −
3

ffiffiffi
2

p
π

16αGFVtb
CKMðVts

CKMÞ�
msmb

v2
sin 2θc

M2
Φ4
sin2β

:

ð31Þ
The experimental requirement of C9eeð¼C10eeÞ ∼ −1.4
therefore translates into the following condition,

sin 2θc
sin2βM2

Φ4

≃
1

1174 GeV2
; ð32Þ

where sin 2θc ≳ 0.085 to be consistent with perturbativity
of the Yukawa couplings and collider bounds.

V. FLAVOR SIGNATURES

In this section we study the consequences of adopting the
texture in Eq. (29) for the couplings in c4 (i.e. interactions
of Φ4 with SM fermions).

(i) li → ljγ: Radiative decays of charged leptons can
impose severe constraints on lepton flavor violating
processes. The branching ratio of a charged lepton
decaying into a lighter charged lepton and a photon
in this theory is given by,

Brðli → ljγÞ

≃ τli
α

4
m5

li

���� 3

64π2M2
Φ4

X
q¼u;c;t

cqi4 ðcqj4 Þ�
����2; ð33Þ

where τli is the lifetime of the lepton li, and α is the
fine-structure constant. Themediator in Eq. (33) is the
leptoquark ϕ5=3

4 , which will be the only leptoquark
giving a relevant contribution to these decays as
discussed earlier. The texture adopted for the Yukawa
interactions of Φ4 avoids (as demanded) the strong
bound Brðμ → eγÞ < 4.2 × 10−13 [48]. However, it
can mediate the decay channel τ → eγ with a con-
tribution proportional to jc234 ðc214 Þ� þ c334 ðc314 Þ�j2.
Since the contribution mediated by the top quark,
i.e. c334 ðc314 Þ� involves two powers of the bottommass,

FIG. 4. Predictions for the branching ratio τ → eγ andRK . The
black line shows the correlation between these two observables,
while the purple line corresponds to the values of C9ee that are in
agreement with theRK� as required in the previous sections. The
red line corresponds to the current bound Brðτ → eγÞ < 3.3 ×
10−8 [50] from BABAR, while the dashed line shows the projected
bound by the Belle-II collaboration [60].
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7For theOð10−10Þ predictions of the leptonic branching fractions we have considered the leptoquark Φ4 to be at theOð1Þ TeV scale.

itwill dominate the decay.Hence, applying the texture
in Eq. (29), we obtain

Brðτ→ eγÞ≃ ττ
α

4
m5

τ

�
3

64π2

�
2
�
3

2

�
2 m4

b

4v4

���� sin2θc
M2

Φ4
sin2β

����2
≃1.1×10−8; ð34Þ

where in the last equation we have applied the
condition in Eq. (32). The above prediction lies
very close to the current experimental bound
Brðτ → eγÞ < 3.3 × 10−8 [50], only away by a factor

of three. The projected limits on these radiative decays
are expected to improve in an order of magnitude
[51,52], which will probe the potential of Φ4 to
address the ratios RKð�Þ , as we show in Fig. 4. We
note that the fixed correlation between the ratiosRKð�Þ

and the radiative decay τ → eγ is a consequence of
having a UV completion behind the leptoquark
interactions.

(ii) τ → lil̄jlk: The experimental bounds on the branch-
ing fraction of the tau decay to three charged leptons
are of the order ∼10−8 [49]. Both penguin and box
diagrams can contribute to the leptonic tau decays:

ð35Þ

where the quark (or quarks) mediating the interaction
are down quarks if ϕ2=3

4 mediates the quantum

process, or up quarks if it is ϕ5=3
4 instead. Note that

chiral enhanced interactions are not present since
there is only the leptoquark interaction with the right-
handed charged lepton. The muonic channels
τ− → μ−μþμ−, τ− → μ−eþe−, τ− → eþμþμ−, and
τ− → μþeþe− cannot occur in the context of the c4
texture in Eq. (29), however, note that Φ4 can still
contribute to the channel τ− → e−μþμ− through the
penguin diagram on the left-hand side of Eq. (35).
ThechannelsBrðτ−→e−μþμ−Þ,Brðτ−→e−eþe−Þ<

2.7×10−8 [49] pick a contribution from Φ4 propor-
tional to jc234 ðc214 Þ� þ c334 ðc314 Þ�j2, where we can
neglect the first term in the sum in front of
c334 ðc314 Þ� since, as in the pervious case, the latter is
proportional to two powers of the bottom quarkmass.
Note that such combination of couplings entering
in the decay is totally fixed by Eq. (32). Therefore,

we can estimate the expected branching fractions
mediated by Φ4, Brðτ− → e−μþμ−Þ ≃Oð10−10Þ and
Brðτ− → e−eþe−Þ ≃Oð10−10Þ, where the exact
value will be given by the precise value of the
leptoquark mass which enters normalized by the
quark masses logarithmically in the rates.7

(iii) Meson mixing: The contribution from a leptoquark
with chiral couplings to the mixing between neutral
mesons Mqiq̄j is given by the following effective
Hamiltonian,

HΦ4

ΔF¼2 ≃
ðPlðcqil4 Þ�cqjl4 Þ2

128π2M2
Φ4

ðq̄iγμPRqjÞðq̄iγμPRqjÞ;

ð36Þ
where we have used that the limit of the loop
function is 1 for suppressed ratios ml=MΦ4

. We
list below the dependence of the meson mixing on
the Yukawa interactions in c4.
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For K − K̄ mixing, because the SM prediction is sensitive
to long-distance contributions which are hard to quantify,
we adopt the conservative approach that the contribution
of ϕ2=3

4 saturates the kaon mass difference [53], ΔmK ¼
ð3.484� 0.006Þ × 10−15 GeV [49], which translates into
the following bounds:

MΦ4
≲ 15 TeV

���� cos θcsin θ

����; and MΦ4
≲ 0.81 TeV

���� sin2θcsin2θ

����;
ð37Þ

where we have assumed no cancellations between the two
different terms in the entry c234 . The upper bound on the
leptoquark mass arises as a consequence of having the
product (sin βMΦ4

) constrained by the neutral anomalies,
see Eq. (32). The above constraints are relaxed in the limit
of a small θ.
TheD − D̄mixing will constrain the same combinations

of c4 entries. However, because the experimental bounds
are weaker [49] than those for the kaon mixing, they are
automatically satisfied in the context of the bounds from
Eq. (37).
For the BðsÞ − B̄ðsÞ mixing, the mass difference is given

by [54,55]

ΔmBq
¼ ΔmSM

Bq

����1 − S−10 ðxtÞ
jVtbV�

tqj2
jPlc

3l
4 ðcql4 Þ�j2

32G2
Fm

2
WM

2
Φ4

���� with

S0ðxÞ ¼
4x − 11x2 þ x3

4ð1 − xÞ2 −
3x3 ln x
2ð1 − xÞ3 ; ð38Þ

where xt ¼ m2
t =m2

W . We will require that the new physics
contribution is below 10% of the SM one, where the rough
assumption of 10% error comes from the lattice calcula-
tions of the hadronic matrix elements [56]. The constraint
from B − B̄ mixing,

MΦ4
≲ 0.27 TeV

���� sin θcsin θ

����; ð39Þ

can be evaded, as in the previous K − K̄ case, in the limit
where θ is small. On the other hand, Bs − B̄s mixing
impose the following upper bounds on the leptoquark mass,

MΦ4
≲24.87 TeV; and MΦ4

≲1.34 TeV

����sinθccosθ

����: ð40Þ

where we have similarly required that the new physics
contribution is below 10% of the SM contribution. The
constraint on the left-hand side of Eq. (40) comes from
the contribution of c314 ðc234 Þ�, while the bound on the
right-hand side comes from c334 ðc234 Þ�, which clearly
dominates. We note that, in order to be in agreement with
the current experimental constraints on the mass ofΦ4 from

direct searches [29–32], θc cannot be small, particularly
sin θc ≳ 0.7.
The above constraints suggest sin θ to be small. In the

following we will work in the limit θ ≪ θc and therefore
neglect the channels involving entries proportional to sin θ.
(iv) Hadronic τ decays:The tau decays to hadrons are rare

processes in the SM and suffer from experimental
bounds that are order 10−7–10−8 on their branching
fractions. The branching ratio of the τ decay to a
pseudoscalar and charged lepton is given by

Brðτ → PījlkÞ ≃ ττ
f2P
128π

ðm2
τ −m2

PÞ2
mτ

���� ci34 ðcjk4 Þ�M2
Φ4

����2;
ð41Þ

while the τ decay to a vectormeson and charged lepton
is given by the above expression but sub-
stituting f2Pðm2

τ−m2
PÞ2→f2Vðm2

τ−m2
VÞðm4

τþm2
Vm

2
τ −

2m4
VÞ=m2

τ . In Table I we list the different decays that
have a nonzero contribution in the context of the
texture in Eq. (29) and the limit sin θ → 0. In there, we
write the predictions of the theory as a function of the
unknown parameters. In the cases where, for certain
values of the parameters, the prediction may be in
tension with the experimental bound, we explicitly
show how they are restricted. Wewill follow the same
approach in the upcoming subsections when showing
the impact of the bounds in tables.

(v) Meson leptonic decays: The leptonic decays of a
meson are given by

BrðM½qjq̄i� → l−
1l

þ
2 Þ

¼ τM
256π

f2M
m3

M
λ1=2ðm2

M;m
2
l1
; m2

l2
Þ
���� cil24 ðcjl14 Þ�

M2
Φ4

����2
× ðm2

Mðm2
l1
þm2

l2
Þ − ðm2

l1
−m2

l2
Þ2Þ; ð42Þ

where λða;b;cÞ¼ a2þb2þc2−2ab−2bc−2ca is
the Källén function. For the channels that involve
equal leptons in the final state, one should also
include the contributions from the SM (CSM

9 ≃4.211,
CSM
10 ¼ −4.103 [57]). In Table II we list the con-

tributions of the scalar leptoquark Φ4 to the leptonic

TABLE I. Hadronic decays of the τ mediated by the scalar
leptoquark Φ4.

Channel
Nonzero

contributions
Experimental
bound [49] Prediction/constraint

Brðτ→ηeÞ ∝jc234 ðc214 Þ�j2 <9.2 × 10−8 j sin θcj≳ 0.042
Brðτ→η0eÞ ∝jc234 ðc214 Þ�j2 <1.6 × 10−7 ≃6.7 × 10−11ðsin θcÞ−2
Brðτ→ϕeÞ ∝jc234 ðc214 Þ�j2 <3.1 × 10−8 j sin θcj≳ 0.16
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decays of the mesons according to the c4 texture in
Eq. (29) and the limit sin θ → 0.

(vi) Charged semileptonic decays of mesons: The lep-
toquark Φ4 can contribute to the leptonic decays of
mesons, as we know from the discussion in Sec. III
when studying its effect on the ratiosRKð�Þ . From the
c4 texture in Eq. (29), in the limit sin θ → 0 (as the
bounds on meson mixing require), only the decays
B → Kð�Þ þ leptons and Bs → ϕþ leptons are
relevant. The contribution ofΦ4 can be parametrized
in the form of the corresponding Wilson coefficient
as shown below,

BrðBðsÞ → Mð�Þlþ
1 l

−
2 Þ ¼ aþ bRefC9g þ cjC9j2;

ð43Þ

where

C9 ¼ C10 ¼
ffiffiffi
2

p
π

αGFVtb
CKMðVts

CKMÞ�
cqil14 ðcqjl24 Þ�

4M2
Φ4

: ð44Þ

The predictions on the branching fractions depend
on the hadronic from factors which generically

suffer from large uncertainties. In this work we
have used the parametrization and values for the
form factors presented in Refs. [58,59]. In Table III
we list several predictions for different q2 bins.
Particularly interesting are the decay channels with
two electrons in the final state, since the Wilson
coefficient entering these processes is fixed by
Eq. (32), i.e. by the neutral anomalies. We list their
branching ratios as a function of the SM prediction:

BrðB → Keþe−Þ ≃ 1.15 × BrðB → Keþe−ÞSM;
for q2 ⊃ ½1.1; 6� GeV2 ð45Þ

BrðB → K�eþe−Þ ≃ 1.23 × BrðB → K�eþe−ÞSM;
for q2 ⊃ ½0.045; 6� GeV2 ð46Þ

BrðBs → ϕeþe−Þ ≃ 1.27 × BrðBs → ϕeþe−ÞSM;
for q2 ⊃ ½1.1; 6� GeV2: ð47Þ

We note that the above processes are also sensitive to
long distance effects involving the charm quark that
could alter the predictions. Recently, LHCb has
measured for first time the semileptonic decay of
B mesons to electrons [45]. Given that the error of
the experimental measurements is larger than the
20% of the central value, and the uncertainties in the
SM predictions are also large, the above predictions
can be consistent with the current bounds.

VI. IMPLICATIONS FOR THE QUARK-LEPTON
UNIFICATION SCALE

Using the textures for V and Vc discussed in Sec. IV, one
can study the implications for all interactions of the
leptoquarks present in the theory involving these mixing
matrices. Typically, in theories based on the Pati-Salam
gauge symmetry, the vector leptoquark Xμ ∼ ð3; 1; 2=3ÞSM

TABLE II. Leptonic decays of mesons mediated by the scalar
leptoquark Φ4. For the decay channel Bs → eþe− we have
included the SM contribution, while for the decay Bs → τþτ−,
the bound have been obtained by requiring the new physics to
saturate the experimental bound.

Channel
Nonzero

contributions
Experimental
bound [49] Prediction/constraint

BrðBs→eþe−Þ ∝jc214 ðc314 Þ�j2 <2.8×10−7 ≃1.2 × 10−13

BrðBs→eþτ−Þ ∝jc314 ðc234 Þ�j2 … ≃1.3×10−5ðcosθcÞ−2
BrðBs→τþe−Þ ∝jc334 ðc214 Þ�j2 … ≃3.7×10−8ðtanθcÞ−2
BrðBs → τþτ−Þ ∝jc334 ðc234 Þ�j2 <6.8×10−3 j sin θcj ≳ 0.06

TABLE III. Semileptonic decays mediated by Φ4. Coefficients for the channels B → Kð�Þ and Bs → ϕ involving
different final leptons and q2 integration ranges. The full q2 range goes from q2min ¼ ðml1

þml2
Þ2 to

q2max ¼ ðmBðsÞ −mMð�Þ Þ2.

Coefficient

eþe−½c214 ðc314 Þ� eþτ−½c314 ðc234 Þ�� and τþe−½c334 ðc214 Þ�� τþτ−½c334 ðc234 Þ��
q2 ⊂ ½1.1; 6� Full q2 range q2 ⊂ ½ðme þmτÞ2; 6� Full q2 range

aB→Kl1l2 1.43 × 10−7 0 0 1.29 × 10−7

bB→Kl1l2 −2.56 × 10−9 0 0 −2.47 × 10−8

cB→Kl1l2 9.13 × 10−9 1.96 × 10−8 1.22 × 10−9 8.10 × 10−9

aB→K�l1l2 4.74 × 10−6 0 0 2.43 × 10−6

bB→K�l1l2 −4.21 × 10−7 0 0 5.96 × 10−7

cB→K�l1l2 3.44 × 10−7 7.65 × 10−7 4.19 × 10−8 1.79 × 10−7

aBs→ϕl1l2 5.11 × 10−6 0 0 2.27 × 10−6

bBs→ϕl1l2 −4.67 × 10−7 0 0 5.98 × 10−7

cBs→ϕl1l2 3.73 × 10−7 7.74 × 10−7 4.44 × 10−8 1.70 × 10−7
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has to be heavy, MX > 103 TeV, in order to satisfy the
stringent experimental bound from KL → e�μ∓ [16,17].
The latter is true if one neglects the mixing between the
fermions. However, the lower bound on the vector lep-
toquark mass depends on the mixing between the quarks
and leptons. The relevant interactions for the vector
leptoquark can be written as

d̄iejXμ∶ i
g4ffiffiffi
2

p ½VijPR þ ðV�
cÞijPL�γμ: ð48Þ

The vector leptoquark Xμ also interacts with the up quarks
and the neutrinos, but their mixing matrices are not

constrained and, in general, there is freedom to evade
the strongest experimental bounds on the processes that it
can mediate. However, we have information about the
textures of the V and Vc matrices, i.e. the mixing matrices
for the charged leptons and down quarks, from the
experimental constraints on the Yukawa interactions
between the scalar leptoquarks and the fermions. We will
therefore focus on their effect on the vector leptoquark
through the interactions in Eq. (48).
By looking at the generic expression for the leptonic

decay M → l̄ilj, where M ≡ d̄kdl is a meson made of
down-type quarks and li ≠ lj are light leptons (e and μ),

BrðM → l−
i l

þ
j Þ ¼

τM
32π

f2M
m3

M
ðm2

M −m2
μÞ2

�����ðC9 − C0
9Þl̄iljd̄kdlðml1

−ml2Þ þ ðCS − C0
SÞl̄iljd̄kdl

m2
M

mdk þmdl

����2

þ
����ðC10 − C0

10Þl̄iljd̄kdlðml1 þml2Þ þ ðCP − C0
PÞl̄iljd̄kdl

m2
M

mdk þmdl

����2
�
; ð49Þ

where the Wilson coefficients, defined as

Leff ⊃ ½Cð0Þ
9 �l̄iljd̄kdlðl̄iγμljÞðd̄kγμPLðRÞdlÞ þ ½Cð0Þ

10�l̄iljd̄kdlðl̄iγμγ5ljÞðd̄kγμPLðRÞdlÞ
þ ½Cð0Þ

S �l̄iljd̄kdlðl̄iljÞðd̄kPRðLÞdlÞ þ ½Cð0Þ
P �l̄iljd̄kdlðl̄iγ5ljÞðd̄kPRðLÞdlÞ þ H:c:; ð50Þ

after integrating out the vector leptoquark Xμ are given by

½C9�l̄iljd̄kdl ¼ −½C10�l̄iljd̄kdl ¼
g24

4M2
X
ðVliÞ�Vkj;

½C0
9�l̄iljd̄kdl ¼ ½C0

10�l̄iljd̄kdl ¼
g24

4M2
X
Vli
c ðVkj

c Þ�;

½CP�l̄iljd̄kdl ¼ −½CS�l̄iljd̄kdl ¼
g24

2M2
X
Vli
c Vkj;

½C0
P�l̄iljd̄kdl ¼ ½C0

S�l̄iljd̄kdl ¼ −
g24

2M2
X
ðVliÞ�ðVkj

c Þ�: ð51Þ

From Eq. (49) we note that the contribution from the scalar
currents is largely enhanced (a factor of ∼600 in the process
of KL → μ�e∓ at the level of the amplitude squared) by the
ratio of the meson and quark masses. Strikingly, the
textures in Eqs. (27) and (28) enable the suppression of
such dangerous Wilson coefficients by taking the limit
θ → 0, which as we learned from Sec. V is required by
meson mixing constraints. In that case, only the vector
Wilson coefficients

C0
9
μ̄es̄d ¼ C0

10
μ̄es̄d ¼ g24

4M2
X
V12
c ðV21

c Þ�; and

C0
9
ēμd̄s ¼ C0

10
ēμd̄s ¼ g24

4M2
X
V21
c ðV12

c Þ�; ð52Þ

are nonsuppressed, and the branching ratio KL → μ�e∓ is
given by

BrXKL→μ�e∓ ≃
τKL

π

32

f2K
m3

K
ðm2

K −m2
μÞ2m2

μ

�
α4
M2

X

�
2

cos2θc; ð53Þ

which, requiring it to satisfy the experimental bound
BrðKL → μ�e∓Þ < 4.7 × 10−12, allows to relax the generic
MX ≳ 103 TeV bound down to

MX ≳ 74 TeV

�
α4

0.118

�
1=2

���� cos θc0.1

����1=2: ð54Þ

The above constraint depends on cos θc, which can be as
small as 0.04 according to Eq. (32) and perturbativity of the
Yukawa couplings. Furthermore, a small cos θc is enforced
by the strong Bs − B̄s constraint, see Eq. (40). However, in
the limit cos θc → 0, other bounds such as μ → eγ will
become relevant. In this case,MX ≳ 220 TeV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffij sin θc=0.7j
p

in the limit where sin θ → 0.

VII. SUMMARY

We have discussed the simplest gauge theory for the
unification of quarks and leptons that can describe physics
at the TeV scale. We have shown that the interactions of the
scalar leptoquarks present in the theory can be used to
explain the flavor anomalies in agreement with all
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experimental constraints. We have discussed the correlation
between the flavor violating couplings and the fermion
masses, showing that the interactions relevant for the down
quarks and charged leptons are bounded from above by the
quark and lepton masses. The minimal theory of quark-
lepton unification predicts a correlation between the ratios
RKð�Þ and Brðτ → eγÞ that will allow to test its potential
to address the flavor anomalies in a foreseeable future.
Strikingly, another implication of the predicted flavor
structure of the fermion mixing matrices is that the simplest
gauge theory for quark-lepton unification can be realized at
the 100 TeV scale in agreement with all experimental
constraints.
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APPENDIX: CHARGED FLAVOR ANOMALIES

Three different experiments have also been reporting
anomalies in the ratios [5–13],

RDð�Þ ≡ BrðB → Dð�Þτν̄Þ
BrðB → Dð�Þlν̄Þ ; ðA1Þ

with l ¼ e, μ. The world averages for their experimental
measurements given by the Heavy Flavour Averaging
Group (HFLAV) are

RD ¼ 0.339� 0.026� 0.014; and

RD� ¼ 0.295� 0.010� 0.010; ðA2Þ

with correlation−0.38, while the predicted values in the SM
are:RSM

D ¼ 0.298� 0.003 andRSM
D� ¼ 0.252� 0.005 [56].

The reported combined tension for theRDð�Þ measurements
with respect to the SM predictions is about 3.4σ [56].
The above processes involve b → c transitions and in the

literature are commonly referred as charged anomalies. As
we show in the following, the minimal theory for quark-
lepton unification can also provide a solution for them. The
ϕ2=3
4 effective interactions contributing to b → c transitions

are listed below,

Hb→c
eff ⊃

cil2 ðc�4Þjk
2M2

Φ4

�
ðūiRdjLÞðēkRνlLÞ þ

1

4
ðūiRσμνdjLÞðēkRσμννlLÞ

�

þ H:c:; ðA3Þ

where c2 ¼ UT
CY

T
2N. Notice that the Y2 Yukawa matrix is

required, whose entries are not restricted as Y4 because

the Dirac masses of the neutrinos are unknown. Reading
from the above equation the Wilson coefficients in the
basis

Hb→c
eff ⊃

4GFffiffiffi
2

p Vcb
CKM½ðc̄γμPLbÞðτ̄γμPLνÞþCS

LLðc̄PLbÞðτ̄PLνÞ

þCT
LLðc̄σμνPLbÞðτ̄σμνPLνÞ�þH:c:; ðA4Þ

we can identify two independent degrees of freedom:
the real and the imaginary part of the following Wilson
coefficient,

CS
LL ¼ 4rCT

LL ¼
ffiffiffi
2

p

8GFVcb
CKM

c232 ðc334 Þ�
M2

Φ4

; ðA5Þ

where r ∼ 2 takes into account the running of this Wilson
coefficient between 1TeVand the bottommass scale [47,61].
The left panel of Fig. 5 shows that the ratiosRD andRD�

can be satisfied at the 1σ. However, when considering the
longitudinal D� polarization, FD�

L , the experimental meas-
urement by Belle [62] can only be accommodated at ∼2σ,
as noted in Ref. [63]. By fitting RD, RD� and FD�

L to their
experimental measurements (the ratios are given in
Eq. (A2) and FD�

L ¼ 0.60� 0.08� 0.04 [62]) allowing
the real and imaginary parts of CS

LL ¼ 8CT
LL to vary, we

obtain a χ2 ≃ 2.3 (per one degree of freedom). The latter
reflects the tension in accommodating the experimental
measurement FD�

L , which cannot be addressed together
with the ratios under any kind of new physics under well-
motivated assumptions [64]. In the fit we used the form
factors as treated in Ref. [64], where the formulas for the
relevant b → c processes can be found, and assumed the
indirect bound BrðBc → τνÞ ≲ 30% [65–67], although
the minimum does not saturate it as the left panel of
Fig. 5 shows. The preferred solutions of the fit are,8

RefCLL
T g ¼ RefCLL

S g
8

¼ −0.013� 0.007; and

ImfCLL
T g ¼ ImfCLL

S g
8

¼ 0.066þ0.008
−0.009 : ðA6Þ

Therefore, apart from a complex phase as was noted in
Ref. [69], a nonzero c232 matrix entry is needed in order to
address the charged anomalies in this theory.

8We fit the new physics Wilson coefficients to the experimental
ratios RDð�Þ in Eq. (A2), which have been obtained by assuming
the SM nature of the semitauonic decays. As pointed out in
Ref. [68], this leads to biases which in the case of the leptoquark
of interest, Φ4, may be non-negligible. Avoiding the possible
biases in fit would require properly reweighting the ratios in the
context of the new physics scenario, which is out of the scope of
this work. We rather aim to show that Φ4 has the potential of
addressing such deviations in the minimal theory of quark-lepton
unification.
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