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We propose a model in which the Yukawa couplings of Higgs doublets are related to the couplings of the
chiral fermions to a scalar leptoquark triplet. This is due to their common origin via mixing with a
vectorlike family distinguished by a discrete Z5 symmetry, under which only the three chiral families are
neutral. The model predicts lepton nonuniversality in B toK decays, depending on the leptoquark mass, Vts

and mμ=mτ. The model can only consistently explain the anomalies in RKð�Þ for a leptoquark mass close to

the collider lower bound of about 1 TeV. Constraints from Bs − B̄s mixing and eventually τ → μγ become
relevant for low leptoquark masses and large couplings, while μ → eγ remains automatically under control
due to the absence of leptoquark couplings to the electron in this model.
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I. INTRODUCTION

In the Standard Model (SM), the charged fermion masses
and the Cabibbo-Kobayashi-Maskawa (CKM) quark mix-
ing matrix, with entries Vtd, Vts, Vtb, etc., arise from
Yukawa couplings to a Higgs doublet, while the origin of
the neutrino masses and the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix is unknown. However, even the
charged fermion sector is unsatisfactory since the Yukawa
couplings are essentially free parameters and provide no
insight into the flavor puzzle. Many theories of flavor
beyond the Standard Model (BSM) try to explain the
Yukawa couplings as arising from nonrenormalizable oper-
ators suppressed by some heavy mass scale(s), but the
magnitude of such flavor scale(s) is unknown and can vary
from the Planck scale to the electroweak scale. If such flavor
scale(s) are close to the electroweak scale, then one may
hope to see some hint of the new physics in flavor violating
observables.
One example of a flavor violating observable is the

recent indication for semileptonic B decays deviating from
μ − e universality differing from the SM prediction [1–3].
The LHCb Collaboration along with other experiments
observe deviations from the SM in decays B → Kð�Þlþl−,
as seen in the ratios of μþμ− to eþe− final states RK [4]

and RK� [5], at ∼70% of SM values, consisting of
deviation by 4σ. Additionally there is the observable P0

5

angular dependence and the B → ϕμþμ− mass distribution
in mμþμ− .
After RK� was measured [5], phenomenological analyses

prefer explanations with an operator b̄LγμsLμ̄LγμμL, an
operator b̄LγμsLμ̄γμμ, or some linear combination of both
operators, in each case with a dimensionful coefficient Λ−2

where Λ ∼ 31.5 TeV (see e.g., [6–17]). The operator
b̄LγμsLμ̄LγμμL can arise from S3, an SUð2ÞL triplet scalar
leptoquark [11]:

λijS3QiLj ≡ λijSβγ3 Qα
i ðiσ2ÞαβLγ

j; ð1Þ

where we show α, β, γ [SUð2ÞL indices] only on the right-
hand side, and where the chiral family SM fermion SUð2ÞL
doublets in two componentWeyl notation are denoted asQi

and Lj (with i, j ¼ 1, 2, 3). b̄LγμsLμ̄LγμμL (and other
operators) then appear at tree level from S3 (with a Fierz
transformation). However, the introduction of such a
leptoquark only deepens the mystery of the flavor problem
in the SM, by introducing yet more undetermined Yukawa
couplings, this time to the leptoquark. It would clearly be
nice to be able to link such leptoquark Yukawa couplings
somehow to the usual Yukawa couplings to the Higgs
doublet, in order to make such theories more predictive.
One attractive scenario is that the usual Yukawa cou-

plings of the SM, as well as the new Yukawa couplings to
the leptoquark, could have a common origin, namely due to
operators which are mediated by a fourth vectorlike family
with TeV scale masses [18,19]. This has already been
proposed in the framework of Z0 models, where only the
fourth family (not the three chiral families) can carry a
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gauged Uð1Þ0. Due to mixing with the fourth family, the
three chiral families develop couplings to the massive Z0
gauge boson with effective nonuniversal couplings, which
can account for RK� [20]. This idea has been further
explored in F-theory models with nonuniversal gauginos
[21]; SOð10Þ models (addressing also the issue of neutrino
mass) [22]; SUð5Þ models (with a focus on the Yukawa
relation Ye ≠ YT

d ) [23]; and Z0 portal models with a
coupling to a fourth-family singlet Dirac neutrino dark
matter, discussing all phenomenological constraints [24].
A similar idea was also considered in [25], where phe-
nomenological implications such as the muon g − 2 and
τ → μγ were also considered. In general, the literature
proposing explanations for RKð�Þ is huge, but relatively few
papers are concerned with its possible connection with
flavor. The connection with Yukawa couplings has been
considered in [11,26–34]. In this context, a connection
between RKð�Þ and the origin of fermion Yukawa couplings
was recently studied in a Z0 model [30].
Recently we considered a model with the scalar lep-

toquark S3, in which the physics that generates the Yukawa
couplings is related to the structure of the couplings that
accounts for RKð�Þ [32]. The model considered in [32] is
based on having a fourth vectorlike family distinguished by
a discrete Z2 and with the additional scalar leptoquark S3
[and SUð2ÞL triplet] being odd under this Z2 parity. This
combination leads to a model where the explanation for
RKð�Þ is linked with the origin of the Yukawa couplings: the
leptoquark couplings to SM fermions [Eq. (1)] are in this
case mediated by the fourth-family vectorlike fermions
and are related to the CKM entries and mass ratios of SM
fermions. In this model [32], the leptoquark Yukawa
couplings arise at the same order as the Yukawa couplings,
suppressed by only one power of the vectorlike family
mass, leading to relatively heavy leptoquark masses
above the Oð1Þ TeV scale, while facing a severe challenge
from μ → eγ.
In the present paper we consider a similar framework to

what was proposed in [32], but suppose that we have a
discrete Z5 symmetry instead of the Z2 used previously.
This trivial modification turns out to have dramatic impli-
cations which are important enough to be worth pointing
out. To begin with, it requires two Higgs doublets Hu and
Hd, which together with the leptoquark S3, are charged
nontrivially under Z5. The explanation for RKð�Þ is again
connected to the origin of the Yukawa couplings and to
CKM entries and mass ratios of SM fermions. An impor-
tant qualitative difference between the present Z5 model
arises in the different topology of the diagrams that
generate the effective couplings of S3 to the SM fermions,
appearing suppressed by two powers of vectorlike fermion
masses and also leading to S3 not coupling to electrons.
These differences play a crucial role in phenomenology,
both pushing the mass of the leptoquark down, making it
observable at the LHC, while also eliminating the lepton

flavor violating (LFV) bound on μ → eγ as the leading
constraint of the present model, solving a main issue of the
Z2 implementation in [32].
As the present model can only consistently account

for RKð�Þ with light leptoquark masses and relatively
large couplings, the bound from Bs − B̄s mixing becomes
relevant. The LFV bound on τ → μγ also restricts the
parameters of the model around the same order of magni-
tude as needed for RKð�Þ. This makes the model extremely
predictive, being testable from updates to collider searches,
Bs − B̄s mixing or τ → μγ in the near future.
Leptoquark extensions of the SM are motivated regard-

less of RKð�Þ , and controlling the couplings of the lepto-
quarks to the SM is important (due to predictivity and also
proton decay). The present model is a noteworthy example,
as in the phenomenologically interesting limit of light
leptoquark masses and relatively large couplings, it has all
the leptoquark couplings given in terms of known quan-
tities and three model parameters cμτ, λ0 and M, which can
be constrained experimentally.
The outline of the paper now follows. The model and a

convenient basis for the discussion concerning the Yukawa
couplings is introduced in Sec. II. Then we consider the
leptoquark couplings in the mass basis in Sec. III. In
Sec. IV we analyze the phenomenological consequences
arising from the leptoquark. In Sec. V we present the
conclusions.

II. THE MODEL

The field and symmetry content of the model is pre-
sented in Table I. The SM fermions and singlet neutrinos
are neutral under a Z5 symmetry, whereas the remaining
fields all carry a charge under Z5. We have a fourth
vectorlike family, two Higgs scalar doublets Hu and Hd,
a SM singlet scalar ϕ and a scalar leptoquark S3 that is an
antitriplet of SUð3Þc and a triplet of SUð2ÞL.
Since the SM chiral fermions are neutral under the Z5,

and the Hu and Hd are charged under Z5, renormalizable
Yukawa couplings are forbidden. However Yukawa cou-
plings involving the fourth-family fermions are allowed,
plus other Yukawa couplings involving ϕ. As a result of
these couplings, effective Yukawa couplings involving the
SM chiral arise from diagrams shown in Fig. 1. Note that
two Higgs doublets Hu;d are needed with identical Z5

charge and opposite hypercharge, rather than the one Higgs
doublet H of the Standard Model (SM).
The leptoquark S3 has coupling at the renormalizable

level to quarks and leptons, but only to the fourth family

λ4S3Q4L4; ð2Þ

in left-handed Weyl notation. The dangerous diquark
couplings S†QQ, S†QQ4 and S†3Q4Q4 are not allowed
by Z5, which alleviates issues that leptoquark models can
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have with too fast proton decay (see e.g., [35]). The chiral
fermions (neutral under Z5) couple to the leptoquark, but
only at the effective level. The effective couplings involve
the renormalizable leptoquark coupling of Eq. (2), as seen
in the diagram in Fig. 2.
The respective renormalizable Lagrangian can be

written as

Lren ¼ yψi4Hψ iψ
c
4 þ yψ4iHψ4ψ

c
i þ xψi ϕψ iψ4 þ xψ

c

i ϕψc
iψ

c
4

þMψ
4ψ4ψ4 þMψc

4 ψc
4ψ

c
4 þ λ4S3Q4L4; ð3Þ

where in rather compact notation,H denotesHu, Hd and Ψ
stands for charged leptons as well as up and down quarks.
We start by considering the quarks, where we consider

the convenient basis for the Qi, dci , u
c
i (i ¼ 1;…3) where

xQ1;2 ¼ 0, yu41;42 ¼ 0, yd41;42 ¼ 0 (using the same notation as
in [30]). In this basis we can still rotate the two lighter to get
xu

c

1 ¼ 0, xd
c

1 ¼ 0 and yu14 ¼ 0 We cannot set yd14 ¼ 0

without loss of generality, as the rotations of the Qi are
already exhausted. Then finally the matrices of quark
Yukawa couplings are given by
0
BBBBBBBB@

uc1 uc2 uc3 uc4 Q4

Q1j 0 0 0 0 0

Q2j 0 0 0 yu24H
u 0

Q3j 0 0 0 yu34H
u xQ3 ϕ

Q4j 0 0 yu43H
u 0 MQ

4

ūc4j 0 xu
c

2 ϕ xu
c

3 ϕ Muc
4 0

1
CCCCCCCCA
;

0
BBBBBBBB@

dc1 dc2 dc3 dc4 Q̄4

Q1j 0 0 0 yd14H
d 0

Q2j 0 0 0 yd24H
d 0

Q3j 0 0 0 yd34H
d xQ3 ϕ

Q4j 0 0 yd43H
d 0 MQ

4

d̄c4j 0 xd
c

2 ϕ xd
c

3 ϕ Mdc
4 0

1
CCCCCCCCA
: ð4Þ

In the basis and notation of [30], themass insertion diagrams
in Fig. 1 lead, for hϕi ≪ MQ

4 , to the quark Yukawa matrices

yuij ¼

0
B@
0 0 0

0 yu24x
uc
2 yu24x

uc
3

0 yu34x
uc
2 yu34x

uc
3

1
CA hϕi
Muc

4

þ

0
B@
0 0 0

0 0 0

0 0 xQ3 y
u
43

1
CA hϕi
MQ

4

;

ydij ¼

0
B@
0 yd14x

dc
2 yd14x

dc
3

0 yd24x
dc
2 yd24x

dc
3

0 yd34x
dc
2 yd34x

dc
3

1
CA hϕi
Mdc

4

þ

0
B@
0 0 0

0 0 0

0 0 xQ3 y
d
43

1
CA hϕi
MQ

4

:

ð5Þ

FIG. 1. Diagrams leading to effective Yukawa couplings between SM fermions and H ¼ Hu;Hd.

TABLE I. The field and symmetry content of the model. The
SM fermions are denoted ψ i ¼ Qi, Li (left-handed), ψc

i ¼ uci , d
c
i ,

eci (right-handed), and we add right-handed neutrinos νci
(i ¼ 1, 2, 3 for all chiral fermions, which are Z5-neutral). The
fermion content is completed by the vectorlike family charged
under Z5, ψ4, ψc

4, ψ4, ψc
4. The scalars are all charged under Z5,

where we have the Z5-breaking field ϕ, two electroweak doublets
Hu, Hd and the leptoquark S3.

Field SUð3Þc SUð2ÞL Uð1ÞY Z5

Qi 3 2 1=6 0
uci 3̄ 1 −2=3 0

dci 3̄ 1 1=3 0

Li 1 2 −1=2 0
eci 1 1 1 0
νci 1 1 0 0
Q4 3 2 1=6 1
uc4 3̄ 1 −2=3 1

dc4 3̄ 1 1=3 1

L4 1 2 −1=2 1
ec4 1 1 1 1
νc4 1 1 0 1

Q̄4 3̄ 2̄ −1=6 −1
ūc4 3 1 2=3 −1
d̄c4 3 1 −1=3 −1
L̄4 1 2̄ 1=2 −1
ēc4 1 1 −1 −1
ν̄c4 1 1 0 −1
ϕ 1 1 0 1
S3 3̄ 3 1=3 3

Hu 1 2 1=2 −1
Hd 1 2 −1=2 −1
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We note that the effective Yukawa matrices are the sum of
twomatriceswith a first column of zeros, adding up to rank 2
matrices, so the first family will have zeromass. If one of the
two Yukawa terms in each of the expressions in Eq. (6) is
dropped this would lead to rank 1 matrices, with the second
family becoming massless as well. This observation sug-
gests a natural explanation of the hierarchical smallness of
the lighter family masses compared to the masses of the
heaviest family, namely that one term dominates over the
other one. This was called “messenger dominance” in [18].
To account for small Vcb in the quark sector, it is natural to
assume that the left-handed quark messengers dominate
over the right-handed messengers,MQ

4 ≪ Mdc
4 ,Muc

4 , which
was called “left-handedmessenger dominance” in [18], with
the further assumption MQ

4 ≪ Mdc
4 ≪ Muc

4 reproducing the
stronger mass hierarchy in the up sector (as compared to the
down sector). Assuming all this leads to jVcbj ∼ms=mbwith
Vub, though naturally small, being unconstrained [18].
However to explain the smallness of the Cabibbo angle
requires further model building such as an SUð2ÞR sym-
metry [18], although here we assume its smallness is
accidental.
Similarly we consider the charged leptons, which are also

hierarchical. In a convenient basis of Li, eci (i ¼ 1;…3), we
have xL1;2 ¼ 0, ye41;42 ¼ 0, and xe

c

1 ¼ 0, and ye14 ¼ 0:

0
BBBBBBBB@

ec1 ec2 ec3 ec4 L̄4

L1j 0 0 0 0 0

L2j 0 0 0 ye24H
d 0

L3j 0 0 0 ye34H
d xL3ϕ

L4j 0 0 ye43H
d 0 ML

4

ēc4j 0 xe
c

2 ϕ xe
c

3 ϕ Mec
4 0

1
CCCCCCCCA
; ð6Þ

leading in the mass insertion approximation, for
hϕi ≪ ML

4 , to

yeij¼

0
B@
0 0 0

0 ye24x
ec
2 ye24x

ec
3

0 ye34x
ec
2 ye34x

ec
3

1
CA hϕi
Mec

4

þ

0
B@
0 0 0

0 0 0

0 0 xL3 y
e
43

1
CAhϕi
ML

4

: ð7Þ

For the neutrinos, due to νci being neutral under SM and
Z5, large Majorana mass terms are allowed and lead to the
seesaw mechanism.1 As the charged lepton Yukawa cou-
plings are approximately diagonal in this basis, the PMNS
comes mostly from neutrino contributions that arise after
the seesaw. Nevertheless, the small rotation in the charged
lepton sector controls the admixture of μ and τ contained
in L3.
The requirements hϕi ≪ MQ;L

4 should be relaxed due to
the large couplings required to the top quark in particular.
The more rigorous diagonalization procedure leads to
entirely comparable structures, essentially replacing the x
parameters with mixing angles [30,32]. Of these angles, the
two that are relevant to mention here are

sin θQ34 ¼ sQ34 ¼
xQ3 hϕiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxQ3 hϕiÞ2 þ ðMQ
4 Þ2

q ; ð8Þ

sin θL34 ¼ sL34 ¼
xL3 hϕiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxL3 hϕiÞ2 þ ðML
4 Þ2

p : ð9Þ

In compact form, the 3 × 3 Yukawa matrices are

yu;eij ¼

0
B@

0 0 0

0 yu;e22 yu;e23

0 yu;e32 yu;e33

1
CA; ð10Þ

ydij ¼

0
B@

0 yd12 yd13
0 yd22 yd23
0 yd32 yd33

1
CA: ð11Þ

We recall that yij couplings with i, j ¼ 1, 2, 3 (but not 4)
are effective couplings, that can be expressed as functions
of renormalizable couplings x, yi4, y4j and of the ratios
between hϕi and the respective mediator masses M4, and
this is particularly clear in the mass insertion approximation
[Eqs. (5) and (7)]. With the assumption of left-handed
messenger dominance, yu;d;e33 are larger than the other
entries (with contributions with MQ;L

4 ), leading to larger
masses for the third family of SM fermions and also
enabling the use of the small angle approximation in
diagonalizing the matrices. We introduce then the angles
θij with i, j ¼ 1, 2, 3 (but not 4) as the parameters involved
in diagonalizing the matrices of Yukawa couplings with the
effective couplings yij, in Eqs. (10) and (11)

θu;d;e23 ≃ yu;d;e23 =yu;d;e33 ; ð12Þ

FIG. 2. Diagram in the model which leads to the effective
leptoquark S3 couplings in the mass insertion approximation.

1In models such as this there are two seesaw mechanisms at
work, namely the usual type Ia and a new type Ib seesaw
mechanism involving the fourth-family right-handed neutrinos,
as discussed in [36].
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and similarly, for the down quarks we have

θd13 ≃ yd13=y
d
33; ð13Þ

θd12 ≃ yd12=y
d
22: ð14Þ

Within the approximation considered, the other mixing
angles vanish (as do the first-family masses). Since the
hierarchy between the masses of charm and top quarks
(governed by yu22=y

u
33∼M

Q
4 =M

uc
4 ) is stronger than the

hierarchy of the masses of the strange and bottom quarks
(governed by yd22=y

d
33∼M

Q
4 =M

dc
4 ), we establish yd23=y

d
33>

yu23=y
u
33. The CKM mixing angles receive negligible con-

tributions from the up sector, so we take as a good
approximation, in the special basis that we are working
in so far, that the Yukawa couplings of the up quarks are
already diagonal (approximately). This means that we are
considering Q3 to contain the top (the mass eigenstate, tL)
and its down-type counterpart (expressed in terms of down-
type mass eigenstates through the CKM matrix).
As we do not consider the origin of neutrino masses,

for the charged leptons we take the simple assumption
that the respective Yukawa coupling matrix is diagonalized
by a small θe23 ∼mμ=mτ. This is justified given Eq. (12)
and that ye33 comes from ϕ

ML
4

and ye23 from
ϕ

Mec
4

[see Eq. (7)].

We write

θe23 ≡ cμτmμ=mτ; ð15Þ

defining cμτ as a parameter which we expect to be Oð1Þ,
with the smallness of θe23 coming explicitly frommμ=mτ. In
order for the model to remain consistent, this angle should
remain small, e.g., θe23 ≲ 0.3 ∼ π=10, which corresponds
to cμτ ≲ 5.
This type of consideration allows us to express the quark

and lepton states in the above basis in terms of mass
eigenstates dL, sL, bL;… approximately as [32]

u1 ≈ uL; d1 ¼ VuddL þ VussL þ VubbL;

u2 ≈ cL; d2 ¼ VcddL þ VcssL þ VcbbL;

u3 ≈ tL; d3 ¼ VtddL þ VtssL þ VtbbL; ð16Þ

and

e1 ¼ eL;

e2 ≃ ð1 − ðθe23Þ2ÞμL − θe23τL;

e3 ≃ θe23μL þ ð1 − ðθe23Þ2ÞτL: ð17Þ

We note that in the model, the PMNS angles are not
predicted as we have not specified the neutrino sector,
which would contribute to the PMNS angles. The Cabibbo
angle, which depends on yd14=y

d
24, is also not predicted in

this construction. Conversely, the other two CKM angles
are predicted to be small in this model, through the
smallness of MQ

4 =M
dc
4 .

Since the top quark Yukawa is large and demands a large
mixing via the ϕ fields, we expect an order unity effective
quark mixing, but from the lepton side the respective
factor is related to the τ Yukawa. In the presence of the
SM Higgs sector we would therefore expect that if hϕi

MQ
4

∼ 1,

then hϕi
ML

4

∼mτ=mt [32], which would justify neglecting

contributions suppressed by the larger ML
4 when compared

with contributions involving MQ
4 . In the present model the

Higgs sector includes Hu and Hd. Figure 1 illustrates the
origin of the effective Yukawa couplings giving rise to
the mass of the top quark and τ lepton. The respective
renormalizable couplings appear in Eq. (3), with x cou-
plings to the ϕ and y couplings toHu andHd. We then refer
to Eq. (6) to write for the top quark

yt ∼
xQ3 y

u
43hϕi
MQ

4

; ð18Þ

and to Eq. (7) to write for the τ lepton

yτ ∼
xL3 y

e
43hϕi
ML

4

; ð19Þ

such that taking the ratio we obtain

xL3 hϕi
ML

4

∼
xQ3 hϕi
MQ

4

yu43yτ
ye43yt

: ð20Þ

We consider in addition the usual tan β≡ vu=vd para-
metrization of the ratio between the vacuum expectation
values of Hu and Hd, in order to estimate

xL3 hϕi
ML

4

∼
xQ3 hϕi
MQ

4

yu43mτ

ye43mt
tan β: ð21Þ

This serves to show that depending on the renormalizable
couplings and tan β, it is quite possible to have hϕi

ML
4

∼ 1.

These considerations will become important when we
come to consider the effective leptoquark couplings in
Sec. III.

III. EFFECTIVE LEPTOQUARK COUPLINGS

The effective leptoquark couplings generated from Fig. 2
can be written as

λijS3QiLj; ð22Þ

where, in the special basis where the lighter family is
decoupled from the vectorlike fermions [as seen in Eqs. (4)
and (6)], the coupling consists of just Q3 and L3, i.e.,
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λij ¼ xQ3 hϕi
MQ

4

xL3 hϕi
ML

4

λ4

0
B@

0 0 0

0 0 0

0 0 1

1
CA: ð23Þ

Thus we only have one effective coupling in this basis:

λijS3QiLj ¼ λ33S3Q3L3: ð24Þ

Given that Q3 and L3 are the special quark and lepton
flavor combinations coupling to the leptoquark S3, we think
of them as flavor eigenstates. The effective leptoquark
couplings to the SM quark and lepton mass eigenstates will
arise from this single effective leptoquark coupling, by
decomposing Q3 and L3 in terms of their respective left-
handed mass eigenstates.
We want to express Q3 and L3 in terms of the mass

eigenstates. In the leading order approximation where we
considered up quark Yukawa couplings to be diagonal in
the special basis,Q3 contains u3 ¼ tL which coincides with
the top quark (mass eigenstate) and the down-type combi-
nation within the SUð2ÞL doublet is obtained by the CKM
matrix, namely d3 ¼ VtddL þ VtssL þ VtbbL as shown in
Eq. (16). L3 contains an admixture of the τL and μL (mass
eigenstates), but according to our assumptions, no eL: e3 ≃
θe23μþ ð1 − ðθe23Þ2Þτ as shown in Eq. (17).
The couplings of the electric charge þ4=3 component of

S3 to the physical left-handed down quark and charged
lepton mass eigenstates λdeS

þ4=3
3 dLeL, etc., form the matrix

λdl ≡
0
B@

λde λdμ λdτ

λse λsμ λsτ

λbe λbμ λbτ

1
CA: ð25Þ

We recall that under the mass insertion approximation,
mt, mb and mτ are approximately given by xQ3 y

u
43ϕ=M

Q
4 ,

xQ3 y
d
43ϕ=M

Q
4 , x

L
3 y

e
43ϕ=M

L
4 but are, in the more rigorous

approach replaced by sQ34y
u
43, s

Q
34y

d
43, s

L
34y

e
43 shown explic-

itly in Eq. (8).
In turn, the different λde;…; λbτ arise from expressing the

Q3 and L3 flavor eigenstates through the mass eigenstates
composing them, as in Eqs. (16) and (17). Given Eq. (23)
only has couplings to Q3 and L3, it is clear that the e
column must vanish as L3 does not contain e. Indeed,
dropping the factors of ðθe23Þ2 ∼ ðmμ=mτÞ2 from the third
column we have

λdl ¼ λ0

0
B@

0 θe23Vtd Vtd

0 θe23Vts Vts

0 θe23Vtb Vtb

1
CA; ð26Þ

where, from Eq. (22),

λ0 ¼
xQ3 hϕi
MQ

4

xL3 hϕi
ML

4

λ4 ≡ rλ4: ð27Þ

The effective coupling λ0 is suppressed with respect to the
renormalizable coupling λ4. Considering Eq. (8), we place

an upper bound of 1=
ffiffiffi
2

p
for

xQ
3
hϕi

MQ
4

, and the same applies for

the analogous leptonic xL
3
hϕi

ML
4

. Then we have as an upper

bound on the ratio r < 1
2

λ0 ≲ λ4
2
: ð28Þ

In Sec. IV we will consider bounds on the effective
coupling λ0, keeping in mind that it originates from
renormalizable coupling λ4. Making use of Eq. (21), we

note that depending on
yu
43
mτ

ye
43
mt
tan β, the upper bound can be

saturated, provided

yu43mτ

ye43mt
tan β ∼ 1 ð29Þ

which can be understood as accounting for the hierarchy
between the masses of the top quark and τ lepton not
through an hierarchy of the vectorlike MQ;L

4 masses, but
through an hierarchy of vacuum expectation values (tan β)
and of the Yukawa couplings yu;e43 .

IV. PHENOMENOLOGY

The couplings in this section are expressed in the mass
basis of Eq. (25).
As S3 couples only to left-handed chiral leptons, in this

model the contributions to the anomalous magnetic
moments of electrons and muons are below the current
experimental sensitivity [26].

A. Colliders

A detailed analysis of the phenomenology of S3 at
hadron colliders was presented in [37–42].
In our model, the scalar leptoquark S3 does not couple to

e and the couplings to μ are suppressed. There are
constraints on the mass of the leptoquark from gluon-
initiated pair production, which are mostly independent
of the strength of the leptoquark coupling to fermions
[38,40–42]. In our model the leptoquark couples domi-
nantly to the b quark and τ lepton. The next leading
couplings are suppressed by around 10−2, as couplings to
the s quark are suppressed by Vts, and couplings to the μ
lepton are suppressed by θe23. We take then the bounds
quoted in [38] which apply to leptoquarks coupling only
to a single quark and to a single lepton family, namely
M > 1.4 TeV for bμ and M > 1.0 TeV for bτ (the differ-
ence in bounds due to the sensitivity of experimental
searches to μ and τ). Single production bounds become
relevant and start excluding M > 1.5 TeV for coupling
λbτ > 3 [42].
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With these collider bounds in mind, we present our
analysis in terms of ð M

1 TeVÞ2 for convenience, considering
that this leads to a factor of 2.25 for more conservative
values of M ¼ 1.5 TeV, a benchmark value which we also
consider in some detail.

B. RKð�Þ

The leptoquark S3 contributes to RKð�Þ at tree level (see
Fig. 3). The requirement of gettingRKð�Þ fromS3 is [11,26,41]

λbμλ
�
sμ−λbeλ

�
se¼ λbμλ

�
sμ≃8.98×10−4

�
M

1 TeV

�
2

; ð30Þ

where the S3 mass is M and here the electron couplings
are zero.
We can now insert the couplings from Eq. (26) to derive

the impact of this requirement for our model,

ðθe23Þ2VtsV�
tbjλ0j2 ≃ 8.98 × 10−4

�
M

1 TeV

�
2

; ð31Þ

and using Eq. (15) we obtain

c2μτjλ0j2 ≃ 6.35

�
M

1 TeV

�
2

: ð32Þ

We conclude from this that for our model to account for
RKð�Þ the leptoquark must be rather light; otherwise the
requirement forces large values of cμτ or λ0, which are
expected to be small in our model [see Eqs. (15), (27),
and (28)].

C. Bs − B̄s mixing

S3 contributes to Bs − B̄s mixing at one-loop level
(see box diagram in Fig. 4). The most strict constraint
from Bs − B̄s mixing on leptoquark couplings can be
expressed as [26]

ðλseλ�be þ λsμλ
�
bμ þ λsτλ

�
bτÞ2

¼ ðλsμλ�bμ þ λsτλ
�
bτÞ2 ≲ 3.34 × 10−3

�
M

1 TeV

�
2

; ð33Þ

where we take the electron couplings to be zero. This
depends on the fourth power of the coupling (instead of on
the square of the coupling), which is due to the process
occurring at one-loop level in a diagram with S3 and leptons
in the internal lines. Bs − B̄s mixing is sensitive to the τ
couplings shown in Eq. (26), which are not suppressed by
θe23. Assuming that we can drop ðθe23Þ2 ≃ 3.54 × 10−3c2μτ,
we can rewrite

ðλsμλ�bμþλsτλ
�
bτÞ2

¼ð½ðθe23Þ2þ1�VtsV�
tbÞ2jλ0j4≃1.60×10−4jλ0j4; ð34Þ

where 1.60 × 10−4 is coming from the suppression by V2
ts.

We therefore place a bound on λ0 independently of cμτ:

jλ0j4 ≲ 2.09

�
M

1 TeV

�
2

: ð35Þ

The maximum value of λ0 allowed for each M is shown
in Fig. 5.
The leptoquark contributes to b → sγ processes at loop

level, with a dependence on λslλ
�
bl (similar to Bs − B̄s

mixing which depends on the same leptoquark couplings).

FIG. 3. Diagram of S3 contributing to RKð�Þ at tree level, with
l ¼ l0 ¼ μ and all fermions being left-handed in this model.

FIG. 4. Diagram of S3 contributing to Bs − B̄s mixing at one-
loop level.

0 1 2 3 4 5

0.5

1.0

1.5

2.0

2.5

3.0

FIG. 5. The maximum value of λmax allowed for λ0 due to the
Bs − B̄s bound. Gridlines show the values for M ¼ 1 TeV and
M ¼ 1.5 TeV.
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However the constraint coming from b → sγ (from B →
Xsγ decays) is less severe than for Bs − B̄s mixing. This is
standard for this type of leptoquark model, where the effect
is a correction of a few percent to the SMWilson coefficient
ðOÞ7 [43,44] which may be tested in future flavor factories
[45], but is safely below the current experimental bounds.

D. LFV

The leptoquark couplings are also constrained by
lepton flavor violating (LFV) bounds [26]. Particularly
stringent are μ → e conversion processes such as the
current bound on Bðμ → eγÞ ¼ 5.7 × 10−32 [46], leading
to the constraint:

jλqeλ�qμj≲ M2

ð34 TeVÞ2 : ð36Þ

Comparing Eq. (30) to Eq. (36) indicates that there can be
some tension if there is no hierarchy between μ and e
couplings. This was indeed an issue for the Z2 model
described in [32], where effective couplings originate from
renormalizable couplings of each of the lepton families
with the vectorlike quark Q4 and the leptoquark. In the
present Z5 model, this issue is resolved naturally as the only
renormalizable coupling to the leptoquark is with L4 and
Q4: the effective couplings to e are entirely absent, as seen
in Eq. (26). Indeed at leading order (with me ¼ 0) we have
λqe ¼ 0, automatically satisfying the μ → e bounds.
For LFV bounds involving the τ lepton, Bðτ → eγÞ ¼

1.2 × 10−7 [47] and Bðτ → μγÞ ¼ 4.4 × 10−8 [48] similarly
constrain the respective leptoquark couplings:

jλqeλ�qτj≲ M2

ð0.6 TeVÞ2 ; ð37Þ

jλqμλ�qτj≲ 2.04

�
M

1 TeV

�
2

: ð38Þ

With λqe ¼ 0, the first of these bounds is also automatically
satisfied. The latter bound constrains the parameters of our
model through the combination cμτjλ0j2:

jλbμλ�bτj ¼ θe23V
2
tbjλ0j2 ≃ cμτ

mμ

mτ
jλ0j2; ð39Þ

therefore we have

cμτjλ0j2 ≲ 34.3

�
M

1 TeV

�
2

: ð40Þ

When comparing this bound to Eq. (32) we understand that
the present bound is automatically verified when the model
explains RKð�Þ . Nevertheless, given the order of magnitude,
future improvements to the experimental bound on
Bðτ → μγÞ will start constraining cμτ, λ0 and M.

Other relevant LFV processes are those in B to K
decays. The ones involving electrons are automatically
satisfied due to λqe ¼ 0, leaving us with BðB → KμτÞ, with
dependence [26]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jλsμλ�bτj2þjλbμλ�sτj2

q
≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðθe23VtsVtbÞ2

q
∝ cμτjλ0j2; ð41Þ

i.e., it turns out to have the same dependence obtained
above. We verified that, given the current experimental
bounds, this bound is not competitive to constrain
our model.

E. CP violation

In our model we are not imposing a CP symmetry, and
therefore all couplings are in general complex. This
includes the coupling involving S3, the renormalizable
coupling λ4. As discussed in detail in Sec. III, we obtain
effective leptoquark couplings, all of which are propor-
tional to complex λ4, hϕi, xQ3 and xQ3 , in the combination we
denote as λ0 [see Eq. (27)]. This parameter λ0 is therefore
also complex, but its phase is unphysical and can be
removed through an appropriate rephasing of S3. Given
that S3 couples only through this effective coupling, the
phase will not reappear elsewhere. Therefore, the only
physical phases present in the leptoquark couplings are
those sourced by the decomposition of the Q3 and L3 as in
Eqs. (16) and (17). In our model, leptonic mixing is not
predicted and we have the lightest lepton decoupled, so the
leptoquark is not sensitive to leptonic CP violation—
therefore we make the assumption that there are no phases
coming from the mixing parametrized by θe23. In contrast,
the CP violation present in the CKM matrix does manifest
itself in the leptoquark couplings explicitly (through Vts in
particular).
Given the presence of CP violation in the leptoquark

couplings, it would be interesting to further test the model
through observables such as electric dipole moments
(EDMs), which are tightly constrained by experiment.
However, in models where the leptoquarks only couple
to left-handed fermions (which is the case for S3), there are
no leptoquark contributions to EDMs as the respective
operators require a chirality flip. Leptoquarks transforming
as singlets or doublets of SUð2Þ couple to right-handed
fermions and would contribute to EDMs [49].

F. Discussion

One can take Eq. (32) and recast it as an upper bound
(this is the case if the leptoquark contribution to RKð�Þ is
lower than indicated), and compare this with the other
bounds we obtained on the model parameters cμτ, λ0 andM.
We take for comparison the benchmark values of M ¼
1 TeV and M ¼ 1.5 TeV and show the regions in the left
and right panels of Fig. 6 respectively. Figure 6 confirms
that the present bound on τ → μγ is not strong enough to
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constrain the model at the moment, but that it is expected
to become relevant in the future. In contrast, the Bs − B̄s
mixing bound is quite strong and excludes large values
of λ0, e.g., λ0 ≲ 1.5 for the values of M considered. This
in turn forces cμτ ≳ 2, as can be seen at the intersection
in the left panel of Fig. 6. From comparing the two
panels in Fig. 6, the minimum value of cμτ depends
on M.
In Fig. 7, we plot the minimum value of cμτ, which we

refer to as cmin, and show how it increases with M. Large
values of cμτ are inconsistent with the underlying assump-
tions in the model [see Eq. (15)], and Fig. 7 can be used to
straightforwardly convert an upper bound on cμτ into an
upper bound on M; e.g., cμτ ≲ 4.7 leads to M ≲ 5 TeV.
With further theoretical considerations, we can obtain

even stricter upper bounds on M. It is clear that in order to
account for RKð�Þ, keeping cμτ fixed and decreasing λ0 will
also force the leptoquark to be lighter [see Eq. (32)].
We recall that λ0 ≡ rλ4 [Eq. (27)] and conclude that

keeping the renormalizable coupling λ4 fixed, as r
decreases from its upper value r ¼ 1=2, the leptoquark
becomes lighter. This theoretical consideration will con-
strain M very strongly, as can be seen by taking e.g., cμτ ¼
4.7 and r ¼ 1=2 [Eq. (32)] and taking the square root

jλ4j ≃ 1.07

�
M

1 TeV

�
: ð42Þ

For given values of λ4 ∼Oð1Þ, M takes similar values
(M ¼ 1 to 1.5 TeV corresponds to λ4 ¼ 1.07 to 1.61), and
decreasing either cμτ or r forces M to take lower values
(in TeV) than λ4.
We conclude that different theoretical considerations can

be used to place robust upper bounds on M. An upper
bound on cμτ ≲ 4.7 would lead to M ≲ 5 TeV employing
only the Bs − B̄s mixing bound and the requirement of
RKð�Þ . For the same values of cμτ, an even stronger bound of
M ≲ 2 TeV can be placed if one considers additionally r ¼
0.1 (r≡ λ4=λ0).

V. CONCLUSIONS

We have proposed a simple extension of the Standard
Model in which the effective Yukawa couplings and
effective leptoquark couplings are related, leading to
interesting constraints and predictions. The model includes
one scalar SUð2ÞL triplet leptoquark, two (rather than one)
Higgs SUð2ÞL doublets, a scalar singlet, and vectorlike
fourth family of fermions (see Table I). All these are
charged under a Z5 symmetry under which the Standard
Model chiral fermions are neutral, thereby preventing direct
Yukawa couplings. The Z5 symmetry also forbids diquark
couplings to the leptoquark, alleviating the issue of pro-
ton decay.

FIG. 6. The effect of RKð�Þ (blue line), Bs − B̄s (orange region) and τ → μγ (green region) bounds on model parameters cμτ and λ0
respectively for M ¼ 1 TeV (left panel) and for M ¼ 1.5 TeV (right panel).

FIG. 7. The minimum value cmin allowed for cμτ allowed by
simultaneously explaining RKð�Þ and fulfilling the Bs − B̄s bound.
Gridlines show the values for M ¼ 1 TeV and M ¼ 1.5 TeV.
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The Yukawa couplings, forbidden by Z5, appear effec-
tively through the vacuum expectation value of ϕ breaking
Z5, from diagrams like Fig. 1 revealing a single insertion of
ϕ. In contrast, the diagram in Fig. 2 with double insertions
of ϕ generates the leptoquark couplings with the chiral
fermions. Despite the distinct topologies, both types of
couplings appear due to ϕ and the vectorlike fermions.
The resulting model can account for the quark mixing

angles and predicts the leading order leptoquark couplings
to each down-type quark family in terms of the respective
top quark CKM matrix element, Vtd, Vts and Vtb. The
relative strength of the coupling to μ is suppressed with
respect to the coupling to τ through the mass ratio mμ=mτ.
The leptoquark couplings thus follow the same hierarchy
observed in charged lepton masses and in the quark mixing.
The model predicts lepton nonuniversality in B to K

decays, depending on the leptoquark mass, Vts and mμ=mτ.
The model can only consistently explain the anomalies in
RKð�Þ for a leptoquark mass close to the collider lower
bound which we estimate to be about 1 TeV. There is no
dedicated search for a leptoquark such as that predicted by
our model with large couplings to b and τ, but also with
suppressed couplings to μ. Constraints from Bs − B̄s
mixing become relevant for such low leptoquark masses
due to the large couplings to τ, while μ → eγ (and τ → eγ)
remain automatically under control due to the absence of
leptoquark couplings to the electron in this model. τ → μγ
in principle constrains the parameters of the model, but in
practice less so than Bs − B̄s mixing.

To summarize, the presentmodel, which links theYukawa
couplings for the Higgs to those of the leptoquark, is
extremely predictive and can be tested in the near future.
In order to consistently explain the current anomalies inRKð�Þ ,
the leptoquark mass needs to remain Oð1Þ TeV, putting it
well within the reach of collider searches at the LHC. It can
also be probed in Bs − B̄s mixing (which significantly
constrains the model) and eventually by improved bounds
on τ → μγ.
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