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In this paper, we show an explicit way to realize a TeV-scale vector leptoquark from the Pati-Salam
unification with extra vectorlike families. The leptoquark mass is constrained to be heavier than PeV scale
by the measurement of a flavor violating kaon decay, KL → μe, in conventional models. This strong
constraint can be avoided by introducing vectorlike families consistently with the quark and lepton masses
and Cabbibo-Kobayashi-Maskawa and Pontecorvo-Maki-Nakagawa-Sakata matrices. In this model, the
vector leptoquark can be sufficiently light to explain the recent b → sμμ anomaly, while the b → cτν
anomaly is difficult to be explained due to the strong constraints from the Z0 boson and vectorlike quark
searches at the LHC. When the b → sμμ anomaly is explained, we show thatO ð0.2Þ% tuning is required in
the fermion matrix, the future experiments in μ → eγ and μ-e conversions will cover most available
parameter space, and sizable neutral meson mixings, induced by the extra Higgs doublets, are unavoidable.
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I. INTRODUCTION

A leptoquark is a hypothetical boson that carries both the
baryon number and lepton number [1]. Recently, the
phenomenology of TeV-scale leptoquarks has been dis-
cussed in connection with tensions between experimental
results and theoretical explanations in semileptonic B
meson decays [2–16]. An attractive extension that predicts
leptoquarks is the Pati-Salam (PS) unification [17]. In this
paper, we explore a possibility of incorporating a vector
leptoquark at TeV scale in the PS model, consistently with
the observed standard model (SM) fermion masses and
various experimental results.
In the minimal setup of the PS unification, quarks and

leptons are unified into two chiral multiplets under the PS
gauge symmetry,GPS ¼ SUð4ÞC × SUð2ÞL × SUð2ÞR. The
hypercharge is quantized since all gauge symmetries
are non-Abelian. The SUð2ÞR symmetry, a right-handed
analog of the weak isospin symmetry SUð2ÞL, requires the
introduction of right-handed neutrinos, which allows for
neutrino mass generation in a number of ways. A vector

leptoquark arises as the massive degree of freedom
associated with the GPS breaking, SUð4ÞC → SUð3ÞC ×
Uð1ÞB−L, and hence its mass will be around the PS
breaking scale.
While the PS symmetry is normally considered to be

broken at high scales, the breaking scale can be lowered to
scales a few orders of magnitude above the electroweak
(EW) scale due to the absence of bosons with di-quark
couplings, which induce the proton decay. However, low-
ering the PS breaking scale, or equally the leptoquark mass,
causes some difficulties. First, the PS symmetry predicts
Yukawa unification for the SM fermions, providing mass
equality relations between quarks and leptons, md ¼ me

andmu ¼ mdirac
ν . These relations are obviously inconsistent

with observation at low energy. In a conventional scenario
[18], the observed mass spectrum is achieved by taking
renormalization group (RG) effects and corrections from
higher-dimensional operators into account. This scenario,
however, requires that the GPS breaking scale is around
the conventional grand unified theory (GUT) scale,
Oð1016 GeVÞ, in order to obtain sufficiently large correc-
tions from the RG effects and higher dimensional operators,
the latter of which are usually suppressed by the Planck
scale. The second difficulty is brought by rare meson
decays. The vector leptoquark from the PS breaking
mediates a variety of flavor violating transitions such as
KL → μe, Bd → τe, etc. The most stringent limit is set by
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the KL → μe decay and its measurement restricts the
leptoquark mass to be heavier than PeV [19,20], although
this restriction can be relaxed down to ∼100 TeV if the tau
lepton is associated with the first generation quarks [20].
Therefore, the low-scale realization of the PS symmetry
breaking requires modifications to the conventional
PS model.
An attempt to achieve the low-scale PS breaking is made,

for example, in Ref. [21], where a couple of vectorlike
copies of fundamental chiral multiplets are added to the
minimal setup. In such a model, SM quarks and leptons
originate in different PS multiplets which are distinguished
by an additionally imposed global symmetry, which helps
to disentangle the strong mass equality relations and also to
suppress the rare meson decays event with the TeV-scale PS
breaking. Similar attempts in models with exotic repre-
sentation fermions are recently studied in Ref. [22]. Other
variants of the PS model, which overcome in different ways
the above-mentioned problems in realizing TeV-scale
vector leptoquarks, include Refs. [12,16,23–29].
Many of these attempts to lower the PS scale are strongly

motivated by the recent experimental anomalies in the
semileptonic B meson decays, one of the recent hot topics
in high energy physics. A number of experimental results
suggest deviations from the SM predictions in the mea-
surements of B → Kð�Þll (l ¼ e, μ) and B → Dð�Þτν
processes. In regard to the former process, the LHCb
collaboration reports a measurement of the ratio of the
branching ratio of B → Kð�Þee to that of B → Kð�Þμμ. The
result tells that the branching ratio of B → Kð�Þμμ is slightly
smaller than the SM prediction [30–33]. The LHCb also
investigates the observables related to the angular distri-
bution of the B → K�μμ decay, and shows that one
observable, namely P0

5, deviates from the SM prediction
[34,35]. Both deviations can be consistently explained by
the new physics contribution to the b → sμμ transition at
the parton level. The recent observation for the angular
observables in charged B meson decay also supports the
result [36]. We call the discrepancies of this kind the b →
sμμ anomaly. In addition, another discrepancy is found in
B → Dð�Þτν. The decay mode has been studied in the
BABAR, the Belle and the LHCb experiments. The BABAR
collaboration has announced that the experimental result on
the lepton universality, where the branching ratio of B →
Dð�Þτν is compared with B → Dð�Þlν, is largely deviated
from the SM prediction [37,38]. We call this discrepancy
the b → cτν anomaly. The Belle [39–42] and the LHCb
[43,44] have also measured the same quantity and have
reported their results; the discrepancy becomes milder but
the world average is still about 3 − 4σ away from the SM
value [45–50].
The announcement of those anomalies has triggered a

variety of new physics studies, ranging from purely
effective field theory analyses to the construction of UV
complete descriptions of the SM. Among many proposed

possibilities, new physics models containing a vector
leptoquark U1 with the quantum number ð3; 1; 2=3Þ under
the SM gauge group, GSM ¼ SUð3ÞC × SUð2ÞL ×Uð1ÞY ,
are particularly attractive. Such models can provide a
coherent explanation for both b → sμμ and b → cτν
anomalies. One well-motivated class of such models is
the PS model. Indeed, it is shown that some variants of the
PS model with the U1 leptoquark can accommodate both
sets of the anomalies [12,16,23–27]. Other theoretical
activities to address the anomalies in models with U1 or
other representation leptoquarks are found in Refs. [4–7,
9,28,29,47,51–55].1
In this paper, we construct a simple model based on the

PS gauge theory that realizes a TeV-scale vector leptoquark
and accounts for the observed SM fermion masses and
mixings as well as the measurements of the flavor violating
processes. We then study the low-energy phenomenology
of the model. To this end, we introduce vectorlike fermions
to the minimal PS model. The traditional realization of the
TeV leptoquark is faced with the measurement ofKL → μe,
while mixings between the chiral and vectorlike fermions
relax the constraint in our model. A similar attempt is
already made in Ref. [21], but our construction is different
in the following points. First, we try to build a setup as
economically as possible, so we do not introduce many
additional scalar fields that are required in Ref. [21] to
generate the fermion mass splittings because of an extra
global symmetry. We expect that the model proposed in this
paper is the minimal extension to realize the observed
fermion masses and avoid the experimental constraints.
Second, we carefully look at flavor physics inevitably
induced by the leptoquark and extra scalars such as PS
scalars and EW Higgs bosons. We also discuss if the recent
B physics anomalies can be accommodated in this kind of
model. As a result, it turns out that lepton flavor violating
processes are enhanced in the presence of the heavy
vectorlike fermions and hence are particularly important
to test the model. We also point out that parameters of the
model should be tuned at Oð0.1%Þ level to be consistent
with the realistic fermion masses and mixing as well as
flavor constraints from KL → μe etc., if the b → sμμ
anomaly is mediated by the leptoquark. Interestingly, most
of the parameter space will be covered by future experi-
ments searching for the μ-e conversion process and μ → eγ.
We also show that the b → cτν anomaly can be hardly
explained in this model due to the constraints from the Z0
boson search at the LHC.

1If one gives up explaining both sets of the anomalies, other
new physics models are possible. The b → sμμ anomaly is
explained by a Z0 boson at the tree level [56–62] or one-loop
box diagrams mediated by extra fermions [63–72]. The explan-
ation of the b → cτν anomaly with a charged Higgs boson is
extensively discussed [73–82], while such possibilities are con-
strained by the collider search[83] and Bc → τν decay [7,84–86].
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This paper is organized as follows. In Sec. II, we
introduce our PS model and suggest a structure of fermion
mass matrices that helps to suppress the rare meson decays.
In Sec. III, we discuss the phenomenology of the con-
structed model with a particular focus on flavor physics and
the b → sμμ anomaly. Section IV is devoted to a summary.
The details of the model and numerical analysis are shown
in Appendixes A and B, respectively.

II. PATI-SALAM MODEL WITH
VECTORLIKE FERMIONS

We shall consider a model with the PS gauge symmetry,
GPS ¼ SUð4ÞC × SUð2ÞL × SUð2ÞR. In the minimal setup
with GPS, there are three generations of chiral fermions L,
R and a bi-doublet Higgs fieldΦ. The Yukawa couplings of
the chiral fermions are given by

−LCh
Y ¼ L̄y1ΦRþ L̄y2ϵTΦ�ϵRþ H:c:; ð2:1Þ

where ϵ ≔ iσ2 acts onto the SUð2ÞL and SUð2ÞR indices.
Here, y1 and y2 are the 3 × 3 Yukawa matrices in the flavor
space. The linear combination of the two terms leads the
splittings of the Yukawa couplings between the up-type and
down-type quarks, as well as the charged leptons and
neutrinos. However, since the Φ does not carry the
SUð4ÞC charge, the down-type quarks and charged leptons
which form the SUð4ÞC multiplet have the same Yukawa
couplings at the tree level, resulting in no mass splitting
between them. It is often considered that themass differences
are generated by RG effects after the PS gauge symmetry
breaking and/or by incorporating higher-dimensional oper-
ators involving SUð4ÞC symmetry breaking vacuum expect-
ationvalues (VEVs). The symmetry breaking scalemayneed
to be around the conventional GUT scale ∼1016 GeV, in
order to realize sufficiently large corrections from the RG
effects and/or higher-dimensional operators. Thus, the real-
istic fermion masses will require modifications to the mini-
mal setup [Eq. (2.1)] if theGPS breaking scale is around TeV.
In this paper, we extend the minimal setup to realize the

PS breaking at TeV scale, consistently with the observed
SM fermion masses and mixings as well as the measure-
ments of the flavor violating processes. The matter content
and the charge assignment in our extension are summarized
in Table I. The PS gauge symmetry is expected to be
spontaneously broken at the TeV scale in our setup. We
introduce extra vectorlike fermions, an SUð4ÞC adjoint
scalar Δ, and another scalar Σ, (10, 1, 3). The mass
splittings between the charged leptons and down quarks
are generated by the VEVof Δ. The VEVof Σ induces the
Majorana masses for the right-handed neutrinos. In this
model, the nonzero VEVof Δ breaks SUð4ÞC to SUð3ÞC ×
Uð1ÞB−L and that of Σ breaks SUð2ÞR ×Uð1ÞB−L toUð1ÞY .
The vectorlike fermions are denoted by FL, FR, fL and

fR. Each type of vectorlike fermion has three flavors as

the chiral fermions. As shown in Table I, the charge
assignment of LðRÞ is the same as that of FLðfRÞ. In
our work, we simply assume that there is an underlying
theory or some symmetry, and they can be distinguished
from each other. This is the minimal setup such that the
required fermion mass splittings are generated and danger-
ous flavor violating processes are suppressed, which will
be shown later. The vectorlike mass terms and Yukawa
couplings are given by

− LVL
Y ¼ F̄LMLFR þ f̄LMRfR þ f̄LmRRþ L̄mLFR

þ F̄LκLΔFR þ f̄LκRΔfR þ f̄LϵRΔRþ L̄ϵLΔFR

þ F̄Lλ1ΦRþ F̄Lλ2ϵ
TΦ�ϵRþ L̄λ̃1ΦfR þ L̄λ̃2ϵTΦ�ϵfR

þ F̄Lỹ1ΦfR þ F̄Lỹ2ϵTΦ�ϵfR þ f̄Lỹ01Φ†FR

þ f̄Lỹ02ϵ
TΦTϵFR þ H:c:; ð2:2Þ

where all the masses and Yukawa couplings are 3 × 3
matrices in the flavor space. Here, the first line is the tree-
level vectorlike mass terms. The second line is the Yukawa
couplings with the SUð4ÞC adjoint Δ and the last two lines
are the Yukawa couplings with the bi-doublet Φ. The mass
splittings between quarks and leptons are induced by the
Yukawa couplings involving the adjoint scalar Δ. In the
next subsection, we study the fermion mass matrices
originated from the spontaneous PS symmetry breaking.
In addition to Eq. (2.2), there are Yukawa couplings

involving Σ, which induce Majorana masses after the
symmetry breaking:

−Ly
Σ ¼ 1

2
f̄cRh ϵ

TΣfR þ H:c:; ð2:3Þ

where h is the 3 × 3 symmetric Yukawa matrix. Here, we
simply assumed that the Yukawa couplings involving R are
vanishing and the effective Majorana mass terms consist of
only fR.

2

TABLE I. The matter content in the Pati-Salam model. Each
type of fermion has three flavors.

Fields Spin SUð4ÞC SUð2ÞL SUð2ÞR
L 1=2 4 2 1
R 1=2 4 1 2

FL 1=2 4 2 1
FR 1=2 4 2 1
fL 1=2 4 1 2
fR 1=2 4 1 2

Δ 0 15 1 1
Σ 0 10 1 3
Φ 0 1 2 2̄

2We note that this situation can be realized by assigning extra
symmetry to distinguish fR from R.
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A. Fermion masses

After the GPS breaking, the fermion multiplets are decomposed as

L ¼
�
eL nL
dL uL

�
; FL ¼

�
EL NL

DL UL

�
; fL ¼

�
EL N L

DL UL

�
; ð2:4Þ

R ¼
�
eR nR
dR uR

�
; FR ¼

�
ER NR

DR UR

�
; fR ¼

�
ER N R

DR UR

�
; ð2:5Þ

where the rows are the SUð4ÞC space and the columns are the SUð2ÞLðRÞ space for the SUð2ÞLðRÞ doublets. We parametrize
the Dirac mass matrices as

−LCh
Y − LVL

Y ¼

0B@ ūL
ŪL

ŪL

1CA
T
0B@ yuvH λ̃uvH mQL

λuvH ỹuvH MQL

mQR
MQR

ỹ0uvH

1CA
0B@ uR

UR

UR

1CAþ

0B@ d̄L
D̄L

D̄L

1CA
T
0B@ ydvH λ̃dvH mQL

λdvH ỹdvH MQL

mQR
MQR

ỹ0dvH

1CA
0B@ dR

DR

DR

1CA

þ

0B@ ēL
ĒL

ĒL

1CA
T
0B@ ydvH λ̃dvH mlL

λdvH ỹdvH MlL

mlR MlR ỹ0dvH

1CA
0B@ eR

ER

ER

1CAþ

0B@ n̄L
N̄L

N̄ L

1CA
T
0B@ yuvH λ̃uvH mlL

λuvH ỹuvH MlL

mlR MlR ỹ0uvH

1CA
0B@ nR

N R

NR

1CAþ H:c:

ð2:6Þ

¼ ūLMuuR þ d̄LMddR þ ēLMeeR þ n̄LMnnR þ H:c:; ð2:7Þ

where λu;d, λ̃u;d, yu;d λ̃u;d are the linear combinations of λ1;2, λ̃1;2, y1;2 and ỹ1;2, respectively.
3 The VEVs of the bi-doublet and

adjoint are defined as

hΦi ¼ vH × diagðsβ; cβÞ; hΔi ¼ vΔ
2
ffiffiffi
3

p × diagð3;−1;−1;−1Þ; ð2:8Þ

where s2β þ c2β ¼ 1 and vH ≃ 174 GeV. The mass matrices MF and mF (F ¼ QL;R;lL;R) are defined as

MlL;R ¼ ML;R þ 3

2
ffiffiffi
3

p κL;RvΔ; MQL;R
¼ ML;R −

1

2
ffiffiffi
3

p κL;RvΔ;

mlL;R ¼ mL;R þ 3

2
ffiffiffi
3

p ϵL;RvΔ; mQL;R
¼ mL;R −

1

2
ffiffiffi
3

p ϵL;RvΔ: ð2:9Þ

Here, Mu, Md, Me and Mn respectively represent 9 × 9 mass matrices for the nine generations of fermions uL;R, dL;R,
eL;R and nL;R. The Yukawa couplings with the SM Higgs bosons are the same for the down quarks and charged leptons, as
well as the up quarks and neutrinos, while the vectorlike masses and Yukawa couplings with Δ are common in each of the
quarks and leptons. Note that the orderings of the SUð2ÞL singlet and doublet states are flipped for which the electroweak
(EW) gauge couplings are simplified. We define the mass basis for the charged fermions as

ûL;R ¼ ðUu
L;RÞ†uL;R; d̂L;R ¼ ðUd

L;RÞ†dL;R; êL;R ¼ ðUe
L;RÞ†eL;R: ð2:10Þ

The unitary matrices diagonalize the mass matrices as

ðUf
LÞ†MfU

f
R ¼ diagðmf

1 ; m
f
2 ;…; mf

9Þ; ð2:11Þ

where f ¼ e, d, u. The singular values are in ascending order, i.e., mf
a ≤ mf

aþ1 (a ¼ 1;…; 8). The SM fermion masses are

given by mf
1, m

f
2 and mf

3 :

3Their explicit relations are shown in Appendix A 3.

IGURO, KAWAMURA, OKAWA, and OMURA PHYS. REV. D 104, 075008 (2021)

075008-4



ðme
1; m

e
2; m

e
3Þ ¼ ðme;mμ; mτÞ; ðmd

1; m
d
2; m

d
3Þ ¼ ðmd;ms;mbÞ; ðmu

1; m
u
2; m

u
3Þ ¼ ðmu;mc;mtÞ:

The neutrino masses are explained by the type-I seesaw mechanism. Majorana masses for the right-handed neutrinos
originate in Eq. (2.3). The scalar Σ is represented as

Σαβ ¼ ΣkR
αβτ

kR ¼ 1

2

 
Σ3
αβ

ffiffiffi
2

p
Σþ
αβffiffiffi

2
p

Σ−
αβ −Σ3

αβ

!
; Σ�

αβ ¼
Σ1
αβ � iΣ2

αβffiffiffi
2

p ; ð2:12Þ

where kR ¼ 1, 2, 3 is SUð2ÞR index and α, β ¼ 1, 2, 3, 4 are the SUð4ÞC indices. We shall assume that Σ obtains the VEVas

hΣþ
11i ¼

vΣffiffiffi
2

p ≠ 0; others ¼ 0; ð2:13Þ

where α, β ¼ 1 is the leptonic direction in the SUð4ÞC space. After the symmetry breaking, the Majorana mass term is
given by

−Ly
Σ ⊃

1

2
N c

RMRN R þ H:c:; MR ¼ hffiffiffi
2

p vΣ: ð2:14Þ

The full neutrino mass term is given by

−LN ¼ 1

2
N̄LMNNR ≔ ð n̄L n̄c

R Þ
�

09 Mn

MT
n MR

��
nc
L

nR

�
; MR ¼

0B@ 03 03 03

03 MR 03

03 03 03

1CA; ð2:15Þ

where the Dirac mass matrix Mn is defined in Eq. (2.6).4 Note that Nc
R ¼ NL. The mass eigenstate is defined as

N̂R ¼ U†
NNR; N̂L ¼ UT

NNL; ½UT
NMNUN �xy ¼ mνxδxy; ð2:16Þ

with x; y ¼ 1; 2; 3;…; 18. Here, UN is an 18 × 18 unitary matrix. We define the 9 × 18 matrices,

Un
L ≔ PLU�

N; Un
R ≔ PRUN; ð2:17Þ

where the projection matrices for the neutrino flavors are defined as

PL ≔ ð 19 09 Þ; PR ≔ ð 09 19 Þ: ð2:18Þ

B. Leptoquark couplings

The spontaneous PS gauge symmetry breaking generates the mass of the vector leptoquark, which is part of the SUð4ÞC
gauge field. The gauge couplings with the vector leptoquark, Xμ, are given by

LX ¼ g4ffiffiffi
2

p Xμðd̄LγμeL þ ūLγμnL þ d̄RγμeR þ ūRγμXμnRÞ þ H:c:

¼ Xμð ˆ̄dLĝXdLγμêL þ ˆ̄uLĝXuLγμN̂L þ ˆ̄dRĝXdRγμêR þ ˆ̄uRĝXuRγμN̂RÞ þ H:c: ð2:19Þ

Here, the coupling matrices in the mass basis are given by

ĝXdL ¼ g4ffiffiffi
2

p ðUd
LÞ†Ue

L; ĝXdR ¼ g4ffiffiffi
2

p ðUd
RÞ†Ue

R;

ĝXuL ¼ g4ffiffiffi
2

p ðUu
LÞ†Un

L; ĝXuR ¼ g4ffiffiffi
2

p ðUu
RÞ†Un

R: ð2:20Þ

The couplings of the fermions to the other gauge bosons and scalars are shown in Appendix A.

4In this paper, 0n is an n × n zero matrix. Similarly, 1n is an n × n identity matrix.

TeV-SCALE VECTOR LEPTOQUARK FROM PATI-SALAM … PHYS. REV. D 104, 075008 (2021)

075008-5



All the SM fermion masses and mixings can be
explained consistently with the PS relations by the mass
splittings via the Yukawa couplings with the bi-doublets Φ
and adjoint Δ even if the GPS breaking scale is at the TeV
scale. The leptoquark, however, couples to the SM charged
leptons and down-type quarks if the SM fermions domi-
nantly come from the chiral fermions, L and R. When the
leptoquark has sizable couplings to the light flavor fer-
mions, particularly electron and down-type quarks simul-
taneously, the measurement of theKL → μe decay provides
the most stringent bound on the leptoquark mass [19,20].5

If ĝXdL ¼ ĝXdR ¼ ðg4=
ffiffiffi
2

p Þ · 19, the branching fraction of
KL → μe is estimated as6

BRðKL → μeÞ ∼ 1.4 × 10−11 ×

�
1 PeV
mX

�
4
�
g4
1.0

�
4

;

ð2:21Þ

while the current upper bound is 4.7 × 10−12. This implies
that the leptoquark should be heavier than 1 PeV in this
case. So, if one wants to have a TeV-scale leptoquark for,
e.g., explanation of the current flavor anomalies, this
constraint is a bottleneck. It is interesting that the lepto-
quark couplings to the light flavor fermions can be sup-
pressed by introducing the vectorlike fermions in our
model. In the following, we will show explicit mass
matrices which are consistent with the TeV-scale vector
leptoquark, SM fermion mass and mixing. We will also
see that most of the flavor violating processes as well as
KL → μe are sufficiently suppressed.

C. How to suppress KL → μe

We propose an explicit way to avoid the strong constraint
from KL → μe at the tree level, by tuning the vectorlike
masses such that

mQR
≪ MQR

; MQL
≪ mQL

;

MlR ≪ mlR ; mlL ≪ MlL : ð2:22Þ

The mass matrices of the down quarks and charged leptons
are schematically given by

Md ∼

0B@ 03 m̂e mQL

m̂d 03 03

03 MQR
03

1CA;

Me ∼

0B@ 03 m̂e 03

m̂d 03 MlL

mlR 03 03

1CA; ð2:23Þ

where m̂d and m̂e are the 3 × 3 mass matrices proportional
to vH. The same structure will arise in the up quark and
neutrino sector, given the hierarchy in Eq. (2.22). With
this texture, m̂d and m̂e approximately correspond to the
mass matrices for the SM down-type quarks and charged
leptons since the mixing with the other blocks is sup-
pressed. Thus, the masses and mixing of the SM fermions
can be explained separately. The down quarks originate in
ðFL; RÞ, while the charged leptons in ðL; fRÞ. In this case,
at least one of the two fermions involved in the leptoquark
interaction [Eq. (2.19)] is not the SM one, implying that the
leptoquark does not mediate the rare meson decays at the
tree level. The nonzero leptoquark couplings to two SM
fermions arise as the condition of Eq. (2.22) is relaxed, as
we will discuss in the next section.
It should be noted that the mass structure in Eq. (2.23)

suppresses the KL → μe transition at the tree level, so it
may be induced at loop levels. For instance, the loop
diagrams involving the vectorlike fermions, leptoquark and
Δ scalar may give a sizable contribution. The analysis with
the loop contribution is interesting, but beyond the scope of
this paper. In the following, we focus on the tree-level
contribution assuming loop corrections are subdominant
because of e.g., sufficiently heavy Δ scalar and/or small
coupling constants.

D. Parametrization

In our notation, it is convenient to express the mass
matrices by a 6 × 6 block on the upper left and a 3 × 3
block on the bottom right. Without loss of generality,7

we can parametrize the Dirac mass matrices in the gauge
basis as

Md ¼
 

D̃d VQL
D̃QL

W†
QR

WQL
D̃QR

V†
QR

Δd

!
;

Me ¼
 

D̃d VlLD̃lLW
†
lR

WlLD̃lRV
†
lR

Δd

!
;

Mu ¼
 

vuLD̃uv
†
uR VQL

D̃QL
W†

QR

WQL
D̃QR

V†
QR

wuLΔuw
†
uR

!
;

Mn ¼
 

vuLD̃uv
†
uR VlLD̃lLW

†
lR

WlLD̃lRV
†
lR

wuLΔuw
†
uR

!
; ð2:24Þ

where

D̃d ¼
�

03 De

Dd 03

�
; D̃u ¼

�
03 Dn

Du 03

�
; ð2:25Þ

5We note that the flavor constraints from K → πμe are milder
than the one obtained from KL → μe [87].

6See Eq. (B1) for the full formula.

7Here, the mass matrices are expressed by the singular value
decomposition, as usually applied to the Dirac mass matrix.
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and

D̃QR
¼ ð 03 DQR

Þ; D̃QL
¼
�
DQL

03

�
; D̃lR ¼ ðDlR 03 Þ; D̃lL ¼

�
03

DlL

�
: ð2:26Þ

Here, Df (f ¼ u, d, e, n) and DFL;R
(F ¼ Q;l) are 3 × 3 diagonal matrices. There are four 6 × 6 unitary matrices VQL;R

,
VlL;R and eight 3 × 3 unitary matrices WQL;R

, WlL;R and vuL;R , wuL;R . By definition, the mass matrices are unchanged under

VlL;R →

�
ulL;R 03

03 13

�
VlL;R ; VQL;R

→

�
uQL;R

03

03 13

�
VQL;R

; ð2:27Þ

where uFL;R
are arbitrary 3 × 3 unitary matrices. We start from a basis in which Dd, De and Δd are diagonalized, which can

be done without changing any couplings with the gauge bosons or scalars. See Appendix A 1 for more details. We further
assume that the Majorana matrix MR is proportional to an identity matrix in this basis for simplicity.
This parametrization is defined such that the SM-like fermion masses and couplings are realized when all the unitary

matrices are identity matrices except vuL which should be

vuL ¼
�
UPMNS 03

03 V†
CKM

�
; ð2:28Þ

so that the Cabbibo-Kobayashi-Maskawa (CKM) and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrices are realized.
In this canonical case, the (Dirac) mass matrices are diagonalized by the following unitary matrices:

U0;d
L ¼ U0;e

R ¼ U0;n
R ¼

0B@ 03 13 03

13 03 03

03 03 13

1CA; U0;u
L ¼

0B@ 03 13 03

V†
CKM 03 03

03 03 13

1CA;

U0;u
R ¼ U0;d

R ¼ U0;e
L ¼

0B@ 13 03 03

03 03 13
03 13 03

1CA; U0;n
L ¼

0B@UPMNS 03 03

03 03 13
03 13 03

1CA; ð2:29Þ

up to OðvH=vΔÞ corrections. For the full neutrino matrix, the diagonalization matrix is given by

U0
N ∼

� ðU0;n
L Þ� 09

09 U0;n
R

�
: ð2:30Þ

Then, the leptoquark couplings are approximately given by

ĝXdL ∼ ðĝXdRÞT ∼ PRðĝXuRÞT ∼
g4ffiffiffi
2

p

0B@ 03 03 13
13 03 03

03 13 03

1CA; ĝXuLP
T
L ∼

g4ffiffiffi
2

p

0B@ 03 03 VCKM

UPMNS 03 03

03 13 03

1CA: ð2:31Þ

Now, the leptoquark couplings to the SM fermions, which correspond to the most upper-left block in the coupling matrix,
e.g., ½ĝXdL �ij (i, j ≤ 3), are vanishing. Thus, in this canonical case, there is no flavor violation at the tree level, although there
might be flavor violation, such as μ → eγ, from the loop effects involving the vectorlike states. In order to explain the flavor
anomalies, the leptoquark should couple to the SM fermions with a certain pattern. In the following, we will turn on the
mixing angles in the unitary matrices which are chosen to be the identity matrices in the canonical limit. The diagonalization
for a general case with the parametrization in Eq. (2.24) is discussed in Appendix A 1.
For simplicity, we assume that the singular values for vectorlike fermions and Δu;d are universal,8 i.e.,

DQL
¼ dQL

13; DQR
¼ dQR

13; DlL ¼ dlL13; DlR ¼ dlR13; ð2:32Þ

8Precisely, we introduce Oð0.1 GeVÞ corrections to the vectorlike fermion masses to avoid numerical instabilities due to the
degeneracy as can be seen in Appendix B.
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and

Δd ¼ δd13; Δu ¼ δu13: ð2:33Þ

Here, the mass parameters in Eq. (2.32) are OðvΔÞ, while
those in Eq. (2.33) are OðvHÞ. We also assume that the
Majorana mass matrix is given by

MR ¼ mN

0B@ 03 03 03

03 13 03

03 03 03

1CA: ð2:34Þ

Further, we take WQL;R
, WlL;R

and wuL;R identity matrices,
since these are not significant for the SM fermion
couplings.
When the VQL;R

and VlL;R are not identity matrices, the
diagonalization matrices for the down-type fermions in
Eq. (2.24) are approximately given by

UeL ∼
�
06×3 VlL

WlL 03×6

�
P1; UeR ∼

�
VlR 06×3

03×6 WlR

�
P1;

ð2:35Þ

UdL ∼
�
VQL

06×3

03×6 WQL

�
P1; UdR ∼

�
06×3 VQR

WQR
03×6

�
P1;

ð2:36Þ

where

P1 ≔

0B@ 03 13 03

13 03 03

03 03 13

1CA ð2:37Þ

is introduced so that the singular values are increasingly
ordered. The derivation and those for the up-type fermions
are shown in Appendix A 1. With this parametrization, the
leptoquark couplings to the SM fermions are approximately
given by

½ĝXdL �ij ∼ ½ĝXuL �ij ∼
g4ffiffiffi
2

p ½V†
QL
VlL �3þi;j

;

½ĝXdR �ij ∼ ½ĝXuR �ij ∼
g4ffiffiffi
2

p ½V†
QR
VlR �i;jþ3

; ð2:38Þ

with i, j ¼ 1, 2, 3. Hence, the leptoquark couplings to the
SM families are induced through the mixing between
the first three and the second three states. We parametrize
the unitary matrices, VFX

, F ¼ l; Q, X ¼ L, R, as9

VFX
≔ R11

FX
R12
FX
R13
FX
R21
FX
R22
FX
R23
FX
R31
FX
R32
FX
R33
FX
; ð2:39Þ

where the rotation matrix Rij
FX

mixes the ith and (jþ 3)th
elements, i.e.,

Rij
FX

¼

0BBBBBBBBBBBBBBB@

1 � � � 0 � � � 0 � � � 0

..

. ..
. ..

. ..
.

0 � � � cijFX
� � � sijFX

� � � 0

..

. ..
. ..

. ..
.

0 � � � −sijFX
� � � cijFX

� � � 0

..

. ..
. ..

. ..
.

0 � � � 0 � � � 0 � � � 1

1CCCCCCCCCCCCCCCA
; ð2:40Þ

where ðcijFX
Þ2 þ ðsijFX

Þ2 ¼ 1. In our analysis, we assume that
VFX

’s are real and we will not consider the mixing inside
the first three and second three states.
In our numerical analysis of Sec. III, the vectorlike

fermion masses dQL;R
, dlL;R , δu;d and the unitary matrices

VFX
are input parameters. The rest of the parameters, D̃d,

D̃u and vuL , vuR are fitted to explain the observed fermion
masses and mixing, given a set of input parameters.

E. Fine-tuning

The texture in Eq. (2.23), or the hierarchy in Eq. (2.22),
requires fine-tunings between the PS symmetric mass
parameters in the first line of Eq. (2.2) and the mass terms
originated from the SUð4ÞC adjoint hΔi. To quantify the
degree of tunings, we define the tuning measure ΔFT as

ΔFT ≔ min
A;B

ð½ΔdL �A; ½ΔdR �BÞ; ð2:41Þ

where

½ΔdL �A ≔
min ðj½Md�A;6þÃj; j½Me�A;6þÃjÞ
max ðj½Md�A;6þÃj; j½Me�A;6þÃjÞ

;

½ΔdR �B ≔
min ðj½Md�6þB;B̃j; j½Me�6þB;B̃jÞ
max ðj½Md�6þB;B̃j; j½Me�6þB;B̃jÞ

: ð2:42Þ

Here, A;B ¼ 1; 2; 3;…; 6 and Ã, B̃ are respectively resi-
dues of A, B divided by 3, so that it measures the degree of
cancellations in the diagonal elements of the vectorlike
masses. For instance, 10% tuning is required if ΔFT is 0.1.

III. PHENOMENOLOGY

We study phenomenology in this setup. We have seen the
way to suppress KL → μe. The suppression, however, may
require severe fine-tuning. If the fine-tuning is relaxed,
other flavor violating processes would become sizable.
First of all, we discuss the possibility that the TeV-scale
leptoquark explains the anomalies in the semileptonic B9Here, we assumed the matrices are real for simplicity.
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meson decays. Then, we investigate the other flavor
violating processes paying attention to the degree of tuning.

A. Vector leptoquark explanation of the anomalies

Interestingly, the TeV-scale leptoquark may be able to
explain all anomalies in the semileptonic B meson decays,
B → Kð�Þμμ and B → Dð�Þτν. It has been pointed out in the
literature that the vector leptoquark from the PS model can
explain both anomalies simultaneously, but we show that
the b → cτν anomaly is hardly solved in our model due
to the correlation between the leptoquark and Z0 boson
masses.10

1. b → sμμ anomaly

The b → sμμ anomaly may be a signal of new physics.
The effective Hamiltonian is given by

Hb→sμμ
eff ¼ −

4GFffiffiffi
2

p α

4π

X
a¼9;10

ðCaOa þ C0
aO0

aÞ; ð3:1Þ

where

O9 ¼ ðs̄γρPLbÞðμ̄γρμÞ; O10 ¼ ðs̄γρPLbÞðμ̄γργ5μÞ;
ð3:2Þ

O0
9 ¼ ðs̄γρPRbÞðμ̄γρμÞ; O0

10 ¼ ðs̄γρPRbÞðμ̄γργ5μÞ:
ð3:3Þ

The leptoquark contributions to the Wilson coefficients, C9

and C10, are given by

ΔC9 ¼ −ΔC10 ¼ −
ffiffiffi
2

p

4GF

4π

α

1

V�
tbVts

1

2m2
X
½ĝXdL ��32½ĝXdL �22

∼ −0.51 ×
�
5 TeV
mX

�
2
�½ĝXdL ��32½ĝXdL �22

0.02

�
: ð3:4Þ

The experimental results favor −0.59≲ ΔC9 ≲ −0.41 at 1σ
level [89], and thus mX ∼Oð10 TeVÞ is a suitable size to
explain the b → sμμ anomaly. Note that there exists a
Z0 boson in our model which is associated with the PS
symmetry breaking. Such a boson would contribute to the
b → sμμ anomaly. However, the flavor violating effects
from the Z0 boson are expected to be very suppressed, as
discussed in Appendix A 2.
With the parametrization of Eq. (2.39), the relevant

couplings are given by

½ĝXdL �22 ¼
g4ffiffiffi
2

p c23lLðs22QL
c22lL − c22QL

s22lLÞ;

½ĝXdL �32 ¼
g4ffiffiffi
2

p fs23QL
c23lLðc22QL

c22lL þ s22QL
s22lLÞ − s23lL

c23QL
g; ð3:5Þ

if the angles only in R22
QL
, R23

QL
, R22

lL
and R23

lL
are turned on.

We fix the angles at

s23QL
¼ −s23lL ¼ 1ffiffiffi

2
p ; s22QL

¼ −s22lL ¼ 0.04 ×
1ffiffiffi
2

p ; ð3:6Þ

so that the b → sμμ anomaly is explained withmX ∼ 5 TeV
and j½ĝXdL �22=½ĝXdL �23j ∼ 0.04. As discussed later, ½ĝXdL �22
should be small to suppress KL → μe. Note that this
model, in general, predicts the leptoquark contributions
to the other lepton flavors as well as C0

9;10. In our analysis,
we will consider the parameter space where these are
negligibly small.

2. b → cτν anomaly

The effective Hamiltonian relevant to b → cτν within
our model is given by

Hb→cτν
eff ¼ 4GFffiffiffi

2
p VcbCV1

ðc̄γμPLbÞðτ̄PLντÞ: ð3:7Þ

The leptoquark contribution to the Wilson coefficients CV1

is given by

ΔCV1
¼

ffiffiffi
2

p

4GF

1

Vcb

1

m2
X
½ĝXdL ��33½ĝXuL �2ν

∼ 0.092 ×

�
1.4 TeV

mX

�
2
�½ĝXdL ��33½ĝXuL �2ν

0.25

�
; ð3:8Þ

where ½ĝXuL �2ν ≔
P

i¼1;2;3½ĝXuL �2i. The experimental results
favor 0.052≲ ΔCV1

≲ 0.124 at 2σ level [90]. Note that
½ĝXdL ��33½ĝXdL �2ν ∼ g24=4 ∼ 0.25 is the maximal value as far as
the SUð4ÞC gauge coupling constant is g4 ∼ 1.0 which is
consistent with the strong coupling constant at the TeV
scale [91]. Thus, ΔCV1

∼ 0.09 (0.057) could be explained
if mX ∼ 1.4 ð1.8Þ TeV.
The LHC result [92] searching for di-lepton resonance

severely constrains a Z0 boson mass if the Z0 boson
decays to a pair of electrons or muons. In our model, the
Z0 boson couples to the fermions in the similar way as
the Z boson. Therefore the resonant production cross
section via the Drell-Yan process can be large as long as
Z0 boson is light, and there are sizable branching
fractions to di-leptons, as we see in Eq. (A60) of
Appendix A 2. If all the vectorlike fermions are heavier
than half of the Z0 mass, the limit is about 5 TeV.
The limit is relaxed to about 4.5 TeV if the Z0 boson
can decay to vectorlike fermions, since the branching

10The correlation between leptoquark and Z0 has been also
studied in a more generic way [88].
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fractions to di-leptons are suppressed by 1=3.11 From
Eqs. (A22) and (A37) in Appendix A 2, the Z0 boson
mass is bounded by the leptoquark mass,

mZ0 <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2g2R þ 3g24

g24

s
mX ∼ 3.5 TeV ×

�
mX

1.8 TeV

�
; ð3:9Þ

where the upper bound is saturated when vΔ ¼ 0. Hence,
when the leptoquark is light enough to address the
b → cτν anomaly, the Z0 boson is too light to be
consistent with the current limit in the collider search.
Furthermore, the vectorlike fermions will have masses of
OðvΔÞ unless the Yukawa couplings are nonperturba-
tively large. The LHC limit on a single vectorlike quark
is about 1.2 TeV when the vectorlike quark decays to
a SM boson and a quark in the third generation [93].
Thus, the vector leptoquark explanation of the b → cτν
anomaly is excluded by the Z0 and vectorlike quark
searches. We note that it would be possible that the
b → cτν anomaly is explained in the scalar leptoquarks
in PS models as studied in e.g., Ref. [94].

B. Flavor physics

We shall discuss the flavor physics induced by the
leptoquark and the extra Higgs bosons when mX ¼
5 TeV and the sizable leptoquark couplings are given by
Eqs. (3.5) and (3.6), so that the b → sμμ anomaly is
explained. The formulas and values of constants used in
our numerical analysis are shown in Appendix B.
In this subsection, we study our predictions at the tree

level in flavor physics, except for μ → eγ. We do not
include tree-level contributions of the SUð4ÞC adjoint Δ
and SUð2ÞR triplet Σ. As shown in Appendix A 3, the
adjoint Δ does not couple to two SM fermions up to
OðvH=vΔÞ. Hence tree-level processes induced by those
scalars are very suppressed. As mentioned above, the loop
corrections involving both scalars and leptoquark possibly
induce flavor violating processes, such as KL → μe, even if
all sijFX

are vanishing. We will neglect such contributions
assuming the scalars involved in the loop are so heavy and/
or relevant couplings are so small that the loop corrections
are subdominant. For Σ, it is shown in [94] that the scalar
leptoquarks from it can explain both b → sμμ and b → cτν
anomalies as well as inducing various flavor violations if
one considers a left-right symmetric extension of the PS
model. We will study the neutrino antineutrino oscillation
induced by Σ in Sec. III C. At least in the canonical limit,
only the charged leptons among the SM fermions couple to
the scalar fields in Σ at the tree level, but there is no flavor
violation as ensured by the simplified structure of the
Majorana mass matrix, Eq. (2.34). The couplings to light
flavor leptons could be suppressed if the Majorana mass

matrix has a hierarchical structure, while the sizable flavor
violation could be induced if the Majorana mass matrix
has an off-diagonal element. The phenomenology of those
scalar fields may be the interesting subject, but this is
beyond the scope of this paper. Hereafter, we simply
assume that the flavor violating effects via these scalars
are negligible and we will focus on the physics of the vector
leptoquark and the Higgs doublets.

1. μ-e flavor violation versus fine-tuning

In our model, the stringent constraints from the rare
meson decays can be avoided due to the texture of
Eq. (2.23) which is achieved by fine-tuning the vectorlike
mass terms such that there are cancellations between the
mass parameters and the adjoint VEV hΔi, see Eq. (2.9). To
quantify how accurately this cancellation should be held,
we turn on the angles universally except for those relevant
to the b → sμμ anomaly,

sQL
≔ sî ĵqL ; sQR

≔ sijqR ; slR ≔ sî ĵlL ; slR ≔ sijlR ;

ð3:10Þ

where i, j ¼ 1, 2, 3 run over all the combinations and
î; ĵ ¼ 1, 2, 3 also run over all the combinations except
ðî; ĵÞ ¼ ð2; 2Þ; ð2; 3Þ, to keep ΔC9 unchanged approxi-
mately. The nonvanishing angles induce the flavor violating
leptoquark couplings. Below, we will focus on μ-e flavor
violating processes that will provide the most severe
constraint on our model.
Turning on the mixing angles induces the leptoquark

couplings to the first generation fermions. The induced
couplings generate the KL → μe decay. The branching
fraction is approximately given by

BRðKL → μeÞ

∼
τKL

128πm4
X

m5
Kf

2
K

m2
s

�
1 −

m2
μ

m2
K

�
2

j½ĝXdL �22½ĝXdR �11j2

∼ 2.3 × 10−12 ×

�
5 TeV
mX

�
4
�j½ĝXdL �22½ĝXdR �11j

10−5

�2

: ð3:11Þ

Here we assume that ½ĝXdL �22 is much larger than the other
couplings except for those involving the third generation.
The experimental upper bound on the branching ratio is
4.7 × 10−12 [95].
The leptoquark coupling will be also strongly con-

strained by the measurements of the μ-e conversion for
an aluminum (gold) target in the future (current) experi-
ments. The conversion per capture rate for an aluminum
target is approximately given by11The larger decay width will also relax the limit.
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BRðμ → eÞAl ∼ 16m5
μS2pm2

p

m4
XΓcapt

����fsSpms
½ĝdR ��21½ĝdL �22 þ

2

27

fpG
mb

½ĝdR ��31½ĝdL �32
����2

∼ 1.5 × 10−14 ×

�
5 TeV
mX

�
2
����0.45�½ĝdR ��21½ĝdL �2210−5

�
þ 0.016

�½ĝdR ��31½ĝdL �32
10−5

�����2; ð3:12Þ

where the mass and form factors for the neutron are set to be those for the proton for simplicity in the second line. This
rate is the same order of magnitude for the gold target. The future (current) limit on the conversion rate per capture rate
is [96–99]

BRðμ → eÞAlðAuÞ ¼ Γconv

Γcapt
< 6 × 10−17 ð7 × 10−13Þ: ð3:13Þ

We note that even if the KL → μe is sufficiently suppressed, the μ-e conversion rate can be larger than the future sensitivity
because of the contribution from the other coupling parameters.
There may be constraints from μ → eγ induced by the loop effects mediated by the leptoquarks and vectorlike down

quarks. The branching fraction is given by [100]

BRðμ → eγÞ ¼ τμ
αem3

μ

1024π4m4
X
ðjCμe

L j2 þ jCμe
R j2Þ; ð3:14Þ

where τμ denotes the muon lifetime and

Cμe
L ¼

X9
A¼1

�
mμ½ĝXdL ��A1½ĝXdL �A2F

�
m2

dA

m2
X

�
þmdA ½ĝXdL ��A1½ĝXdR �A2G

�
m2

dA

m2
X

��
: ð3:15Þ

Cμe
R is obtained by formally replacing L ↔ R. The loop functions are defined as

FðtÞ ¼ −
4 − 16tþ 39t2 − 28t3 þ t4 þ 6t2ð1þ 2tÞ log t

4ðt − 1Þ4 ; ð3:16Þ

GðtÞ ¼ −4þ 27t − 24t2 þ t3 þ 6tð1þ 2tÞ log t
2ðt − 1Þ3 : ð3:17Þ

The second term will be dominant due to the chiral enhancement by the Yukawa coupling with Higgs bosons if δd ≤ OðvHÞ
in Eq. (2.24) is larger than the muon mass. Since the muon couples to one vectorlike down quark with Oð1Þ mixing, the
branching fraction is estimated as

BRðμ → eγÞ ∼ 1.2 × 10−13 ×

�
5.0 TeV

mX

�
4
�
gXLg

X
R

0.005

�
2
�

δd
100 MeV

�
2

; ð3:18Þ

where gXLðRÞ is a typical size of leptoquark couplings to mu/
electron in the left (right) current. Thus the Higgs boson
couplings with the vectorlike down-type fermions should
be so suppressed that the current limit BRðμ → eγÞ <
4.2 × 10−13 [101] is satisfied. This process can probe
different parameter space from the KL → μe decay and
μ-e conversion which are induced at the tree level, since it
directly constrains the leptoquark couplings to the SM
charged leptons and vectorlike quarks. We will see that
there are parameter spaces that can be probed only by
μ → eγ even if δd ¼ 10−4vH and the chiral enhancement
effect is suppressed. In our numerical analysis, we will set

δu ¼ δd ¼ 10−4vH, so that the chiral enhancement effect to
μ → eγ is negligible and conservative limits are obtained.
Given the severe constraint from μ → eγ, the muon

anomalous magnetic moment Δaμ ∼Oð10−9Þ is difficult to
be explained by the one-loop effects of the leptoquark and
vectorlike quark. It is roughly estimated as

Δaμ ≲ mμδd
16π2m2

X
NcNVL ∼ 5 × 10−11

×

�
5 TeV
mX

�
2
�

δd
100 MeV

�
; ð3:19Þ
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where Nc ¼ 3 and NVL ¼ 6. Thus it is, at least, 2 orders of
magnitude smaller than the currently preferred value as far
as δd ≲mμ to suppress μ → eγ.12

Figure 1 shows the degree of tuning ΔFT and constraints
from the μ-e violations on the ðsQ þ slÞ vs ðsQ − slÞ plane,
where

sQ ≔ sQL
¼ sQR

sl ≔ slL ¼ slR : ð3:20Þ

The density plot shows Δ−1
FT. The gray (blue) region is

excluded by the current limit on BRðKL → μeÞ
[BRðμ → eγÞ]. The blue lines are the future sensitivity
of BRðμ → eγÞ ¼ 6 × 10−14 at the MEG experiment [102].
The green lines show BRðμ → eÞAl and it is below the
future sensitivity of BRðμ → eÞAl ¼ 6 × 10−17[98]
between the solid green lines. There is no region excluded
by the current limit on BRðμ → eÞAu [96]. Since the
leptoquark couplings to the SM fermions are induced by
jsQ − slj, the tree-level μ-e violations are enhanced in the
upper and lower regions. On the other hand, BRðμ → eγÞ is
enhanced as jsQ þ slj increases since it comes from the
coupling with the vectorlike quarks. The limit from

BRðμ → eγÞ will be tightened if δd is larger. Note that
the b → sμμ anomaly is explained in the whole region in
this plot.
Figure 1 indicates the degree of tuningΔ−1

FT ≳ 500 (1000)
at jsQ þ slj≳ 0.005 (0.002). One may be concerned
about the tuning between sQ and sl, but the cancellation
is mild since ðsQ − slÞ=ðsQ þ slÞ ≳Oð0.01Þ even if
BRðμ → eÞAl < 6 × 10−17. Therefore, we conclude that
Δ−1

FT ∼ 500 corresponding to Oð0.2%Þ tuning is required
to explain the b → sμμ anomaly consistently with the
current limit. Most of the parameter space, outside of
the two green solid lines, will be tested by the future
experiments of the μ-e conversion.
Figure 2 shows the same plot as Fig. 1, but on the

ðsL; sRÞ plane, where

sL ≔ sQL
¼ −slL=1.1; sR ≔ sQR

¼ −slR=1.1: ð3:21Þ

We keep sQL
∼ slL and sQR

∼ slR to avoid the large μ-e
violation. The tree-level μ-e flavor violations are sensitive
to sR, since ½ĝXdL �sμ is sizable to explain the b → sμμ
anomaly. The future measurement of the μ → e conversion
will cover Δ−1

FT ≲ 3000 in this case. The radiative decay,
μ → eγ is equally sensitive to sL and sR, and the region
surrounded by the blue line will be covered by the MEG
experiment.

2. Flavor violation via Higgs bosons

This model predicts sizable tree-level flavor violating
couplings involving Higgs bosons even in the canonical
limit. The heavy Higgs boson couplings to the down-type
SM quarks are given by, in this limit,

500

1000

1500

2000

2500

3000

FIG. 2. The same plot as Fig. 1 on the ðsL; sRÞ plane where
sL ≔ sQL

¼ −slL
=1.1 and sR ≔ sQR

¼ −slR
=1.1.

200

400

600

800

1000

FIG. 1. The degree of tuning, the current constraints and future
sensitivity in the ðsQ þ sl; sQ − slÞ plane, where sQ ≔ sQL

¼
sQR

and sl ≔ slL
¼ slR

. The density plot shows the degree of
tuningΔ−1

FT. The gray and blue shaded regions are excluded by the
measurement of BRðKL → μeÞ and BRðμ → eγÞ, respectively.
The blue and green lines show values of BRðμ → eγÞ and μ-e
conversion observables. See the text for further details.

12It might be possible that Δaμ is explained if δd for the two
muons isOð10 GeVÞ, while those which induce flavor violations
are sufficiently suppressed. Such a situation could be realized by
relaxing the relation of the angles in Eq. (3.10) and allowing
flavor dependent mixing angles, although it may require another
fine-tuning to sufficiently suppress μ → eγ in addition to
KL → μe.
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½ŶH
d �ij ∼ −i½ŶA

d �ij ∼
1ffiffiffi
2

p ½ŶHþ
d �ij

∼ −
1ffiffiffi
2

p
vH

�
2 tan β

1 − tan2β
½Dd�ij þ

1þ tan2β
1 − tan2β

½V†
CKMDu�ij

�
;

ð3:22Þ

where i, j ¼ 1, 2, 3. Here we take the decoupling limit of
the Higgs bosons.13 In this limit, all the scalar masses of the
heavy Higgs doublet are degenerate. The second term in the
parentheses inevitably induces flavor violations whose
typical values are estimated as

v−1H jV†
CKMDuj ∼

0B@ 5 × 10−5 0.0006 0.007

1 × 10−6 0.003 0.03

2 × 10−8 0.0001 0.78

1CA: ð3:23Þ

Flavor violating couplings, which are off-diagonal ele-
ments, are not small and hence large flavor violating

processes will be generated if the Higgs bosons are light,
although the chirality structure may suppress them because
only the upper-right elements are sizable.
Similarly, there are flavor violations in the charged

lepton sector, which are estimated as UPMNSDn=vH. The
effects are, however, expected to be negligible because
the Yukawa coupling to the neutrinos is estimated as
Dn=vH ∼Oð10−5Þ to explain the neutrino masses with
the Oð10 TeVÞ Majorana masses. Therefore the flavor
violation in the quark sector, especially the neutral meson
mixing, is the most sensitive process to the effects of the
extra Higgs bosons. The effective interactions relevant to
our model are given by14

HΔF¼2
eff ¼

X
I;A

CA
I Q

A
I ; ð3:24Þ

where ðI; AÞ ¼ ð1;VLLÞ; ð2;LRÞ; ð1;SLLÞ; ð1;SRRÞ. The
four-Fermi operators are defined as

QVLL
1 ¼ ðF̄aγμPLfaÞðF̄bγμPLfbÞ; QLR

2 ¼ ðF̄aPLfaÞðF̄bPRfbÞ; ð3:25Þ

QSLL
1 ¼ ðF̄aPLfaÞðF̄bPLfbÞ; QSRR

1 ¼ ðF̄aPRfaÞðF̄bPRfbÞ; ð3:26Þ

where a, b ¼ 1, 2, 3 are the color indices. Here, ðF; fÞ ¼ ðs; dÞ; ðb; dÞ; ðb; sÞ for K − K, Bd − Bd and Bs − Bs mixing,
respectively. We define the ratios of an off-diagonal matrix element of our model to that of the SM as

CM ≔
hMjHΔF¼2

eff jMi
hMjHSM

eff jMi ¼ CM
SMO

VLL
1 þ CLR

2 OLR
2 þ ðCSLL

1 þ CSRR
1 ÞOSLL

1

CM
SMO

VLL
1

: ð3:27Þ

Here, OA
I ≔ hMjQA

I jMi=ð2mMÞ with mM being the meson mass. We use the values of OA
I shown in Ref. [62]. The SM

contribution CM
SM is shown in e.g., Ref. [104]. In our model, the Wilson coefficients are given by

CLR
2 ¼ −

X
S¼h;H;A

ySLy
S
R

2m2
S
; CSLL

1 ¼ −
X

S¼h;H;A

ySLy
S
L

2m2
S
; CSRR

1 ¼ −
X

S¼h;H;A

ySRy
S
R

2m2
S
; ð3:28Þ

where

ySL ¼ ½ŶS
d��ji; ySR ¼ ½ŶS

d�ij; ð3:29Þ

with ði; jÞ ¼ ð2; 1Þ; ð3; 1Þ; ð3; 2Þ forM ¼ K;Bd; Bs, respectively. The flavor violation from the adjoint field is negligible as
discussed in Appendix A 3. We neglect loop corrections from the leptoquarks in our analysis. The current constraints at
95% C.L. given by the UT-Fit [105,106] are

0.87 ≤ ImCK ≤ 1.39; 0.83 ≤ jCBd
j ≤ 1.29; 0.942 ≤ jCBs

j ≤ 1.288: ð3:30Þ
As pointed out in Ref. [107], the uncertainties are reduced in the ratio of mass differences of the Bd and Bs meson mixing,

ΔMd

ΔMs
¼ 0.0298þ0.0005

−0.0009 : ð3:31Þ

13See Appendix A 3 for more details of the Higgs couplings.
14We use the basis of the operators used in e.g., Ref. [103].
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We define the parameter,

CBd=Bs
≔

1

0.0298
×

���� hBdjHΔF¼2
eff jB̄di

hBsjHΔF¼2
eff jB̄si

����: ð3:32Þ

Figure 3 shows experimental limits from the neutral
meson mixing on the heavy Higgs boson mass for tan β ¼
2.0 (50) on the left (right) panel. Our predictions for jCBd

j,
jCBs

j, CBd=Bs
and ImCK are depicted by the green, yellow,

red, and blue lines, respectively. The excluded region for
each observable is filled with the same color as the
corresponding line. In the red regions, the deviation of
CBd=Bs

from the central value is more than twice as large
as the uncertainties. In this figure, our parameters satisfy
sQ þ sl ¼ 0.0015 and sQ − sl ¼ 0.6 × 10−5 that cannot be
probed by looking for the μ-e flavor violations. The limits
in the cases with larger angles sQ, sl are quite similar to this
result because the dominant effect comes from Eq. (3.22)
which is independent of the angles, although there is mild
dependence on them. We see that CBd=Bs

gives the most
stringent limits for both tan β ¼ 2 and 50. Interestingly, the
bound from CBd=Bs

is stronger than the others, since the
uncertainty is small and our predictions of jCBs

j and jCBd
j

move in the opposite directions. The limits from the phases
of CBd;s

are weaker than those from the absolute values. The
lower bound on the heavy Higgs boson mass is about 4.8
(2.8) TeV for tan β ¼ 2.0 (50). The limit is stronger for
smaller tan β since the up-type Yukawa coupling constants
are enhanced, see Eq. (3.22).

C. n− n̄ oscillation

Before closing this section, let us discuss neutron
antineutron (n − n̄) oscillation. In general, gauge unified

models predict baryon number violating processes, such as
proton decays and n − n̄ oscillation, which provide a useful
tool to test the unification models. In the PS unification, the
gauge bosons from the PS symmetry breaking do not
mediate the baryon number violating processes, since their
interactions respect the B − L and Bþ L symmetries.
However, the scalars responsible for the PS symmetry
breaking can generate the baryon number violation,
depending on the representations. Since the PS breaking
scale is relatively low in our model, the baryon number
violation induced by such scalars may provide a stringent
constraint.
In our model, three (nonsinglet) scalar fields, namely

Φ∶ð1; 2; 2Þ, Δ∶ð15; 1; 1Þ and Σ∶ð10; 1; 3Þ, are introduced.
With these representations, the stability of proton is en-
sured even after the PS symmetry breaking because of the
discrete symmetry under the following transformation
[108]:

Σab → e−2iπ=3Σab; Σa1 → e−iπ=3Σa1; Σ11 → Σ11;

ð3:33Þ

uL;R → eiπ=3uL;R; dL;R → eiπ=3dL;R; ð3:34Þ

where a, b ¼ 2, 3, 4 correspond to the color indices. Since
this symmetry does not protect processes that change the
baryon number by an even integer, the n − n̄ oscillation can
occur in our model. In what follows, we shall estimate the
transition amplitude and discuss the compatibility with the
TeV-scale leptoquark scenario.
Of three scalars in our model, only the symmetric

representation scalar Σ breaks the baryon number sym-
metry when it develops the VEV, and hence contributes to

FIG. 3. The limits on the heavy Higgs boson massmH from the observables concerned with the neutral meson mixings: jCBd
j (green),

jCBs
j (yellow), CBd=Bs

(red) and ImCK (blue). The excluded region for each observable is filled with the same color as the corresponding
line. tan β is fixed at tan β ¼ 2.0 (50) in the left (right) panel.
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the n − n̄ transition. The transition requires three Σf̄cRhfR
vertices, the VEV of Σ and the following quartic coupling
of Σ:

Vn−n̄ ¼ λΣ½TrðΣαζΣβηÞTrðΣγκΣδλÞϵαβγδϵζηκλ þ H:c:�;
ð3:35Þ

where α; β;…; λ ¼ 1, 2, 3, 4 are the SUð4ÞC indices and the
trace is for the SUð2ÞR indices. After the PS symmetry
breaking, the interactions relevant to the n − n̄ oscillation
are given by

Vn−n̄ ⊃ 2λΣvΣϵabcϵdefΣ
2=3
ad ðΣ−1=3

be Σ−1=3
cf þ 2Σ2=3

be Σ−4=3
cf Þ

þ H:c:; ð3:36Þ

where a; b;…; f ¼ 1, 2, 3 are the SUð3Þc indices and we
denote the scalars of symmetric representation under
SUð3Þc as ΣY∶ð6̄; 1; YÞ, with Y ¼ −4=3;−1=3; 2=3, under
GSM. Their masses are denoted by mΣY. Integrating out
these heavy scalars induces six-quark operators,

Ln−n̄
eff ¼ −λΣvΣϵabcϵdef

×

�
h2ddhuu

m4
Σ−4=3m2

Σ2=3

ðd̄cR;adR;dÞðd̄cR;bdR;eÞðūcR;cuR;fÞ

− 2
hddh2ud

m2
Σ−4=3m4

Σ−1=3

ðd̄cR;adR;dÞðd̄cR;buR;eÞðūcR;cdR;fÞ
�
;

ð3:37Þ

where hqq0 (q; q0 ¼ u, d) is the Yukawa coupling of Σ to q
and q0 quarks in the mass basis, given by

hqq0 ¼
X

i; j¼1;2;3

1ffiffiffi
2

p ½h�ij½Uq
R�3þi;1½Uq0

R �3þj;1: ð3:38Þ

Here let us assume for simplicity

mΣ ≔ mΣ−4=3 ¼ mΣ2=3 ¼ mΣ−1=3 ; hQ ≔ huu ¼ hdd ¼ hud:

ð3:39Þ

The Yukawa coupling of the SM quarks to Σ is estimated to
be hQ ∼ s2Q when the Yukawa coupling in the gauge basis
h ∼Oð1Þ, and hence it is suppressed by the mixing
between the chiral and vectorlike quarks which is at most
0.005 as read from Fig. 1. With the naive dimensional
analysis [109], we find the transition amplitude to be

τn−n̄ ∼
m6

Σ
λΣvΣh3Q

1

Λ6
QCD

∼ 1.2 × 1014 sec×

�
mΣ

10 TeV

�
6
�
10 TeV

vΣ

�
×

�
180 MeV
ΛQCD

�
6
�
0.005
sQ

�
6
�
1.0
h

�
3
�
0.1
λΣ

�
: ð3:40Þ

Here, ΛQCD denotes the QCD scale. It follows that the
n − n̄ transition is very sensitive to the Σ mass. The current
limit is [110,109]

τn−n̄ ≥
�
2.7 × 108 sec bound neutron

8.6 × 107 sec reactor free neutron :
ð3:41Þ

Therefore, the constraint from the n − n̄ oscillation can be
avoided even if the relevant couplings, h and λΣ, are of
order unity.

IV. SUMMARY

In this paper, we have proposed an explicit model with
the PS gauge symmetry and extra vectorlike fermions that
realizes

(i) a vector leptoquark which accounts for the b → sμμ
anomaly

(ii) the realistic mass spectrum of the SM fermions
(iii) sufficiently suppressed μ-e flavor violations due to

tuning of the parameters.
The texture in Eq. (2.23) of the vectorlike fermion masses
is a key idea to suppress the μ-e flavor violation, especially
KL → μe decay. We have shown in Fig. 1 that
BRðKL → eμÞ is less than the current limit if we allow
for theOð0.2%Þ tuning of the parameters. With this texture,
the TeV-scale vector leptoquark is allowed and thus the
b → sμμ anomaly can be explained. We have, on the other
hand, pointed out that the combination of the Z0 boson and
vectorlike quark searches exclude the light enough lep-
toquark to explain the b → cτν anomaly.
The idea to relax the bound from KL → μe by intro-

ducing vectorlike families was proposed in Ref. [21]. In
this paper, we have constructed a more economical setup
and have shown an explicit texture of the mass matrices to
suppress the KL → μe as well as explaining the SM
fermion mass and mixing matrices. By this explicit con-
struction, we found that the b → cτν anomaly is difficult to
be explained, the Oð0.1Þ% tuning is required to satisfy the
phenomenological conditions for the Oð1Þ TeV lepto-
quark, and the flavor violating couplings of the heavy
Higgs boson are unavoidable.
On top of these, we conclude that the available parameter

space to explain the b → sμμ anomaly is probed by future
searches for μ → eγ and μAl → eAl processes. The former
process is sensitive to the couplings with the SM leptons
and vectorlike quarks, while the latter is sensitive to the SM
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leptons and SM down quarks. The future experiments cover
the parameter space that satisfies jsQ þ slj≳ 0.002 and
jsQ − slj ≳ 3.0 × 10−5. We have also found that the flavor
violating couplings of the extra Higgs bosons are inevi-
table. It is shown in Fig. 3 that the heavy Higgs bosons
lighter than 4.8 (2.8) TeVare excluded by the measurement
of B meson mixing when tan β ¼ 2 ð50Þ. In our model, the
neutron oscillation is also predicted by the couplings
involving Σ. We estimate the transition amplitude and
conclude that our prediction is much below the current
experimental bound.
Let us outline how to realize the hierarchy of Eq. (2.22)

required to suppress KL → μe with the TeV-scale lepto-
quark and possible UV completion of the model. There
should be Oð0.1%Þ cancellation between the vectorlike
masses and masses from the Yukawa couplings with the
adjoint field Δ. The vectorlike masses may need to be
replaced by a field with nonzero VEV, and the VEVof the
field should be related to that of the adjoint field. Such a
relation between two VEVs, for instance, could arise if the
model is extended by supersymmetry, so that quartic
couplings are determined by group factors and gauge
couplings. Further, the cancellation would be realized if
the Yukawa couplings have a certain structure constrained
by flavor symmetries. Our PS model could be embedded
into a larger gauge group such as SOð10Þ symmetry. In that
case, the coupling constants should be perturbative up to a
scale where the UV theory appears. The gauge coupling
constants are perturbative up to the typical GUT scale with
the matter contents of our model, but the Landau pole
appears at a lower scale if there are more vectorlike
fermions. Thus the matter contents will be more con-
strained if we consider the GUT models. The study for such
UV completion as well as analysis with a concrete scalar
potential are interesting and important to explain the
hierarchy of Eq. (2.22), but this is our future work.
Before closing our discussion, let us comment on loop

corrections to the flavor violating processes, e.g.,KL → μe.
In our setup, the tree-level contributions via Δ and
leptoquark exchanging are very suppressed because of
the unique structure in the fermion mass matrices. This
setup leads almost flavor-diagonal couplings, and we

concentrate mainly on the tree-level predictions induced
by leptoquark exchanging. However, the leptoquark and
scalar couplings to quarks/leptons and heavy fermions
could be sizable. The one-loop corrections involving heavy
fermions and scalars may be large in the TeV-scale
scenario. The study on the loop effect is not so simple
because of many parameters. We need more careful study,
taking into account the mass spectrum of all fermions as
well. This study is work in progress and will be shown in
the near future.
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Note added.—Recently, the LHCb collaboration reported
the new result on the lepton flavor universality in B → Kll
with full run 2 data on the arXiv [111]. The result is
consistent with the previous result used in our analysis and
does not change our discussion drastically.

APPENDIX A: MODEL DETAILS

1. Diagonalization of the fermion mass matrices

a. Dirac mass matrix

Let us discuss the fermion mass matrices parametrized as
in Eq. (2.24). The unitary matrices

U0
lL

¼
�
06×3 VlL

WlL
03×6

�
; U0

lR
¼
�
VlR 06×3

03×6 WlR

�
; U0

QL
¼
�
VQL

06×3

03×6 WQL

�
; U0

QR
¼
�
06×3 VQR

WQR
03×6

�
; ðA1Þ

approximately diagonalize the mass matrices as

ðU0
lL
Þ†MeU0

lR
¼

0B@DlR 03 ·

· de 03

· · DlL

1CA; ðU0
QL
Þ†MdU0

QR
¼

0B@DQL
· ·

03 dd ·

· 03 DQR

1CA; ðA2Þ
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ðU0
lL
Þ†MnU0

lR
¼

0B@DlR 03 ·

· mn 03

· · DlL

1CA; ðU0
QL
Þ†MuU0

QR
¼

0B@DQL
· ·

03 mu ·

· 03 DQR

1CA; ðA3Þ

where · representsOðvHÞ entries. Here, de and dd are chosen to be diagonal by using the redundancies of Eq. (2.27) in VlL;R
and VQL;R

. To make the singular values in increasing order and the SM up-type quark and neutrino masses, Mu and Mn,
diagonalized, we introduce

ŨeL;R ≔ U0
lL;R

0B@ 03 13 03

13 03 03

03 03 13

1CA; ŨnL;R ≔ U0
lL;R

0B@ 03 13 03

unL;R 03 03

03 03 13

1CA; ðA4Þ

ŨdL;R ≔ U0
QL;R

0B@ 03 13 03

13 03 03

03 03 13

1CA; ŨuL;R ≔ U0
QL;R

0B@ 03 13 03

uuL;R 03 03

03 03 13

1CA; ðA5Þ

where the unitary matrices uuL;R and unL;R diagonalize mu and mn respectively,

u†nLmnunR ¼ dn; u†uLmuuuR ¼ du: ðA6Þ

The Dirac mass matrices are diagonalized as

ðŨeLÞ†MeŨeR ∼ diagðde;DlR ; DlLÞ; ðŨnLÞ†MnŨnR ∼ diagðdn;DlR ; DlLÞ;
ðŨdLÞ†MdŨdR ∼ diagðdd;DQR

;DQL
Þ; ðŨuLÞ†MuŨuR ∼ diagðdu;DQR

;DQL
Þ: ðA7Þ

The corrections from the off-diagonal blocks to the
SM fermion mass matrix are Oðd2f=vΔÞ, f ¼ e, n, d, u,
so it may be subdominant compared with the leading
matrix ∼df.

b. Neutrino masses

The 18 × 18 mass matrix is given by

−LN ¼ 1

2
N̄LMNNR ¼ ð n̄L n̄c

R Þ
�

0 Mn

MT
n MR

��
nc
L

nR

�
;

where the Dirac mass matrix Mn and Majorana mass
matrixMn are given in Eqs. (2.24) and (2.14), respectively.
The mass basis is defined as

N̂R ¼ U†
NNR; N̂L ¼ UT

NNL;

where UT
NMNUN is diagonalized.

We introduce the unitary matrices,

ŨN ¼
�
Ũ�

nL 09

09 ŨnR

�
; ðA8Þ

where ŨnL;R are defined in Eq. (A4). After multiplying these
matrices, we obtain

fMN ≔ ŨT
NMNŨN

¼

0BBBBBBBBB@

03 03 03 dn · 03

03 03 03 03 DnR ·

03 03 03 · · DnL

dn 03 · M̃R μ̃N 03

· DnR · μ̃TN M̃N 03

03 · DnL 03 03 03

1CCCCCCCCCA
; ðA9Þ

where

�
M̃R μ̃N

μ̃TN M̃N

�
¼
�
03 uTnR
13 03

�
VT
lR

�
MR 03

03 03

�
× VlR

�
03 13
unR 03:

�
: ðA10Þ

In numerical analysis, we studied the case in which
VlR ∼ 16, unR ∼ 13 and MR ∝ 13. We assume this structure
in the analytical analysis in this Appendix, but the nonzero
effects are included in our numerical analysis. The SM
Majorana neutrino masses arise after the block diagonali-
zation by
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Ũ1
N ∼

0BBBBBBBBB@

13 03 03 dnM̃−1
R 03 03

03 13 03 03 03 03

03 03 13 03 03 03

−M̃−1
R dn 03 03 13 03 03

03 03 03 03 13 03

03 03 03 03 03 13

1CCCCCCCCCA
: ðA11Þ

The other states have diagonal Dirac mass matrices. In this
case, the active neutrino mass is approximately given by

M̃ν ∼ −dnM̃−1
R dn; ðA12Þ

and this is already diagonalized. The total unitary matrix is
thus given by UN ∼ ŨNŨ1

N.

2. Gauge interactions

We shall discuss gauge interactions. The PS symmetry is
broken by nonzero VEVs ofΔ and Σ. We name the massive
gauge bosons in SUð4ÞC=½SUð3ÞC ×Uð1ÞB−L� as lepto-
quark Xμ, and those in ½SUð2ÞR ×Uð1ÞB−L�=Uð1ÞY as Z0

μ

and W�
Rμ. In this subsection for the gauge interactions,

A;B;… ¼ 1; 2;…; 15 and α; β;… ¼ 1, 2, 3, 4 are for the
SUð4ÞC indices of adjoint and fundamental representations,

respectively. The SUð2ÞX, X ¼ L, R, indices of adjoint and
fundamental representations are respectively denoted as
kX;… ¼ 1, 2, 3 and αX;… ¼ 1, 2, 3.

a. Symmetry breaking and vector boson masses

The covariant derivative terms of the symmetry breaking
scalar fields are given by

LSC
kin ¼ Tr4ðDμΔ ·DμΔÞ þ

X
α;β

Tr2½ðDμΣαβÞ†DμΣαβ�

þ Tr2½ðDμΦÞ†DμΦ�; ðA13Þ

where Tr4 is the trace for the SUð4ÞC indices and Tr2 is that
for the SUð2ÞL and SUð2ÞR indices. The covariant deriv-
atives are given by

DμΔ ¼ ∂μΔ − ig4½Vμ;Δ�; ðA14Þ

DμΣαβ ¼ ∂μΣαβ − igR½WRμ;Σαβ� þ ig4ΣγδðVγ
αμδδβ þ Vδ

βμδ
γ
αÞ;

ðA15Þ

DμΦ ¼ ∂μΦ − igLWLμΦþ igRΦWRμ; ðA16Þ

where the indices of the fields are

Δ ¼ Δα
β ¼ ΔATA; Σαβ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ δαβ

p
ΣkR
αβτ

kR
R ; Φ ¼ ðH1 H̃2 Þ; ðA17Þ

Vμ ¼ VA
μTA; WLμ ¼ WkL

Lμτ
kL
L ; WRμ ¼ WkR

Rμτ
kR
R ; ðA18Þ

where Σαβ ¼ Σβα. Here, the scalar fields ΔA and ΣkR
αβ are canonically normalized. The Hermitian matrices TA and τ

kLðRÞ
LðRÞ are

the generators of fundamental representation of SUð4ÞC and SUð2ÞLðRÞ, respectively. H1 and H̃2 ≔ ϵH�
2 are the SUð2ÞL

doublets.
In this paper, we assume a certain potential gives the following VEVs:

hΔi ¼ vΔ
2
ffiffiffi
3

p
�
3 0

0 −13

�
; hΣαβi ¼

vΣffiffiffi
2

p
�
0 1

0 0

�
⊗ δα1δβ1; hΦi ¼ vH

�
cβ 0

0 sβ

�
; ðA19Þ

where s2β þ c2β ¼ 1. The SUð4ÞC gauge boson Vμ and SUð2ÞL;R gauge boson WL;Rμ are decomposed as

V ¼
ffiffiffi
3

8

r �
1 0

0 − 1
3
· 13

�
VB−L
μ þ

�
0 X†=

ffiffiffi
2

p

X=
ffiffiffi
2

p
G

�
;

WL;R ¼ 1

2

� W3
L;R

ffiffiffi
2

p
Wþ

L;Rffiffiffi
2

p
W−

L;R −W3
L;R

�
; W�

L;R ¼ W1
L;R � iW2

L;Rffiffiffi
2

p ; ðA20Þ

where the Lorentz index is omitted. Here, VB−L, X, G are B − L gauge boson, leptoquarks and gluon, respectively. The
mass terms of the gauge bosons are given by

LV
mass ¼ m2

XX
†
μXμ þWþ

μ M2
WW

−μ þ 1

2
ZμM2

ZZ
μ; ðA21Þ

IGURO, KAWAMURA, OKAWA, and OMURA PHYS. REV. D 104, 075008 (2021)

075008-18



where the mass and matrices are given by

mX ¼ g4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

3
v2Δ þ 1

2
v2Σ

r
; M2

W ¼ 1

2

�
g2Lv

2
H −s2βgLgRv2H

−s2βgLgRv2H g2Rðv2H þ v2ΣÞ

�
; ðA22Þ

M2
Z ¼ 1

2

0B@ g2Lv
2
H −gLgRv2H 0

−gLgRv2H g2Rv
2
H þ 2g2Rv

2
Σ −

ffiffiffi
6

p
gRg4v2Σ

0 −
ffiffiffi
6

p
gRg4v2Σ 3g24v

2
Σ

1CA; ðA23Þ

with the gauge bosons

W�
μ ≔

�W�
Lμ

W�
Rμ

�
; Zμ ≔

0B@ W3
Lμ

W3
Rμ

VB−L
μ

1CA: ðA24Þ

Here, s2β ¼ 2cβsβ and c2β ¼ c2β − s2β. The mass basis of the gauge bosons is defined as

W�
μ ¼ RW

�
W�

μ

W0�
μ

�
; Zμ ¼ RZ

0B@Aμ

Zμ

Z0
μ

1CA; ðA25Þ

where RW and RZ are orthogonal matrices diagonalizing M2
W and M2

Z, respectively.
The rotation matrix RW and eigenvalues of the mass matrix, mW and mW0 are exactly given by

RW ¼
�

cω sω
−sω cω

�
; ðA26Þ

m2
W ¼ v2Σ

4
½g2R þ ðg2R þ g2LÞη −DW �; m2

W0 ¼ v2Σ
4
½g2R þ ðg2R þ g2LÞηþDW �; ðA27Þ

where

DW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g4R þ 2g2Rðg2R − g2LÞηþ fðg2R − g2LÞ2 þ 4s22βg

2
Lg

2
Rgη2

q
; ðA28Þ

cω ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g2R þ ðg2R − g2LÞη

DW

s
; sω ¼ −

1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

g2R þ ðg2R − g2LÞη
DW

s
; ðA29Þ

and η ≔ v2H=v
2
Σ. The rotation matrix for the neutral bosons is given by

RZ ¼

0B@ c12 s12 0

−s12 c12 0

0 0 1

1CA
0B@ c13 0 s13

0 1 0

−s13 0 c13

1CA
0B@ 1 0 0

0 c23 s23
0 −s23 c23

1CA: ðA30Þ

Here, the angles are given by

c12 ¼
gRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2L þ g2R
p ; s12 ¼ −

gLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2L þ g2R

p ; c13 ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðg2L þ g2RÞ

q g4
g̃2

; s13 ¼
ffiffiffi
2

p gLgR
g̃2

; ðA31Þ
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c23 ¼
1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

s − 2g̃4=ðg2L þ g2RÞ
DZ

s
; s23 ¼

1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ s − 2g̃4=ðg2L þ g2RÞ

DZ

s
; ðA32Þ

where

g̃2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2g2Rg

2
L þ 3g24ðg2L þ g2RÞ

q
; s ¼ 3g24 þ 2g2R þ ðg2L þ g2RÞη; DZ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 − 4g̃4η

q
: ðA33Þ

The Z and Z0 boson masses are given by

m2
Z ¼ v2Σ

4
ðs −DZÞ; m2

Z0 ¼ v2Σ
4
ðsþDZÞ: ðA34Þ

The rotation matrices RW , RZ diagonalize the mass matrices as

RT
WM

2
WRW ¼ diagðm2

W;m
2
W0 Þ; RT

ZM
2
ZRZ ¼ diagð0; m2

Z;m
2
Z0 Þ: ðA35Þ

If the subleading terms in η are neglected, the vector boson masses are given by

m2
W ¼ g2L

2
v2H; m2

W0 ¼ g2R
2
v2Σ; ðA36Þ

and

m2
Z ¼ g̃4

3g24 þ 2g2R

v2H
2
; m2

Z0 ¼ ð3g24 þ 2g2RÞ
v2Σ
2
: ðA37Þ

b. Gauge interactions with fermions

With the PS symmetry, the covariant derivative terms for the fermions, FL ∈ ðL;FL; fLÞ and FR ∈ ðR; fR; FRÞ, are
given by

DμFL ¼ ∂μFL − igLW
μ
LFL − ig4VμFL; DμFR ¼ ∂μR − igRW

μ
RFL − ig4VμFR: ðA38Þ

The gauge couplings to the vector leptoquark are shown in Eqs. (2.19) and (2.20).
The gauge couplings with the charged SUð2Þ bosons, ðW−

L;W
−
RÞ are given by

LW ¼ gLffiffiffi
2

p W−
LμðūLγ

μP6dL þ n̄Lγ
μP6eL þ ūRγ

μP6̄dR þ n̄Rγ
μP6̄eRÞ

þ gRffiffiffi
2

p W−
RμðūLγ

μP6̄dL þ n̄Lγ
μP6̄eL þ ūRγ

μP6dR þ n̄Rγ
μP6eRÞ þ H:c:

¼ W−
LμðûLĝ

WL
qL γ

μd̂L þ N̂Lĝ
WL
lL

γμêL þ ûRĝ
WL
qR γ

μd̂R þ N̂Rĝ
WL
lR

γμêRÞ
þW−

RμðûLĝ
WR
qL γ

μd̂L þ N̂Lĝ
WR
lL

γμêL þ ûRĝ
WR
qR γ

μd̂R þ N̂Rĝ
WR
lR

γμêRÞ þ H:c:; ðA39Þ

where the couplings in the mass basis of the fermions are given by
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ĝWL
qL ¼ gLffiffiffi

2
p ðUu

LÞ†P6Ud
L; ĝWL

lL
¼ gLffiffiffi

2
p ðUn

LÞ†P6Ue
L;

ĝWL
qR ¼ gLffiffiffi

2
p ðUu

RÞ†P6̄U
d
R; ĝWL

lR
¼ gLffiffiffi

2
p ðUn

RÞ†P6̄U
e
R;

ĝWR
qL ¼ gRffiffiffi

2
p ðUu

LÞ†P6̄U
d
L; ĝWR

lL
¼ gRffiffiffi

2
p ðUn

LÞ†P6̄U
e
L;

ĝWR
qR ¼ gRffiffiffi

2
p ðUu

RÞ†P6Ud
R; ĝWR

lR
¼ gRffiffiffi

2
p ðUn

RÞ†P6Ue
R: ðA40Þ

Here, the projection matrices are defined as

P6 ≔
�

16 06×3

03×6 03

�
; P6̄ ≔ 19 − P6: ðA41Þ

Note that ðWL;WRÞ is not a mass base of the gauge bosons. For instance, the couplings to the left-handed quarks are
given by  

ĝWqL
ĝW

0
qL

!
¼ RT

W

 
ĝWL
qL

ĝWR
qL

!
; ðA42Þ

and those for the fermions can be obtained in the same way.
The gauge couplings with the neutral gauge bosons ðW3

L;W
3
R; V

B−LÞ are given by

LZ ¼ gL
2
W3

Lμ

X
f¼u;d;e;n

Ifðf̄LγμP6fL þ f̄RγμP6̄fRÞ

þ gR
2
W3

Rμ

X
f¼u;d;e;n

Ifðf̄LγμP6̄fL þ f̄RγμP6fRÞ

−
ffiffiffi
3

8

r
g4VB−L

μ

X
f¼u;d;e;n

Qf
B−Lðf̄LγμfL þ f̄RγμfRÞ ðA43Þ

¼
X

V¼W3
L;W

3
R;V

B−L

Vμ

X
f¼u;d;e;N

ðf̂LĝVfLγμf̂L þ f̂RĝVfRγ
μf̂RÞ; ðA44Þ

where If ¼ þ1 (−1) for f ¼ e, d (u, n). Qf
B−L is the B − L number of a fermion f. The gauge coupling matrices in the

fermion mass basis are given by

ĝ
W3

L
fL

¼ gL
2
IfLðUf

LÞ†P6U
f
L; ĝ

W3
L

fR
¼ gL

2
IfLðUf

RÞ†P6̄U
f
R; ðA45Þ

ĝ
W3

R
fL

¼ gR
2
IfRðUf

LÞ†P6̄U
f
L; ĝ

W3
R

fR
¼ gR

2
IfRðUf

RÞ†P6U
f
R; ðA46Þ

ĝV
B−L

fL
¼ −

ffiffiffi
3

8

r
g4Q

f
B−LðUf

LÞ†Uf
L; ĝV

B−L

fR
¼ −

ffiffiffi
3

8

r
g4Q

f
B−LðUf

RÞ†Uf
R: ðA47Þ

The coupling matrices in the mass basis are

0BB@
ĝAfL
ĝZfL
ĝZ

0
fL

1CCA ¼ RT
Z

0BBB@
ĝ
W3

L
fL

ĝ
W3

R
fL

ĝV
B−L

fL

1CCCA;

0BB@
ĝAfR
ĝZfR
ĝZ

0
fR

1CCA ¼ RT
Z

0BBB@
ĝ
W3

L
fR

ĝ
W3

R
fR

ĝV
B−L

fR

1CCCA: ðA48Þ
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Approximately, RW and RZ are given by

RW ¼
�
1 0

0 1

�
þOðηÞ; RZ ¼

0BB@
−
ffiffiffi
3

p
g4gR=g̃2 −

ffiffiffi
s

p
gL=g̃2 0

−
ffiffiffi
3

p
g4gL=g̃2 3g24gR=ð

ffiffiffi
s

p
g̃2Þ ffiffiffi

2
p

gR=
ffiffiffi
s

p

−
ffiffiffi
2

p
gLgR=g̃2

ffiffiffi
6

p
g4g2R=ð

ffiffiffi
s

p
g̃2Þ −

ffiffiffi
3

p
g4=

ffiffiffi
s

p

1CCAþOðηÞ: ðA49Þ

At the leading order in η, W ∼WL and W0 ∼WR. The coupling matrices to the fermions are approximately given by

ĝWqL ∼
gLffiffiffi
2

p

0B@ u†uL 03 03

03 13 03

03 03 03

1CA; ĝWqR ∼
gLffiffiffi
2

p

0B@ 03 03 03

03 13 03

03 03 03

1CA; ðA50Þ

PLĝWlL ∼
gLffiffiffi
2

p

0B@ u†nL 03 03

03 03 03

03 03 13

1CA; PRĝWlR ∼
gLffiffiffi
2

p

0B@ 03 03 03

03 03 03

03 03 13

1CA; ðA51Þ

ĝW
0

qL ∼
gRffiffiffi
2

p

0B@ 03 03 03

03 03 03

03 03 13

1CA; ĝW
0

qR ∼
gRffiffiffi
2

p

0B@u†uR 03 03

03 03 03

03 03 13

1CA; ðA52Þ

PLĝW
0

lL
∼

gRffiffiffi
2

p

0B@ 03 03 03

03 13 03

03 03 03

1CA; PRĝW
0

lR
∼

gRffiffiffi
2

p

0B@ u†nR 03 03

03 13 03

03 03 03

1CA: ðA53Þ

The other blocks in the neutrino couplings are vanishing. To the SM families, theW boson couples via the left current, while
theW0 boson couples via the right current. Their flavor structure depends on independent unitary matrices, uuL;R and unL;R . In

particular, u†uL and u†nL correspond to the CKM and PMNS matrices, respectively.
The coupling matrices to the neutral bosons ðW3

L;W
3
R; V

B−LÞ are given by

ĝ
W3

L
qL ∼

gL
2
IqPZ

qL; ĝ
W3

R
qL ∼

gR
2
IqPZ0

qL ; ĝV
B−L

qL ∼ −g4

ffiffiffiffiffi
1

24

r
19; ðA54Þ

ĝ
W3

L
qR ∼

gL
2
IqPZ

qR; ĝ
W3

R
qR ∼

gR
2
IqPZ0

qR; ĝV
B−L

qR ∼ −g4

ffiffiffiffiffi
1

24

r
19; ðA55Þ

ĝ
W3

L
lL

∼
gL
2
IlPZ

lL
; ĝ

W3
R

lL
∼
gR
2
IlPZ0

lL
; ĝV

B−L

lL
∼ g4

ffiffiffi
3

8

r
19; ðA56Þ

ĝ
W3

L
lR

∼
gL
2
IlPZ

lR
; ĝ

W3
R

lR
∼
gR
2
IlPZ0

lR
; ĝV

B−L

lR
∼ g4

ffiffiffi
3

8

r
19; ðA57Þ

where q ¼ u, d and l ¼ e, n. The coupling matrices are given by

PZ
qL ¼ PZ0

lR
¼

0B@ 13 03 03

03 13 03

03 03 03

1CA; PZ
qR ¼ PZ0

lL
¼

0B@ 03 03 03

03 13 03

03 03 03

1CA; ðA58Þ
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PZ
lL

¼ PZ0
qR ¼

0B@ 13 03 03

03 03 03

03 03 13

1CA; PZ
lR

¼ PZ0
qL ¼

0B@ 03 03 03

03 03 03

03 03 13

1CA: ðA59Þ

For the neutrinos, these are the 9 × 9 upper-left (bottom-right) block in the 18 × 18 coupling matrices for the left-handed
(right-handed) neutrinos. Using Eq. (A49), the gauge couplings to the neutral gauge bosons in the mass basis, ðA; Z; Z0Þ are
approximately given by

ĝAfX ∼ eQf
e19; ĝZfX ∼

gL
cW

	
−
If
2
PZ
fX

− s2WQ
f
e19


; ĝZ

0
fX

∼
gZ0

2
ðs2Z0PZ0

fX
If þ c2Z0Q

f
B−L19Þ; ðA60Þ

where the electric charge, coupling constant and Z0 gauge coupling constant are given by

Qf
e ¼ Qf

B−L − If
2

; e ¼
ffiffiffi
3

p g4gLgR
g̃2

; gZ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2g2R þ 3g24

2

r
: ðA61Þ

For the Z and Z0 boson couplings, the angles are defined as

cW ¼ gL
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3g24 þ 2g2R

p
g̃2

; sW ¼
ffiffiffi
3

p
g4gR
g̃2

; cZ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2g2R
2g2R þ 3g24

s
; sZ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3g24

2g2R þ 3g24

s
: ðA62Þ

Therefore, the EW gauge couplings coincide with the SM
values when OðηÞ effects are negligible.
In the above approximate formulas, we neglected

Oðv2H=v2Δ; ηÞ effects in the diagonalization unitary matrices
for the fermion and gauge boson mass matrices. In the
fermion mass matrix, the OðvHÞ elements, denoted by · in
Eq. (A3), in the off-diagonal blocks are neglected. These
off-diagonal entries will induce flavor violating couplings
with the EW gauge bosons. The flavor violating coupling to
fifj will be OðgL½df�i½df�j=v2ΔÞ, where ½df�i is the mass of
the SM fermion of the ith generation.15 Here we assume
that all the vectorlike fermion masses are OðvΔÞ. If vΔ ∼
Oð10 TeVÞ as considered in this paper, the induced flavor
violating coupling is at most Oð10−6Þ for top and charm
quarks, and the smaller for the light flavor fermions. Thus
the flavor violation from the EW gauge bosons is too small
to be measured by experiments. The mixing of Z − Z0 and
W −W0 will affect EW precision observables, since these
induce exotic right-current interactions. Again, when
vΣ ∼Oð10 TeVÞ, the effect is Oð10−4Þ, and thus may be
too small to be measured. Note that Z0 andW0 can be lighter
while keeping the leptoquark Oð10 TeVÞ if vΣ ≪ vΔ. This
would be an interesting possibility but is beyond the scope
of this paper. In our numerical analysis, flavor violating
effects from the extra gauge bosons are neglected.

3. Scalar interactions

In our model, there are three scalar fields Δ, Σ and Φ
introduced to break the PS to SM symmetry. In this paper,

we will not consider the scalar potential explicitly, and we
assume that the scalar potential has the global minimum at
the VEVs which we assumed.
The EW symmetry is broken by the VEVof bi-doubletΦ,

Φ ¼
�
H0

1 Hþ�
2

Hþ
1 −H0�

2

�
¼ ðH1 H̃2 Þ;

where H1;2 are the SUð2ÞL doublets which can be
expanded as

Hk ¼
�
H0

k

Hþ
k

�
¼ 1ffiffiffi

2
p
�
vk þ hk þ iakffiffiffi

2
p

Hþ
k

�
; k ¼ 1; 2:

ðA63Þ

The mass basis of the doublet Higgs bosons is defined as�
h1
h2

�
¼ Rα

�
h

H

�
;

�
a1
a2

�
¼ Rβ0

�
G0

A

�
;�

Hþ
1

Hþ
2

�
¼ Rβþ

�
Gþ

Hþ

�
; ðA64Þ

where G0; Gþ are the Nambu-Goldstone bosons. The
rotation matrices are defined with the angles as

Rϕ ¼
�
cosϕ − sinϕ

sinϕ cosϕ

�
; ϕ ¼ α; β0; β�: ðA65Þ

In the decoupling limit (mA;mH� ≫ mh), these angles are
aligned as α ¼ β0 ¼ β� ¼ β where tan β≡ v2=v1. The
Higgs couplings to the fermions are given by

15See Refs. [61,62] for the similar analysis in a model with one
vectorlike generation.
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−LH ¼
X

S¼h;H;A

SðūLYS
uuR þ d̄LYS

ddR þ ēLYS
eeR þ n̄LYS

nnRÞ

þHþðūLYHþ
d dR þ n̄LYHþ

e eRÞ
þH−ðd̄LYH−

u uR þ ēLYH−
n nRÞ þH:c: ðA66Þ

The Yukawa matrices YS
f are given by linear combina-

tions of

Ya ¼

0B@ ya λ̃a 03

λa ỹa 03

03 03 ỹ0a

1CA; a ¼ 1; 2; ðA67Þ

where the 3 × 3 Yukawa matrices are defined in Eqs. (2.1)
and (2.2). The relation of these Yukawa matrices to the
quark Yukawa matrix is given by

�
Yd

Yu

�
≔

d
dvH

�
Md

Mu

�
¼
�

cβ −sβ
−sβ cβ

��
Y1

Y2

�
; ðA68Þ

where Yd and Yu are the Yukawa matrices aligned to the
relevant block of the mass matrix. The Yukawa matrices for
S ¼ h;H; A;H� are given by

�
Yh
d

Yh
u

�
¼ 1ffiffiffi

2
p

cos2β

�
cosðαþ βÞ − sinðα− βÞ
− sinðα− βÞ cosðαþ βÞ

��
Yd

Yu

�
;

ðA69Þ

�
YH
d

YH
u

�
¼ −1ffiffiffi

2
p

cos 2β

�
sinðαþ βÞ cosðα − βÞ
cosðα − βÞ sinðαþ βÞ

��
Yd

Yu

�
;

ðA70Þ
�
YA
d

YA
u

�
¼ −iffiffiffi

2
p

cos2β

�
sinðβ0þβÞ cosðβ0−βÞ
−cosðβ0−βÞ −sinðβ0þβÞ

��
Yd

Yu

�
;

ðA71Þ

�
YHþ
d

YH−
u

�
¼ −1
cos2β

�
sinðβ� þ βÞ cosðβ� − βÞ
−cosðβ� − βÞ −sinðβ� þ βÞ

��
Yd

Yu

�
:

ðA72Þ

In the gauge basis, the lepton Yukawa couplings are the
same as those of the quarks, e.g., Yh

d ¼ Yh
e . The Yukawa

matrices in the mass basis are given by

ŶS0
f ¼ ðUf

LÞ†YS0
f Uf

R; ðA73Þ

where S0 ¼ h, H, A and f ¼ u, d, e, n. The charge Higgs
couplings are given by

ŶHþ
d ¼ ðUu

LÞ†YHþ
d Ud

R; ŶH−

u ¼ ðUd
LÞ†YH−

u Uu
R; ðA74Þ

ŶHþ
e ¼ ðUn

LÞ†YHþ
e Ue

R; ŶH−

n ¼ ðUe
LÞ†YH−

n Un
R: ðA75Þ

In the decoupling limit, the SMHiggs couplings are aligned
with the mass matrix, i.e., Yh

dðuÞ ∝ YdðuÞ, while the Yukawa
couplings to the heavier Higgs bosons are not. Therefore
the heavy Higgs bosons generically induce flavor violation.
The SUð4ÞC adjoint scalar Δ is expanded as

Δ ¼ 1

2
ffiffiffi
3

p
�
vΔ þ hΔffiffiffi

2
p
��

3 0

0 −13

�
þ
�
0 0

0 Δ8

�
: ðA76Þ

Here, hΔ is a CP-even neutral scalar and Δ8 is a SUð3ÞC
adjoint scalar field. The Yukawa couplings involving Δ and
Δ8 are given by

−LΔ ¼
X

f¼u;d;e;n

ffiffiffi
3

8

r
hΔQf

B−Lf̄LYΔfR

þ
X
f¼u;d

f̄LYΔΔ8fR þ H:c:; ðA77Þ

where the Yukawa coupling matrices in the gauge basis are
common for the fermions,

YΔ ¼

0B@ 03 03 ϵL

03 03 κL

ϵR κR 03

1CA ¼
ffiffiffi
3

p

2vΔ
ðMe −MdÞ: ðA78Þ

In the mass basis, the couplings are given by

Ŷf
Δ ¼ ðUf

LÞ†YΔU
f
R; f ¼ u; d; e; n: ðA79Þ

The flavor violation is also induced by the Δ couplings,
although the sizable contributions appear only with vector-
like generations. For instance, the Yukawa coupling to the
charged leptons is approximately given by

Ŷe
Δ ∼ ðŨeLÞ†YΔŨeR ¼

0B@ 03 03 Λe
L1

Λe
R2

Λe
R1

03

03 03 Λe
L2

1CAþO
�
vH
vΔ

�
;

ðA80Þ
where the 3 × 3 coupling matrices Λe

L;R1;2
are given by

ðΛe
R1

Λe
R2
Þ ¼ D̃lR −W†

lL
WQL

D̃QR
V†
QR
VlR ; ðA81Þ

�Λe
L1

Λe
L2

�
¼ D̃lL − V†

lL
VQL

D̃QL
W†

QR
WlR : ðA82Þ

Thus, there is no coupling of Δ with two SM fermions at
the leading order. It might be possible that loop effects
mediated by the vectorlike fermions induce flavor
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violations, such as μ → eγ. For μ → eγ, the chirality
enhanced effect enhanced by vH will be proportional to
½Ŷe

Δ�1a½Ŷe
Δ�a2, a ¼ 1; 2;…; 9, which are all zero in

Eq. (A80). Hence, we expect thatΔwill not give significant
flavor violating effects no matter how the leptoquark
couplings are.

APPENDIX B: ANALYSIS DETAILS

1. Formulas of flavor observables

a. KL → μe

The branching fraction of KL → eiej is given by

BRðKL → eiejÞ ¼
τKL

512πm4
X
ðmei þmejÞ2mKf2K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

ðmei þmejÞ2
m2

K

��
1 −

ðmei −mejÞ2
m2

K

�s

× ½
����½ĝXdL �2i½ĝXdL ��1j þ ½ĝXdR �2i½ĝXdR ��1j

−
2m2

K

ðmei þmejÞðmd þmsÞ
ð½ĝXdR �2i½ĝXdL ��1j þ ½ĝXdL �2i½ĝXdR ��1jÞ

����2�1 − ðmei −mejÞ2
m2

K

�

þ
���� 2m2

K

ðmei þmejÞðmd þmsÞ
ð½ĝXdR �2i½ĝXdL ��1j − ½ĝXdL �2i½ĝXdR ��1jÞ

����2�1 − ðmei þmejÞ2
m2

K

��
þ ði ↔ jÞ; ðB1Þ

where meiðjÞ is the masses of the i (j)th generation charged
lepton. In our numerical analysis, we included contribu-
tions from the Higgs bosons and adjoint scalar hΔ, Δ8, but
we have seen that these are always negligible compared
with those from the leptoquark due to the small flavor
violating coupling to the charged leptons as discussed
in Appendix A. We use the same formula for the other
leptonic decays of B, Bs and Bc mesons by formally
replacing couplingmatrices and flavor indices appropriately.

The values of constants used in our numerical analysis are
shown in Table II, and the values of observables at the
benchmark point are shown in the next section.

b. μ-e conversion

For the flavor violation involving the electron, μ-e
conversion is also severely constrained particularly in the
future experiments. The conversion rate is given by [113]

Γconv ¼ 4m5
μ

�����XN¼p;n
ðC̃N

VLVN þmNC̃
N
SLSNÞ

����2 þ ����XN¼p;n
ðC̃N

VRVN þmNC̃
N
SRSNÞ

����2�; ðB2Þ

where

C̃N
VL ¼

X
q¼u;d;s

Cq
VLf

q
VN
; C̃N

SL ¼
X

q¼u;d;s

Cq
SLf

q
SN

þ 2

27
fNG

X
Q¼c;b;t

CQ
SL; ðB3Þ

C̃N
VR ¼

X
q¼u;d;s

Cq
VRf

q
VN
; C̃N

SR ¼
X

q¼u;d;s

Cq
SRf

q
SN

þ 2

27
fNG

X
Q¼c;b;t

CQ
SR: ðB4Þ

The values for form factors are shown in Table III and fNG ¼ 1 −
P

q¼u;d;s f
q
SN
. In our model, the coefficients are given by

TABLE II. Values of parameters of the mesons taken from PDG and HFLAG2019 [112]. The units of masses and
decay constants are GeV, that of lifetime is GeV−1.

mBd
5.280 τBd

× 10−12 2.3230 fBd
0.1920 BBd

1.30
mBs

5.367 τBs
× 10−12 2.2930 fBs

0.2284 BBs
1.35

mBc
6.275 τBc

× 10−12 0.7703 fBc
0.4340 � � � � � �

mK 0.4976 τKL
× 10−17 7.7730 fK 0.1552 BK 0.717
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Cdi
VL ¼ ½ĝXdL ��i1½ĝXdL �i2

2m2
X

; Cdi
VR ¼ ½ĝXdR ��i1½ĝXdR �i2

2m2
X

; ðB5Þ

and

Cdi
SL ¼ −

1

mdi

�½ĝXdL ��i1½ĝXdR �i2
m2

X
þ
X
S

1

2m2
S
½ŶS

e �12Reð½ŶS
d�iiÞ

�
; ðB6Þ

Cdi
SR ¼ −

1

mdi

�½ĝXdR ��i1½ĝXdL �i2
m2

X
þ
X
S

1

2m2
S
½ŶS

e ��21Reð½ŶS
d�iiÞ

�
; ðB7Þ

Cui
SL ¼ −

1

mui

X
S

1

2m2
S
½ŶS

e �12Reð½ŶS
u�iiÞ; ðB8Þ

Cui
SR ¼ −

1

mui

X
S

1

2m2
S
½ŶS

e ��21Reð½ŶS
u�iiÞ; ðB9Þ

where S runs over all the neutral scalar fields.

2. Benchmark

We show the values of parameters at a benchmark point whose input parameters are given by

DQL;R
∼DlL;R ∼ 5 TeV; mN ¼ 10 TeV; δu ¼ δd ¼ 10−4vH; ðB10Þ

and the angles for VQL;R
, VlL;R are sQ ¼ 0.00078 and sl ¼ 0.00072. The other unitary matrices in WQL;R

, WlL;R and wQL;R
,

wlL;R are taken to be identity. The other parameters are fitted such that the SM fermion masses, CKM and PMNS matrices
are explained. The mass matrices in Eq. (2.24) are given by, in unit of GeV,

D̃d ¼

0BBBBBBBB@

0 0 0 0.000502716 0 0

0 0 0 0 0.146787 0

0 0 0 0 0. 1.80177

0.00211529 0 0 0 0 0

0 0.0417809 0 0 0 0

0 0 2.97755 0 0 0

1CCCCCCCCA
; ðB11Þ

TABLE III. Values of vector [113] and scalar [114] form factors. The coefficients SN , VN are calculated in
Ref. [115]. The capture rates are given in Refs. [115,116].

fuVp
fdVp

fuVn
fdVn

fsVp
¼ fsVn

2 1 1 2 0
fuSp fdSp fuSn fdSn fsSp ¼ fsSn
0.0191 0.0363 0.0171 0.0404 0.043

Target Sp Sn Vp Vn Γcapt½106 · s−1�
Au 0.0614 0.0918 0.0974 0.146 13.07
Al 0.0155 0.0167 0.0161 0.0173 0.705
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D̃u ¼

0BBBBBBBBBBB@

0.00000060× e−2.2460i 0.00001279× e−1.0960i 0.00488531× e−2.7440i 0.00001386× e0.0987i 0.00015155× e0.0092i 0.00013351× e2.1100i

0.00000181× e−3.1020i 0.00002292× e−3.1350i 0.00697150× e−3.0540i 0.00007441× e3.1210i 0.00003288× e0.5167i 0.00036822× e0.0012i

0.00000197× e−3.0910i 0.00006067× e−3.1380i 0.00863796× e−3.0440i 0.00006500× e0.0333i 0.00002488× e1.1330i 0.00051000× e0.0012i

0.00111051× e0.0579i 0.10784074× e3.1410i 1.22353000× e0.3833i 0.00080864× e−2.7230i 0.00080780× e−2.7230i 0.00081043× e−2.7230i

0.00057303× e3.1160i 0.46812929 5.64585730× e3.1230i 0.00371601× e−0.0204i 0.00371740× e−0.0204i 0.00373373× e−0.0203i

0.02694553× e0.0001i 0.01657569 191.73898000 0.13766851× e−3.1420i 0.13769853× e−3.1420i −0.13788805

1CCCCCCCCCCCA
;

(B12)

V�
QR
D̃T

QR
¼

0BBBBBBBBBBBB@

3.90023160 3.90030370 3.90037580

3.90023280 3.90030730 3.90038170

3.90023400 3.90031080 3.90038760

5000.29540000 −0.00912672 −0.00912690

0.00000000 5000.39540000 −0.00912691

0.00000000 0.00000000 5000.49540000

1CCCCCCCCCCCCA
; VQL

D̃QL
¼

0BBBBBBBBBBBB@

4999.99540000 −2.82413960 −0.00818287

0.00000000 3551.78620000 −2.85575350

0.00000000 0.00000000 5000.19540000

−3.89999760 −2.76819210 −3.89792210

−3.89999880 −99.99485400 −3.82138210

−3.90000000 −3517.92550000 −2.77154640

1CCCCCCCCCCCCA
; (B13)

V�
lR
D̃T

lR
¼

0BBBBBBBBBBBB@

5000.89610000 −0.00777755 −0.00777770

0.00000000 5000.99610000 −0.00777771

0.00000000 0.00000000 5001.09610000

−3.60064610 −3.60071350 −3.60078080

−3.60064710 −3.60071630 −3.60078550

−3.60064800 −3.60071910 −3.60079010

1CCCCCCCCCCCCA
; VlL

D̃lL
¼

0BBBBBBBBBBBB@

3.60043010 3.59914710 2.48918270

3.60043110 −140.73388000 −3517.02360000

3.60043200 3.60050310 3.60057410

5000.59610000 0.09614469 2.52787370

0.00000000 4998.71670000 −99.02272300

0.00000000 0.00000000 3553.69030000

1CCCCCCCCCCCCA
; (B14)

The charged fermion Dirac masses in unit of GeV are given by

me
i ¼ ð0.00050112; 0.105789; 1.80177; 4999.87; 5000.6; 5000.7; 5000.9; 5001; 5002.03Þ;

md
i ¼ ð0.0021141; 0.04176; 2.11584; 4999.43; 5000; 5000.09; 5000.3; 5000.41; 5001.27Þ;

mu
i ¼ ð0.0009744; 0.479892; 136.433; 5000; 5000.2; 5000.3; 5000.4; 5000.5; 5001.92Þ: ðB15Þ

The neutral fermion Majorana masses in unit of GeV are given by

mn
i ¼ ð3.38664 × 10−13; 8.68414 × 10−12; 5.01938 × 10−11;

4934.06; 4934.06; 5000.55; 5000.55; 5000.61; 5000.61; 5000.89; 5000.9;

5001.13; 5001.14; 5070.58; 5070.59; 10000; 10000; 10000Þ: ðB16Þ

The W-boson couplings are proportional to

ðUu
LÞ†P6Ud

L ¼

0BBBBBBBBBBBBBBBBBBBBBBBBB@

0.9745 0.2245 0.0036× e−1.20i 0.0000 0.0000× e−0.49i 0.0000× e−0.30i 0.0000× e−0.43i 0.0000× e2.80i 0.0000 × e−3.10i

0.2244× e−3.10i 0.9736 0.0421 0.0000 0.0000 0.0000 0.0000 0.0000× e−3.10i 0.0000 × e−3.10i

0.0090× e−0.38i 0.0413× e−3.10i 0.9991 0.0000× e0.02i 0.0000× e3.10i 0.0007× e−3.10i 0.0000× e−3.10i 0.0002× e−3.10i −0.0000

0.0000× e−0.42i 0.0000× e−3.10i 0.0000 0.0000× e1.50i 0.9991 0.0007× e−3.10i 0.0298× e−3.10i 0.0002× e−3.10i 0.0000× e1.40i

0.0000× e−2.80i 0.0000× e0.73i 0.0000× e−2.40i 0.7621× e0.72i 0.0000× e3.00i 0.0000 0.0000× e−0.33i 0.0000× e−2.30i 0.6468× e0.72i

0.0000× e−0.22i 0.0000× e−3.10i 0.0000 0.0002× e−0.03i 0.0290 0.0025 0.0009× e−3.10i 0.0005 0.0002 × e−0.03i

0.0000× e−0.41i 0.0000× e−3.10i 0.0000× e−0.01i 0.0000× e1.00i 0.0002× e−3.10i 0.0029 0.0000 0.0006 0.0000× e1.00i

0.0000× e−1.30i 0.0000× e2.10i 0.0000× e−1.00i 0.0227× e−1.00i 0.0001× e−3.10i 0.0028× e−1.00i 0.0000× e−0.73i 0.0005× e−1.00i 0.0193 × e−1.00i

0.0000× e−0.36i 0.0000× e−3.10i 0.0007× e0.03i 0.0001× e−3.10i 0.0008× e0.01i 0.9819 × e0.03i 0.0034× e0.03i 0.1894× e0.03i 0.0000 × e−0.26i

1CCCCCCCCCCCCCCCCCCCCCCCCCA

;

(B17)
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ðUn
LÞ†P6Ue

L

¼

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

0.7900 × e−0.83i 0.3877 × e2.40i 0.4748 × e−0.41i 0.0001 × e2.40i 0.0000 × e−0.38i 0.0000 × e−0.59i 0.0000 × e2.80i 0.0000 × e−0.59i 0.0001 × e−0.77i

0.5949 × e1.30i 0.5746 × e1.70i 0.5619 × e−1.70i 0.0002 × e1.70i 0.0000 × e−1.70i 0.0000 × e−1.60i 0.0000 × e1.40i 0.0000 × e−1.60i 0.0002 × e−1.50i

0.1482 × e0.13i 0.7202 × e−1.60i 0.6774 × e−1.60i 0.0002 × e−1.60i 0.0000 × e−1.60i 0.0000 × e1.60i 0.0000 × e1.60i 0.0000 × e1.60i 0.0002 × e1.60i

0.0000 × e−3.10i 0.0135 0.0000 × e−0.12i 0.3774 0.0045 × e−2.80i 0.0206 × e−0.02i 0.0001 × e−2.80i 0.0020 × e3.10i 0.3280

0.0000 × e−1.60i 0.0135 × e1.60i 0.0000 × e1.40i 0.3774 × e1.60i 0.0045 × e−1.20i 0.0206 × e1.60i 0.0001 × e−1.20i 0.0020 × e−1.60i 0.3280 × e1.60i

0.0000 × e−3.10i 0.0000 × e−0.02i 0.0000 × e−3.10i 0.0185 × e−0.03i 0.3424 0.5213 × e−3.10i 0.0111 0.0509 0.0161 × e−0.03i

0.0000 × e−1.50i 0.0000 × e1.60i 0.0000 × e−1.60i 0.0185 × e1.50i 0.3473 × e1.60i 0.5200 × e−1.60i 0.0113 × e1.60i 0.0508 × e1.60i 0.0161 × e1.50i

0.0000 × e−3.10i 0.0000 × e0.16i −0.0000 0.0065 × e0.27i −0.6148 −0.3247 −0.0200 0.0317 0.0057 × e0.27i

0.0000 × e−1.50i 0.0000 × e1.70i 0.0000 × e−1.60i 0.0067 × e1.80i 0.6120 × e−1.60i 0.3294 × e−1.60i 0.0199 × e−1.60i 0.0322 × e1.60i 0.0058 × e1.80i

0.0000 × e0.06i 0.0000 × e−3.10i 0.0000 0.0006 × e0.10i 0.0192 × e−3.10i 0.0203 × e−3.10i 0.0006 × e−3.10i 0.0020 0.0005 × e0.10i

0.0000 × e1.70i 0.0000 × e−1.50i 0.0000 × e1.60i 0.0002 × e1.90i 0.0205 × e−1.60i 0.0091 × e−1.60i 0.0007 × e−1.60i 0.0009 × e1.60i 0.0002 × e1.90i

0.0000 × e0.04i 0.0000 × e−3.10i 0.0000 0.0112 0.0624 0.3418 × e−3.10i 0.0020 0.0334 0.0097

0.0000 × e1.60i 0.0000 × e−1.60i 0.0000 × e1.60i 0.0111 × e1.60i 0.0619 × e1.60i 0.3397 × e−1.60i 0.0020 × e1.60i 0.0332 × e1.60i 0.0096 × e1.60i

0.0000 × e−3.10i 0.0135 0.0000 × e−0.12i −0.3767 0.0045 × e0.38i 0.0205 × e3.10i 0.0001 × e0.38i 0.0020 × e−0.02i −0.3274

0.0000 × e−1.60i 0.0135 × e1.60i 0.0000 × e1.40i 0.3767 × e−1.60i 0.0045 × e2.00i 0.0205 × e−1.60i 0.0001 × e1.90i 0.0020 × e1.60i 0.3274 × e−1.60i

0.0000 × e1.10i 0.0000 × e−0.22i 0.0000 × e−0.56i 0.0000 × e−0.32i 0.0000 × e1.90i 0.0000 × e−0.76i 0.0000 × e2.00i 0.0000 × e2.40i 0.0000 × e−0.32i

0.0000 × e2.70i 0.0000 × e−0.40i 0.0000 × e−0.17i 0.0000 × e−0.27i 0.0000 × e−3.00i 0.0000 × e−0.04i 0.0000 × e−3.00i 0.0000 × e3.10i 0.0000 × e−0.27i

0.0000 × e0.23i −0.0000 0.0000 × e0.05i 0.0000 0.0000 × e−2.70i 0.0000 × e−0.02i 0.0000 × e−2.70i 0.0000 × e3.10i 0.0000

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA
(B18)

ðUu
RÞ†P6̄U

d
R

¼

0BBBBBBBBBBBBBBBBBBBBBBBBB@

0.0000 × e−0.11i 0.0000 × e−0.23i 0.0000 × e−0.26i 0.0000 × e−3.10i 0.0000 × e2.80i 0.0000 × e2.90i 0.0000 × e3.00i 0.0000 × e2.90i 0.0000 × e−3.10i

0.0000 0.0000 0.0000 0.0000 × e−3.10i 0.0000 × e3.10i 0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 × e−3.10i

0.0000 0.0000 0.0000 0.0000 × e0.05i 0.0000 × e3.10i 0.0265 × e−3.10i 0.0001 × e−3.10i 0.0051 × e−3.10i 0.0000 × e1.50i

−0.0000 −0.0000 0.0000 × e0.90i 0.0000 × e1.50i 0.9991 0.0007 × e−3.10i 0.0298 × e−3.10i 0.0002 × e−3.10i 0.0000 × e1.40i

0.0000 × e−2.40i 0.0000 × e−2.40i 0.0000 × e−2.40i 0.7622 × e0.72i 0.0000 × e3.00i 0.0000 0.0000 × e−0.33i 0.0000 × e−2.30i 0.6467 × e0.72i

0.0000 × e3.10i −0.0000 −0.0000 0.0002 × e−0.03i 0.0290 0.0025 0.0009 × e−3.10i 0.0005 0.0002 × e−0.03i

0.0000 × e−3.00i 0.0000 × e−3.10i 0.0000 × e3.10i 0.0000 × e1.00i 0.0002 × e−3.10i 0.0029 0.0000 0.0006 0.0000 × e1.00i

0.0000 × e2.10i 0.0000 × e2.10i 0.0000 × e2.10i 0.0227 × e−1.00i 0.0001 × e−3.10i 0.0028 × e−1.00i 0.0000 × e−0.73i 0.0005 × e−1.00i 0.0193 × e−1.00i

0.0000 × e−3.10i 0.0000 × e−3.10i 0.0004 × e−3.10i 0.0001 × e−3.10i 0.0008 × e0.01i 0.9815 × e0.03i 0.0034 × e0.03i 0.1893 × e0.03i 0.0000 × e−0.26i

1CCCCCCCCCCCCCCCCCCCCCCCCCA

;

(B19)
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ðUn
RÞ†P6̄U

e
R

¼

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

0.0000 × e−0.64i 0.0000 × e2.50i 0.0000 × e−0.70i 0.0000 × e−0.64i 0.0000 × e1.80i 0.0000 × e2.80i 0.0000 × e1.80i 0.0000 × e−0.29i 0.0000 × e−0.64i

0.0000 × e−1.50i 0.0000 × e1.60i 0.0000 × e−1.50i 0.0000 × e−1.50i 0.0000 × e−1.70i 0.0000 × e−2.10i 0.0000 × e−1.70i 0.0000 × e1.10i 0.0000 × e−1.50i

0.0000 × e1.70i 0.0000 × e−1.50i 0.0000 × e1.60i 0.0000 × e1.70i 0.0000 × e−1.40i 0.0000 × e1.80i 0.0000 × e−1.40i 0.0000 × e−1.30i 0.0000 × e1.70i

0.0000 −0.0000 0.0000 0.3825 0.0046 × e2.80i 0.0209 × e0.02i 0.0002 × e2.80i 0.0021 × e−3.10i 0.3324

0.0000 × e−1.60i 0.0000 × e1.60i 0.0000 × e−1.60i 0.3825 × e−1.60i 0.0046 × e1.20i 0.0209 × e−1.60i 0.0002 × e1.20i 0.0021 × e1.60i 0.3324 × e−1.60i

0.0000 × e0.02i 0.0000 × e−3.10i 0.0000 0.0185 × e0.03i 0.3424 −0.5214 0.0111 0.0509 0.0161 × e0.03i

0.0000 × e−1.60i 0.0000 × e1.60i 0.0000 × e−1.60i 0.0185 × e−1.50i 0.3473 × e−1.60i 0.5201 × e1.60i 0.0113 × e−1.60i 0.0508 × e−1.60i 0.0161 × e−1.50i

0.0000 × e−0.13i 0.0000 × e3.00i 0.0000 0.0066 × e−0.27i 0.6148 × e−3.10i 0.3247 × e−3.10i 0.0200 × e−3.10i 0.0317 0.0057 × e−0.27i

0.0000 × e−1.70i 0.0000 × e1.50i 0.0000 × e−1.60i 0.0067 × e−1.80i 0.6120 × e1.60i 0.3294 × e1.60i 0.0199 × e1.60i 0.0322 × e−1.60i 0.0058 × e−1.80i

0.0000 × e−0.06i 0.0000 × e3.10i 0.0000 0.0006 × e−0.10i −0.0192 −0.0203 −0.0006 0.0020 0.0005 × e−0.10i

0.0000 × e−1.70i 0.0000 × e1.40i 0.0000 × e−1.60i 0.0002 × e−1.90i 0.0205 × e1.60i 0.0091 × e1.60i 0.0007 × e1.60i 0.0009 × e−1.60i 0.0002 × e−1.90i

0.0000 −0.0000 0.0000 0.0112 0.0624 −0.3418 0.0020 0.0334 0.0097

0.0000 × e−1.60i 0.0000 × e1.60i 0.0000 × e−1.60i 0.0111 × e−1.60i 0.0619 × e−1.60i 0.3397 × e1.60i 0.0020 × e−1.60i 0.0332 × e−1.60i 0.0096 × e−1.60i

−0.0000 0.0000 −0.0000 0.3716 × e−3.10i 0.0044 × e−0.38i 0.0202 × e−3.10i 0.0001 × e−0.38i 0.0020 × e0.02i 0.3228 × e−3.10i

0.0000 × e1.60i 0.0000 × e−1.60i 0.0000 × e1.60i 0.3716 × e1.60i 0.0044 × e−2.00i 0.0202 × e1.60i 0.0001 × e−1.90i 0.0020 × e−1.60i 0.3228 × e1.60i

0.0000 × e−0.34i 0.0000 × e2.80i 0.0000 × e−0.34i 0.0000 × e−0.34i 0.0000 × e1.50i 0.0000 × e−0.69i 0.0000 × e1.50i 0.0000 × e2.50i 0.0000 × e−0.34i

0.0000 × e−0.22i 0.0000 × e2.90i 0.0000 × e−0.22i 0.0000 × e−0.22i 0.0000 × e3.00i 0.0000 × e−0.15i 0.0000 × e3.00i 0.0000 × e3.00i 0.0000 × e−0.22i

0.0000 −0.0000 0.0000 0.0000 0.0000 × e2.70i 0.0000 × e0.02i 0.0000 × e2.70i 0.0000 × e−3.10i 0.0000

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

:

(B20)

The upper-left 3 × 3 block of U†
uLP6UdL and U†

nLP6UeL corresponds to the CKM matrix and Hermitian conjugate of
the PMNS matrix, respectively. We also note that the W-boson couplings to the SM fermions in the right-handed
current are negligible. The leptoquark couplings with g4 ¼ 1 are given by

ĝXdL ¼

0BBBBBBBBBBBBBBBBBBBBB@

0.0000 0.0000 0.0000 0.0000 0.7067 0.0000 0.0230 0.0000× e−3.10i 0.0000

0.0000 0.0283 0.0001 0.0211 0.0000× e−3.10i 0.7026 0.0000 0.0686× e−3.10i 0.0184

0.0000× e−3.10i 0.7065 0.0012 0.0055× e−3.10i 0.0000× e−3.10i 0.0279× e−3.10i 0.0000× e−3.10i 0.0027 0.0052× e−3.10i

0.0000 0.0007 −0.5391 0.3009 0.0000 −0.0000 −0.0000 −0.0001 −0.3447

−0.7068 −0.0000 0.0000 0.0001 −0.0006 0.0000 0.0211 0.0000 0.0001

−0.0002 −0.0064 −0.0012 −0.5235 0.0001 0.0146 −0.0027 −0.1360 −0.4551

0.0211 −0.0000 −0.0000 −0.0018 −0.0230 −0.0001 0.7064 −0.0015 −0.0016

0.0000 −0.0012 −0.0002 −0.1009 −0.0000 0.0728 0.0010 0.6905 −0.0879

−0.0000 0.0010 −0.4576 −0.3531 0.0000 0.0000 0.0000 0.0001 0.4074

1CCCCCCCCCCCCCCCCCCCCCA

;

(B21)

ĝXdR ¼

0BBBBBBBBBBBBBBBBBBBBBB@

0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 0.0230 × e−3.10i 0.0000 × e−3.10i 0.7067 0.0001 × e−3.10i 0.0000 × e−3.10i

0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 0.0000 0.0687 × e−3.10i 0.0001 × e−3.10i 0.7038 × e−3.10i 0.0001 × e−3.10i

0.0000 × e−3.10i 0.0000 × e−3.10i 0.0000 × e−3.10i 0.4638 0.0000 0.0003 0.0001 × e−3.10i 0.0000 0.5338 × e−3.10i

0.0000 −0.0001 0.4575 0.4070 −0.0000 0.0006 0.0000 −0.0001 0.3536

0.0211 0.0003 0.0000 0.0000 −0.7064 0.0002 −0.0230 −0.0000 −0.0000

−0.0046 0.1339 0.0001 0.0007 −0.0003 −0.6910 −0.0000 0.0675 0.0002

0.7067 0.0116 0.0000 0.0000 0.0211 −0.0024 0.0007 0.0002 −0.0000

0.0109 −0.6942 −0.0001 0.0001 0.0000 −0.1333 −0.0000 0.0131 0.0001

−0.0000 0.0001 −0.5392 0.3453 0.0000 0.0004 −0.0000 −0.0000 0.3001

1CCCCCCCCCCCCCCCCCCCCCCA

;

(B22)
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ðĝXuL Þ†

¼

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

0.0029× e−2.00i 0.0221× e−2.40i 0.2727 × e−2.40i 0.5584× e−2.30i 0.3358× e2.80i 0.0163 × e−2.30i 0.0001 × e1.10i 0.0171× e−1.60i 0.0013× e0.84i

0.0044× e−1.40i 0.0329× e−1.70i 0.4043 × e−1.70i 0.4204 × e1.80i 0.3975× e−2.20i 0.0121× e1.80i 0.0001× e−1.60i 0.0227× e−0.56i 0.0032× e1.40i

0.0055 × e1.90i 0.0414× e1.50i 0.5083× e1.50i 0.1048 × e3.00i 0.4784× e−2.30i 0.0030× e3.10i 0.0000× e−1.90i 0.0006× e−0.25i 0.0051 × e−1.60i

0.0039 × e0.32i 0.0291 0.0042 0.0004× e−0.12i 0.0111× e−0.72i 0.0010 × e−3.10i 0.0011× e−3.10i 0.3539× e−2.10i 0.3518× e3.10i

0.0039× e−1.30i 0.0291× e−1.60i 0.0042 × e−1.60i 0.0004× e−1.70i 0.0111× e−2.30i 0.0010× e1.60i 0.0011 × e1.60i 0.3539× e2.60i 0.3518× e1.50i

0.1532 −0.4131 0.0318× e0.01i 0.0000 0.0000× e−0.99i 0.0010 0.2319 0.0002× e−2.10i 0.0328× e3.10i

0.1567× e−1.60i 0.4130× e1.60i 0.0317 × e−1.60i 0.0001 × e1.60i 0.0000× e−2.60i 0.0046 × e−1.60i 0.2297× e−1.60i 0.0002× e2.60i 0.0327× e1.60i

−0.4755 −0.1260 0.0151 × e−0.11i 0.0005 0.0000× e3.00i 0.0166 × e−3.10i 0.0855 0.0001× e−2.30i 0.0154× e3.00i

0.4743 × e1.60i 0.1297× e1.60i 0.0154 × e−1.70i 0.0004× e−1.60i 0.0000× e1.50i 0.0147× e1.60i 0.0865× e−1.60i 0.0001× e2.40i 0.0157× e1.40i

−0.0165 −0.0109 0.0010 × e−0.06i 0.0145× e−3.10i 0.0001× e2.40i 0.4993 0.0113× e−3.10i 0.0001× e−2.20i 0.0024× e3.10i

0.0156 × e1.60i 0.0030× e1.60i 0.0004 × e−1.70i 0.0145 × e1.60i 0.0001× e0.82i 0.4995 × e−1.60i 0.0051 × e1.60i 0.0001× e2.50i 0.0017× e1.50i

0.0113 × e3.10i −0.2451 0.0199 0.0004 0.0000× e−0.17i 0.0157 × e−3.10i 0.4345× e−3.10i 0.0000× e0.97i 0.0188× e3.10i

0.0114 × e1.60i 0.2436× e1.60i 0.0198 × e−1.60i 0.0001× e−1.60i 0.0000× e−1.70i 0.0064× e1.60i 0.4356 × e1.60i 0.0000× e−0.60i 0.0187× e1.50i

0.0037× e−2.80i −0.0275 0.0148 0.0004× e−3.10i 0.0100× e−0.72i 0.0009 0.0009 0.3526× e−2.10i 0.3530 × e−0.03i

0.0037 × e1.90i 0.0275× e1.60i 0.0148 × e−1.60i 0.0004 × e1.70i 0.0100× e−2.30i 0.0009 × e−1.60i 0.0009× e−1.60i 0.3526× e2.60i 0.3529 × e−1.60i

0.0000 × e0.36i 0.0000× e0.34i 0.0000× e0.21i 0.0000 × e2.00i 0.0000× e3.00i 0.0000× e3.00i 0.0000 × e0.39i 0.0000× e−1.40i 0.0000 × e−2.90i

0.0000 × e0.53i 0.0000× e0.24i 0.0000× e0.40i 0.0000 × e0.48i 0.0000× e2.60i 0.0000× e3.10i 0.0000 × e0.21i 0.0000× e−2.00i 0.0000 × e−2.90i

0.0000 × e0.32i 0.0000 −0.0000 −0.0000 0.0000× e2.40i 0.0006 0.0006× e−3.10i 0.0006× e1.00i 0.0000× e3.10i

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

;

(B23)

ðĝXuR Þ†

¼

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

0.0000 × e2.50i 0.0000× e2.50i 0.0000× e2.50i 0.0000× e−0.92i 0.0000× e1.30i 0.0000× e2.20i 0.0000 × e1.50i 0.0000× e−0.07i 0.0000 × e−1.10i

0.0000 × e1.60i 0.0000× e1.60i 0.0000× e1.60i 0.0000× e−1.40i 0.0000× e0.83i 0.0000× e1.70i 0.0000× e−1.60i 0.0000× e−0.59i 0.0000× e1.50i

0.0000× e−1.60i 0.0000× e−1.60i 0.0000 × e−1.60i 0.0000 × e1.60i 0.0000× e0.85i 0.0000 × e−1.60i 0.0000 × e1.60i 0.0000× e−0.57i 0.0000× e1.50i

0.0000× e−0.01i 0.0000 0.3486 0.0033× e−0.38i 0.3582× e−0.72i 0.0003 × e−3.00i 0.0005× e−0.04i 0.0101× e1.00i 0.0051 × e−3.10i

0.0000× e−1.60i 0.0000× e−1.60i 0.3486 × e−1.60i 0.0032× e−2.00i 0.3582× e−2.30i 0.0000× e2.90i 0.0002× e−1.70i 0.0105× e−0.57i 0.0051× e1.60i

0.0011× e−3.10i 0.2320 −0.0100 0.2425× e−3.10i 0.0170× e−0.69i 0.0064 × e−3.10i 0.0015 0.0012× e0.99i 0.3700 × e−0.03i

0.0047 × e1.60i 0.2298× e−1.60i 0.0099× e1.60i 0.2460 × e1.60i 0.0170× e−2.30i 0.0063× e1.60i 0.0013× e−1.60i 0.0014× e−0.58i 0.3691 × e−1.60i

0.0166 0.0855 −0.0062 0.4345 0.0059× e−1.00i 0.0130 0.0008 0.0006× e1.00i 0.2310 × e−0.03i

0.0147× e−1.60i 0.0865× e−1.60i 0.0063× e1.60i 0.4326× e−1.60i 0.0061× e−2.60i 0.0131 × e−1.60i 0.0007× e−1.60i 0.0007× e−0.57i 0.2344 × e−1.60i

−0.4995 −0.0112 −0.0004 0.0136 0.0005× e−0.83i 0.0012 0.0007× e−3.10i 0.0008× e1.00i 0.0144 × e−0.03i

0.4997 × e1.60i 0.0051× e1.60i 0.0002× e1.60i 0.0145× e−1.60i 0.0002× e−2.60i 0.0007 × e−1.60i 0.0003 × e1.60i 0.0003× e−0.57i 0.0065 × e−1.60i

0.0156 −0.4344 −0.0065 0.0444× e−3.10i 0.0102× e−0.72i 0.0000 × e−3.10i 0.0001 0.0016× e1.00i 0.2427 × e−0.03i

0.0063× e−1.60i 0.4355× e1.60i 0.0065× e1.60i 0.0440 × e1.60i 0.0101× e−2.30i 0.0004× e1.60i 0.0005× e−1.60i 0.0012× e−0.57i 0.2412 × e−1.60i

−0.0000 −0.0000 0.3581 0.0031 × e2.80i 0.3479× e2.40i 0.0007× e3.10i 0.0006 × e0.03i 0.0109× e−2.10i 0.0237 × e−0.02i

0.0000 × e1.60i 0.0000× e1.60i 0.3582 × e−1.60i 0.0031 × e1.20i 0.3479× e0.85i 0.0003× e1.50i 0.0003× e−1.50i 0.0105× e2.60i 0.0237 × e−1.60i

0.0000× e−0.27i 0.0000× e−0.45i 0.0000 × e−2.70i −0.0160 0.0090× e−1.20i 0.5537 0.3132 × e0.47i 0.3081× e−2.60i 0.0017 × e−2.70i

0.0000× e−0.32i 0.0000× e−0.19i 0.0000× e0.17i 0.0047 × e1.60i 0.0145× e−0.88i 0.1627 × e−1.50i 0.4850× e−3.00i 0.4879× e−2.30i 0.0028× e0.12i

−0.0012 −0.0012 −0.0012 0.0119 0.0123× e−0.72i 0.4080 × e−3.10i 0.4083 0.4081× e−2.10i 0.0010 × e−0.03i

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

;

(B24)

The Yukawa couplings hqq0 defined in Eq. (3.38) are given by

hdd ¼ 0.00000183 × e−0.01i; huu ¼ 0.00000182 × e−0.01i; hdu ¼ 0.00000183 × e−0.01i; ðB25Þ
where the Yukawa coupling in the gauge basis, h is set to be identity matrix.
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Finally we summarize the prediction of observables at
this benchmark point, lower and upper limits in Table IV.
We take tan β ¼ 50 and mH ¼ 3.0 TeV to calculate the
neutral meson mixing. The benchmark point explains the

b → sμμ anomaly. On the other hand, it is hard to explain
the b → cτν anomaly. All experimental constraints listed in
the table are satisfied and the tuning level defined in
Eq. (2.41) is about 0.1%.
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