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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, K; — pe, 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 — sup anomaly, while the b — ctv
anomaly is difficult to be explained due to the strong constraints from the Z’ boson and vectorlike quark
searches at the LHC. When the » — suu anomaly is explained, we show that O (0.2)% tuning is required in
the fermion matrix, the future experiments in y — ey and u-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 = SU(4) x SU(2), x SU(2)g. The
hypercharge is quantized since all gauge symmetries
are non-Abelian. The SU(2), symmetry, a right-handed
analog of the weak isospin symmetry SU(2),, requires the
introduction of right-handed neutrinos, which allows for
neutrino mass generation in a number of ways. A vector
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leptoquark arises as the massive degree of freedom
associated with the Gpg breaking, SU(4), — SU(3). x
U(1)g_,, 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, m,; = m,
and m,, = m%™°, 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 Gpg breaking scale is around
the conventional grand unified theory (GUT) scale,
O(10' GeV), 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
K; — ue, B; — te, etc. The most stringent limit is set by
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the K; — pe 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 - K*¢¢ (¢ =e, p) and B — DM
processes. In regard to the former process, the LHCb
collaboration reports a measurement of the ratio of the
branching ratio of B — K*)ee to that of B — K*)yyu. The
result tells that the branching ratio of B — Ky 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*upu decay, and shows that one
observable, namely P, deviates from the SM prediction
[34,35]. Both deviations can be consistently explained by
the new physics contribution to the b — suu 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 —
spu anomaly. In addition, another discrepancy is found in
B — D"zv. 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 —
DWzy is compared with B — D) £y, is largely deviated
from the SM prediction [37,38]. We call this discrepancy
the b — czv 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 — 46 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 U, with the quantum number (3,1,2/3) under
the SM gauge group, Gsy = SU(3) x SU(2), x U(1)y,
are particularly attractive. Such models can provide a
coherent explanation for both b — sup and b — ctv
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 U, leptoquark can accommodate both
sets of the anomalies [12,16,23-27]. Other theoretical
activities to address the anomalies in models with U; or
other representation leptoquarks are found in Refs. [4-7,
9,28,29,47,51-55].!

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 of K; — pe,
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 O(0.1%) level to be consistent
with the realistic fermion masses and mixing as well as
flavor constraints from K; — ue etc., if the b — suu
anomaly is mediated by the leptoquark. Interestingly, most
of the parameter space will be covered by future experi-
ments searching for the y-e conversion process and y — ey.
We also show that the b — c7v anomaly can be hardly
explained in this model due to the constraints from the Z’
boson search at the LHC.

'If one gives up explaining both sets of the anomalies, other
new physics models are possible. The b — sup anomaly is
explained by a Z' boson at the tree level [56-62] or one-loop
box diagrams mediated by extra fermions [63—72]. The explan-
ation of the b — crv anomaly with a charged Higgs boson is
extensively discussed [73-82], while such possibilities are con-
strained by the collider search[83] and B, — v decay [7,84-86].

075008-2



TeV-SCALE VECTOR LEPTOQUARK FROM PATI-SALAM ...

PHYS. REV. D 104, 075008 (2021)

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 — spu 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 = SU(4) x SU(2), x SU(2)g. In the minimal setup
with Gpg, there are three generations of chiral fermions L,
R and a bi-doublet Higgs field ®. The Yukawa couplings of
the chiral fermions are given by

—L$M = Ly, ®R + Ly,e’®*¢R + H.c.,,  (2.1)
where € := io, acts onto the SU(2), and SU(2), indices.
Here, y, and y, are the 3 x 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 @ does not carry the
SU(4). charge, the down-type quarks and charged leptons
which form the SU(4), multiplet have the same Yukawa
couplings at the tree level, resulting in no mass splitting
between them. It is often considered that the mass differences
are generated by RG effects after the PS gauge symmetry
breaking and/or by incorporating higher-dimensional oper-
ators involving SU(4) . symmetry breaking vacuum expect-
ation values (VEVs). The symmetry breaking scale may need
to be around the conventional GUT scale ~10'® 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 the Gpg breaking scale is around Te'V.

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 SU(4). adjoint
scalar A, and another scalar ¥, (10, 1, 3). The mass
splittings between the charged leptons and down quarks
are generated by the VEV of A. The VEV of X induces the
Majorana masses for the right-handed neutrinos. In this
model, the nonzero VEV of A breaks SU(4) to SU(3) x
U(1)g_, and that of X breaks SU(2)g x U(1)p_, to U(1),.

The vectorlike fermions are denoted by F;, Fy, f; and
fr- Each type of vectorlike fermion has three flavors as

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

Fields Spin SU4)c SU(2), SU(2)x
L 1/2 4 2 1

R 1/2 4 1 2
F; 1/2 4 2 1
Fg 1/2 4 2 1

frL 1/2 4 1 2
fr 1/2 4 1 2

A 0 15 1 1

z 0 10 1 3

) 0 1 2 2

the chiral fermions. As shown in Table I, the charge
assignment of L(R) is the same as that of F;(fz). 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

— LYY =F M Fg+ fLMgfg+ frmgR + Lm; Fg
+ F k AFg + frkgAfg + frerRAR + Le, AFy
+ F A @R + F, 1" ® R + L1, ®f g + Li,e" D efg
+ F151®@f g + F1 26" ®*efr + [17| P Fg

+ fLyhe’®TeFg + Hec., (2.2)
where all the masses and Yukawa couplings are 3 x 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 SU(4) adjoint A and the last two lines
are the Yukawa couplings with the bi-doublet ®. The mass
splittings between quarks and leptons are induced by the
Yukawa couplings involving the adjoint scalar A. 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 X, which induce Majorana masses after the
symmetry breaking:

R
—L3 = Ef,%h e'Sfr +H.c., (2.3)
where £ is the 3 x 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.

*We 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 Gpg breaking, the fermion multiplets are decomposed as

E, N & N

L_(eL ”L>’ FL_< L L>’ fL_( L L)’ (2'4)
dp up D, U, D, U,
Erx N Er N

R:<€R nR>’ FR:< R R)’ fR:( R R>’ (2_5)
dp ug Dy Ug Dr  Ug

where the rows are the SU(4) - space and the columns are the SU(2),, ) space for the SU(2),, ) doublets. We parametrize
the Dirac mass matrices as

iy \T [ yavu Aoy mg, ug di\" [(yavu Aavw mg, dg
L3 - Lyt = Uy Aoy Yuvu Mg, Ur | +| Dy vy Yavg My, Dy
U my, Mg, Fwvu) \Ug D, my, Mg, Fyou) \Dg
e\ [vavy tavn mg, eR AL \T [ Yavu AVn mg, ng
+ | E, Aavy  Vavg Mg, Er | + | N Avy Vuvg Mg, Ng | +Hec.
&L mg, Mg, Yoy Eg N me. Mg, F,vp Ng
(2.6)
=i, Myug +d, Mydg + €, M,eg +0, M,ny +H.c., (2.7)

where 4,, 4, Jud> Yu.d Auq are the linear combinations of 1, ,, ;11,2, v and ¥y 5, respectively.’ The VEVs of the bi-doublet and
adjoint are defined as

. VA .
®) = vy x diag(sy, ), A) = —— x diag(3,-1,-1,-1), 2.8
(@) = vy g(sp. cp) (4) WG g( ) (2.8)

where s/% + c% =1 and vy ~ 174 GeV. The mass matrices Mz and mx (F = Qy g, ¢ g) are defined as

3 1
M =M; p +——=K; pUx, M =M; p ———=K; pUA,
fLr LR 23 LRUA O x LR 3 L.RUA
3 1
m =m; p +——=€7 pUA, m =My p ———=€5 pUA. 2.9
CLr LR 23 LRVA Orr LR 23 LRVA (2.9)

Here, M, M,, M, and M, respectively represent 9 x 9 mass matrices for the nine generations of fermions u; g, d; g,
e, g and n; . 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 A are common in each of the
quarks and leptons. Note that the orderings of the SU(2); 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

U, = (Uf g)'upg. aL,R = (U{ x)'d . Lk = (Uigp)eLr. (2.10)
The unitary matrices diagonalize the mass matrices as
(UL MUy = diag(m], m}, ..., m}), (2.11)

where f = e, d, u. The singular values are in ascending order, i.e., m{: < m’; 41 (@=1,...,8). The SM fermion masses are
given by m{ , m’; and m’; :

Their explicit relations are shown in Appendix A 3.
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(m§.mg.mg) = (me.my.my). (mf.mg.mg) = (mg.mg.mp).  (mi.m§.m) = (m,.me.m).

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 X is represented as

3 + 1 52
e by ] =, V2Eh so _ Ty EiZy
7 aff 2 ﬁz;ﬁ _zzﬂ s aff \/z 5

where kg = 1,2,31is SU(2)g index and a, f = 1, 2, 3, 4 are the SU(4) - indices. We shall assume that X obtains the VEV as

(2.12)

(Z) = % £0, others = 0, (2.13)

where @, = 1 is the leptonic direction in the SU(4). space. After the symmetry breaking, the Majorana mass term is
given by

1—. h
—L3 D= NgMgNy +H.c., Mp =—vs. 2.14
x 25N RMRNR R NG T (2.14)
The full neutrino mass term is given by

0; 0; O

1. [0y M, [ o
—Ly =N MyNg = (0, nf) T ) Mr=10s Mp 05|, (2.15)

2 Mn MR ng
0; 03 04

where the Dirac mass matrix M, is defined in Eq. (2.6).* Note that N& = N, . The mass eigenstate is defined as
Ny = U\Ng. N, = UIN,, [UNMyUy,, = m, by, (2.16)
with x,y = 1,2,3,...,18. Here, Uy is an 18 x 18 unitary matrix. We define the 9 x 18 matrices,
Ui =PLUy, & = PrUy, (2.17)
where the projection matrices for the neutrino flavors are defined as
Pr=(1y 09), Pr=(0y 1y). (2.18)

B. Leptoquark couplings

The spontaneous PS gauge symmetry breaking generates the mass of the vector leptoquark, which is part of the SU(4) -
gauge field. The gauge couplings with the vector leptoquark, X*, are given by

EX = ﬂxﬂ(al‘yﬂe[‘ + ﬁL]/”nL + (_lRy”eR + l_lR}'ﬂX”nR) + H.c.

V2
= X”(&L%LyﬂéL + ﬁL.a)u(LyuNL + aR@gRYMéR + ﬁR.affR}/ﬂNR) + H.c. (219)

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

N 94 tT7e ~ 94 tr7e
o, = =0 gy, =5 (UR) Ug,

V2 V2
N 94 u n ~AX 94 u n
o = E(UL)TU ; Ty = \/_E(UR)TUR' (2.20)

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

*In this paper, 0, is an n X n zero matrix. Similarly, 1, is an n x n identity matrix.
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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 ®
and adjoint A even if the Gpg 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 the K; — ue decay provides
the most stringent bound on the leptoquark mass [19,20].°

If g5 = g5 = (9a/ V2) -1y, the branching fraction of
K; — pue is estimated as®

1 PeV\*/ g0 \*
BR(K, — pe) ~ 1.4 x 1071 x [~ ) (24"
my 1.0

(2.21)

while the current upper bound is 4.7 x 1072, 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
K; — pe are sufficiently suppressed.

C. How to suppress K; — pe
We propose an explicit way to avoid the strong constraint
from K; — pe at the tree level, by tuning the vectorlike
masses such that

mo, < MQR’ MQL < mo,,

MfR < me,, me, < MfL . (222)

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

Md ~ ’/hd 03 03 >

Mo~ | g 03 Mg |, (2.23)

>We note that the flavor constraints from K — sue are milder
than the one obtained from K; — ue [87].
%See Eq. (B1) for the full formula.

where /i, and 771, are the 3 X 3 mass matrices proportional
to vy. The same structure will arise in the up quark and
neutrino sector, given the hierarchy in Eq. (2.22). With
this texture, 71, and 71, 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
(F.,R), while the charged leptons in (L, f¢). 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 K; — pe transition at the tree level, so it
may be induced at loop levels. For instance, the loop
diagrams involving the vectorlike fermions, leptoquark and
A 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 A scalar and/or small
coupling constants.

D. Parametrization

In our notation, it is convenient to express the mass
matrices by a 6 x 6 block on the upper left and a 3 x 3
block on the bottom right. Without loss of generality,’
we can parametrize the Dirac mass matrices in the gauge
basis as

D, Vo,Do, Wi
Md _ ( i ) L L' Or ’
Wo, Do, Vo, Ay
Dy Vy Dy W,
Mé’ - ( - - - : )
WfLD,gRVfR Ay
v DVl Vo, Do, W
Mu - ~ + ¥ ’
WQLDQRVQR WuLAuWLlR
v D Uz Vf Df w
/\/ln:< e L f), (2.24)
WeDeVy, Wy, ByWu,
where

3 0, D, 3 0, D,
b, = ., D,= . (2.25)
Dd 03 Du 03

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

i i Dy, N i 05
DQR — (03 DQR ), DQL — ( OQ >, DfR = (DfR 03 ), DfL = <Df > (226)
3 L

Here, Dy (f = u, d, e, n) and Dy, , (F =0, ?) are 3 x 3 diagonal matrices. There are four 6 x 6 unitary matrices V, .,

Ve, . and eight 3 x 3 unitary matrices Wy, ., Wy, and v, ., w,, .. By definition, the mass matrices are unchanged under
Uy , 03 I/lQ , 03
V”ﬂL.R - ( OZR 13 ) VfL.R’ VQL.R - ( O;R 13 ) VQL.R’ (227)

where u, . are arbitrary 3 x 3 unitary matrices. We start from a basis in which D4, D, and A, 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 My 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 v,, which should be

U 0
b, = ( PMNS T3 ) (2.28)
03 Veu

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:

03 13 03 03 13 03
Uy =Ux=Ug"=| 15 05 05|, U= | Vign 05 05 |
0; 0; 13 0; 03 14
1; 0; 0; Upmns 03 05
Ut =U' =UP = [ 0; 05 15|, Uyt = 05 0; 13 |, (2.29)
03 13 03 03 13 03

up to O(vy/v,) corrections. For the full neutrino matrix, the diagonalization matrix is given by

UO,n * 0
U9 ~ <( r) 09) (2.30)
09 UR.

Then, the leptoquark couplings are approximately given by

03 03 13 03 03 VCKM

N N N 9g. N g.
gfL ~ (Qiz(R)T ~ PR(Q:)fR)T ~ 745 1; 03 05|, gifLPZ ~ 745 Upmns 03 03 . (231)
0; 1; 03 0; 13 05

Now, the leptoquark couplings to the SM fermions, which correspond to the most upper-left block in the coupling matrix,
e.g., [ini]i j (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 y — ey, 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 A, ; are universal,® i.e.,

DQL - dQL 13, DQR - dQR13’ DfL - de13, ka = de13, (232)

$Precisely, we introduce O(0.1 GeV) 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

Ad - 5&1137 Au - 5u13' (233)
Here, the mass parameters in Eq. (2.32) are O(v, ), while
those in Eq. (2.33) are O(vy). We also assume that the

Majorana mass matrix is given by

0; 05 05
MR = nmy 03 13 03 (234)
0; 05 05

Further, we take WQL.R’ We, and w,, , identity matrices,
since these are not significant for the SM fermion
couplings.

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

Ogss Vo4 14 Ogx
UELN< o >P1’ UERN( . 63>Pl’
We o Osx6 036 W,
(2.35)
\%4 Ogx Ogs V
UdLN( o 63>P17 UdRN<63 QR)PI,
036 Wy, Wo, O3
(2.36)
where
0; 1; 03
Pl = 13 03 03 (237)
0; 03 13

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

50, ~ 851 ~ 5V, Ve
950~ 65~ T5 VoVl (238)

with i, j = 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, Vp , F=7¢,0, X =L, R, as’

Vi, = R REZRI R RZ RERY RERE,  (2.39)

9 . . ..
Here, we assumed the matrices are real for simplicity.

where the rotation matrix RiFjX mixes the ith and (j + 3)th
elements, i.e.,

I - 0 - 0 -0
0 DR C;‘]X DR S%X DR 0
ii | - . . .
Rp =1 : : : S, (240)
0 o s ocl 0
0O -~ 0 - 0 - 1
where (cié'x)2 + (s # )? = 1. In our analysis, we assume that

Vp,’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 dy, , d¢, ., 6,4 and the unitary matrices
V', are input parameters. The rest of the parameters, Dy,
D, and vy, » Uy, 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 SU(4). adjoint (A). To quantify the
degree of tunings, we define the tuning measure Agp as

A o= min((84, ], (8], (2.41)
where
1 o 0 (Mgl ML)
W0 max (Ml goal [Melagoal)
 min (|[Mlee sl [M.Jgrns)
B = o (Mo 5 Mol 3 (2:42)

Here, A,B=1,2.3,....6 and A, B 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 Agy is 0.1.

III. PHENOMENOLOGY

We study phenomenology in this setup. We have seen the
way to suppress K; — pe. 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 B
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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 — K"y and B — D™y, 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 — czv anomaly is hardly solved in our model due
to the correlation between the leptoquark and Z’ boson
masses. '’

1. b — spp anomaly

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

-5 4G
H:ff R Z (C.0, + C,0O,),

3.1
V2 4 S5, G

where

Oy = (5y7Pb) iy 1), Or0 = (5y*PLb)(fay,ysp).
(3.2)
Oy = (5r"Prb)(py,u), Oy = (SrPPrb) iy, ysp)-

(3.3)

The leptoquark contributions to the Wilson coefficients, Cqg
and Cy, are given by

V2 4r 1 |
4G a ViV, 2m} Sl )

~—0.51 x (5 ntV) ’ <[§§L]§f£ﬁ”> .

ACg - _ACIO -

(3.4)

The experimental results favor —0.59 < ACy < —0.41 at 1o
level [89], and thus my ~ O(10 TeV) is a suitable size to
explain the b — sup anomaly. Note that there exists a
Z' boson in our model which is associated with the PS
symmetry breaking. Such a boson would contribute to the
b — suu anomaly. However, the flavor violating effects
from the Z’ 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

'“The correlation between leptoquark and Z’ has been also
studied in a more generic way [88].

N 94
51 = 5805 - 5.8,

c
V2

A 94
193,)5 = ﬁ{szQSLCZ(CéZLC% +55.57) = s7cp )

(3.5)
if the angles only in R , Rp, , R}’ and R}’ are turned on.
We fix the angles at

1 1
23 _ .23 & 22——S§E:O.O4X—,

o T TA T T /2
so that the b — sup anomaly is explained with my ~ 5 TeV
and [[g) 12/[97 |23 ~0.04. As discussed later, [g} |5,
should be small to suppress K; — ue. Note that this
model, in general, predicts the leptoquark contributions
to the other lepton flavors as well as Cy . In our analysis,

we will consider the parameter space where these are
negligibly small.

(3.6)

2. b — ctw anomaly

The effective Hamiltonian relevant to b — czv within
our model is given by

4G
H!Zf?”” = —FVC;,CVI (E}/”PbefPLVr)'

V2

The leptoquark contribution to the Wilson coefficients Cy,
is given by

(3.7)

V2 11
ACy, = 4GV m (9, 133100, 1,
1.4 TeV\2 /95 12,105 ]
~0.092 LB ) (3.8
9X<mx)< 0.25> (3:8)

where (X 15, = > i_123[0% o The experimental results
favor 0.052 < ACy, £0.124 at 26 level [90]. Note that

93 15,090 1,, ~ g93/4 ~ 0.25 is the maximal value as far as

the SU(4). gauge coupling constant is g4 ~ 1.0 which is
consistent with the strong coupling constant at the TeV
scale [91]. Thus, ACy, ~0.09 (0.057) could be explained
if my ~1.4(1.8) TeV.

The LHC result [92] searching for di-lepton resonance
severely constrains a Z' boson mass if the Z' boson
decays to a pair of electrons or muons. In our model, the
Z' 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
7' 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 Z' mass, the limit is about 5 TeV.
The limit is relaxed to about 4.5 TeV if the Z' boson
can decay to vectorlike fermions, since the branching
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fractions to di-leptons are suppressed by 1/ 3."" From
Egs. (A22) and (A37) in Appendix A2, the Z' boson
mass is bounded by the leptoquark mass,

26k + 30 my
/ —————my ~ 3.5 TeV , 3.9
my < o my eV x | ToTev (3.9)

where the upper bound is saturated when v, = 0. Hence,
when the leptoquark is light enough to address the
b — ctv anomaly, the Z' boson is too light to be
consistent with the current limit in the collider search.
Furthermore, the vectorlike fermions will have masses of
O(vy,) 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 — crv
anomaly is excluded by the Z' and vectorlike quark
searches. We note that it would be possible that the
b — ctv 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 my =
5 TeV and the sizable leptoquark couplings are given by
Egs. (3.5) and (3.6), so that the b — suu 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 g — ey. We do not
include tree-level contributions of the SU(4). adjoint A
and SU(2)g triplet X. As shown in Appendix A 3, the
adjoint A does not couple to two SM fermions up to
O(vy/va). 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 K; — pe, even if
all s 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 X, it is shown in [94] that the scalar
leptoquarks from it can explain both b — suu and b — ctv
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 X in Sec. III C. At least in the canonical limit,
only the charged leptons among the SM fermions couple to
the scalar fields in X 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

""The larger decay width will also relax the limit.

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. p-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 (A), 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 — suu anomaly,

— oJ = (i
SfR = st’ SfR = sz’

(3.10)

= -
So;, = Sq. SQp = Sqg>

where i, j =1, 2, 3 run over all the combinations and
;j =1, 2, 3 also run over all the combinations except
(1.7) = (2.2).(2.3), to keep ACy unchanged approxi-
mately. The nonvanishing angles induce the flavor violating
leptoquark couplings. Below, we will focus on u-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 K; — ue decay. The branching
fraction is approximately given by

BR(K, — pe)

5 2 2\ 2
Tk, mxf m A A
R (12 ) ), P

- 128zmy,  m?

~23% 102 % (2 9,001 1\ (3.11)
3% 10 < TeV>4<I[9X] [93,] |>2

my 10_5

Here we assume that [g] ],, 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 x 10712 [95].

The leptoquark coupling will be also strongly con-
strained by the measurements of the p-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 by
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16m;,S2m> |[s 2 f7 2
BR Al PP Mp 1Sy i 1A LG 1% 7a
(ﬂ - e) m;;(l—‘capt . [gdk]m[gdL]zz + 2T m, [ng]31[gdL]32
5 TeV\ 2 905 [5 AL 2
15 % 1074 x (2 1V o a5 (Weaeil9aTn | o6 (1l Ga)s) (3.12)
my 10-3 10

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]

BR(u — e)AlAY) = Feon <6x 107"

capt

(7 x 10713). (3.13)

We note that even if the K; — pe is sufficiently suppressed, the p-e conversion rate can be larger than the future sensitivity
because of the contribution from the other coupling parameters.

There may be constraints from ¢ — ey induced by the loop effects mediated by the leptoquarks and vectorlike down
quarks. The branching fraction is given by [100]

3

aem e e
BR(« = 1) = gy oo (G P +ICRP), (3.14)
where 7 denotes the muon lifetime and
Gt = 3 il o () 50,06 () | (3.15)
A=l my my
C% is obtained by formally replacing L <> R. The loop functions are defined as
4 — 16t + 3972 — 2883 4+ t* 4+ 612(1 + 21) log ¢
Ft) = - -+ T rer(ianie ! (3.16)
4(r—1)
—4 427t =242 + 3 + 61(1 + 2¢) log ¢
G ==+ O 6y log 1 (3.17)

2(t—1)3

The second term will be dominant due to the chiral enhancement by the Yukawa coupling with Higgs bosons if 5; < O(vy)
in Eq. (2.24) is larger than the muon mass. Since the muon couples to one vectorlike down quark with O(1) mixing, the
branching fraction is estimated as

50 TeV\* /@ \2/ 6, \2
BR ~12x10713 LIR d ,
(= er)~1.2x X( my > (0.005 100 MeV

(3.18)

8, = 6, = 10~*vy, so that the chiral enhancement effect to
u — ey is negligible and conservative limits are obtained.

where g{< ) 18 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 BR(u — ey) <
4.2 x 10713 [101] is satisfied. This process can probe
different parameter space from the K; — ue decay and
u-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
u — ey even if §; = 10™*vy and the chiral enhancement
effect is suppressed. In our numerical analysis, we will set

Given the severe constraint from y — ey, the muon
anomalous magnetic moment Aa, ~ O(107?) is difficult to
be explained by the one-loop effects of the leptoquark and
vectorlike quark. It is roughly estimated as

Aa, < 0N N5 1071
~ VL ™~
L~ 16nmy ¢

« 5 TeV\?2 5d
iy 100 MeV )’

(3.19)
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FIG. 1. The degree of tuning, the current constraints and future
sensitivity in the (so + 54,59 — s¢) plane, where sy =5y, =
5o, and s, =5, = sz, The density plot shows the degree of
tuning Ag}. The gray and blue shaded regions are excluded by the
measurement of BR(K; — pe) and BR(u — ey), respectively.
The blue and green lines show values of BR(u — ey) and p-e¢
conversion observables. See the text for further details.

where N. = 3 and Ny;, = 6. Thus it is, at least, 2 orders of
magnitude smaller than the currently preferred value as far
as §; < m,, to suppress y — ey.lz

Figure 1 shows the degree of tuning Agy and constraints
from the y-e violations on the (s + s4) vs (5o — 5) plane,
where

S0 =S, = So, Sp=Sp, = Sp,.  (3.20)
The density plot shows Agl. The gray (blue) region is
excluded by the current limit on BR(K; — ue)
[BR(u — ey)]. The blue lines are the future sensitivity
of BR(u — ey) = 6 x 107 at the MEG experiment [102].
The green lines show BR(u — ¢)A! and it is below the
future  sensitivity of BR(u — e)A =6 x 10717[98]
between the solid green lines. There is no region excluded
by the current limit on BR(u — e)A" [96]. Since the
leptoquark couplings to the SM fermions are induced by
|so — s¢], the tree-level u-e violations are enhanced in the
upper and lower regions. On the other hand, BR(y — ey) is
enhanced as |sy + s,| increases since it comes from the
coupling with the vectorlike quarks. The limit from

"It might be possible that Aa,, is explained if 6, for the two
muons is O(10 GeV), 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 p — ey in addition to
K, — pe.

3000

2500

BRa < 6x107"7 2000

1500
BRa = 6x1071®

------------ 1000

500

BR(K_-ue) > 4.7x10712

4 -2 0

SLX103
FIG. 2. The same plot as Fig. 1 on the (s;,sg) plane where
sp =59, = =Sz, /1.1 and sg =59, = =57, /1.1.

BR(u — ey) will be tightened if 5, is larger. Note that
the b — spu anomaly is explained in the whole region in
this plot.

Figure 1 indicates the degree of tuning Ag} = 500 (1000)
at |sg + s,/ 2 0.005 (0.002). One may be concerned
about the tuning between s, and s,, but the cancellation
is mild since (sgp—s,)/(sg+5,) 2 O(0.01) even if
BR(u — ) < 6 x 1077, Therefore, we conclude that
Agl ~ 500 corresponding to O(0.2%) tuning is required
to explain the b — suu 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 u-e conversion.

Figure 2 shows the same plot as Fig. 1, but on the
(sz,sg) plane, where
sp =89, = =8¢, /1.1, spi=s9, = =54, /1.1.  (3.21)
We keep 5o, ~s,, and sy, ~ sz, to avoid the large p-e
violation. The tree-level u-e flavor violations are sensitive
to sg, since [g) ], is sizable to explain the b — supu
anomaly. The future measurement of the y — e conversion
will cover Agf <3000 in this case. The radiative decay,
u — ey is equally sensitive to s; and sg, 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,
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5 JEDN ) RN
¥y _’[YQ]UN%[ 7l
I [ 2tnp 1+ tan?f .
\/E’UH <1 —tanzﬁ[ d]l] 1 —tanzﬂ[ CKM MLJ

(3.22)

where i, j = 1, 2, 3. Here we take the decoupling limit of
the Higgs bosons."” 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

5% 1075 0.0006 0.007
Vit [ViewmDal ~ | 1x1076 0.003  0.03 (3.23)
2x10°% 0.0001 0.78

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

QYLL = (FuyﬂPLfa)(thMPth)’

Q?LL = (FaPLfa)(FbPLfb)a

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 UpynsD,/vy- The
effects are, however, expected to be negligible because
the Yukawa coupling to the neutrinos is estimated as
D, /vy ~O(1073) to explain the neutrino masses with
the O(10 TeV) 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 by'*

HA2 =) clof, (3.24)
1A

where (I,A) = (1, VLL), (2,LR), (1,SLL), (1, SRR). The
four-Fermi operators are defined as

QLR = (FePf*)(F*Pyf®). (3.25)

OFRR = (FPRf*)(F'Prf"), (3.26)

where a, b = 1, 2, 3 are the color indices. Here, (F, f) = (s,d), (b,d), (b, s) for K — K, B, — B; and B, — B, mixing,
respectively. We define the ratios of an off-diagonal matrix element of our model to that of the SM as

(M[Hgi 2|M)

CM = —
(MIH M)

_ CROVH - CHRO + (- + Ot

(3.27)
chor

Here, O} := (M|Q4|M)/(2m,;) with m,, being the meson mass. We use the values of O} shown in Ref. [62]. The SM
contribution Cg”M is shown in e.g., Ref. [104]. In our model, the Wilson coefficients are given by

YV yiyi YRV
CIZR:_Z LYk CfLL:_Z YL CiqRR:_Z RVE (3.28)
S22 st 21 st 21
where
vi=[i =1 (3.29)

with (i, j) = (2,1),(3,1),(3,2) for M = K, B,, By, 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

087 <ImCx <139,  0.83<|Cy|<129, 0942 <|Cy| < 1.288. (3.30)

As pointed out in Ref. [107], the uncertainties are reduced in the ratio of mass differences of the B; and B; meson mixing,

AM,
AM,

= 0.029870000%5. (3.31)

See Appendix A 3 for more details of the Higgs couplings.
“We use the basis of the operators used in e.g., Ref. [103].
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FIG. 3. The limits on the heavy Higgs boson mass 1, from the observables concerned with the neutral meson mixings: |Cp, | (green),
|C B, | (yellow), C ,/8, (red) and Im C (blue). The excluded region for each observable is filled with the same color as the corresponding

line. tan f is fixed at tan f = 2.0 (50) in the left (right) panel.

We define the parameter,

. (3.32)

Co e L (BalHG 2 |By)
BalB: 70,0298 | (B,|[HAE|B,)

Figure 3 shows experimental limits from the neutral
meson mixing on the heavy Higgs boson mass for tan f# =
2.0 (50) on the left (right) panel. Our predictions for |Cy |,
|Cp,|. Cp,/5, and ImC 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
Cp,/p, from the central value is more than twice as large
as the uncertainties. In this figure, our parameters satisfy
5o + s, =0.0015and sy — 5, = 0.6 x 107> that cannot be
probed by looking for the p-e flavor violations. The limits
in the cases with larger angles s, s, 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 Cp, /5 gives the most
stringent limits for both tan f = 2 and 50. Interestingly, the
bound from Cp /g is stronger than the others, since the
uncertainty is small and our predictions of |Cy | and |Cp |
move in the opposite directions. The limits from the phases
of Cp, 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 f = 2.0 (50). The limit is stronger for
smaller tan f since the up-type Yukawa coupling constants
are enhanced, see Eq. (3.22).

C. n —n oscillation

Before closing this section, let us discuss neutron
antineutron (n — 1) oscillation. In general, gauge unified

models predict baryon number violating processes, such as
proton decays and n — 7 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 B+ 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
®:(1,2,2), A:(15,1,1) and 2:(10,1,3), 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]:

Zab - e_Ziﬂ/BZab’

T — e BT, X = Xy,

(3.33)

u; z — e"Puy g, d, z = €73d, g, (3.34)
where a, b = 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 — 7 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 X breaks the baryon number sym-
metry when it develops the VEV, and hence contributes to
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the n — 7 transition. The transition requires three Zf%h fr
vertices, the VEV of X and the following quartic coupling
of X

Vs = As[Tr(Zee 2, ) Tr(E, s, ) €% + H.c ],
(3.35)

where a, 3, ..., A = 1,2, 3, 4 are the SU(4) - indices and the
trace is for the SU(2), indices. After the PS symmetry
breaking, the interactions relevant to the n — 7 oscillation
are given by

Vs D 2Apseedl 523 (21751 4 05w )

cf
+He, (3.36)

where a, b, ..., f =1, 2, 3 are the SU(3), indices and we
denote the scalars of symmetric representation under
SU(3), as ¥:(6,1,Y), with ¥ = —4/3,—1/3,2/3, under
G- Their masses are denoted by myr. Integrating out
these heavy scalars induces six-quark operators,

ng—fﬁ — _/12 UzeahCEdef

h2 h - - .
X = 5 i M; (d;e,adR,d)(d;?,bdR,e)(u;?.cuR,f)
Mg _4y3M5o/3

haah?, - - )
- 2% (d% odr.a)(dg yug.e) (g drf) |

(3.37)

where h,, (q,q" = u, d) is the Yukawa coupling of X to ¢
and ¢’ quarks in the mass basis, given by

(3.38)

hyy = Z

1 ;
7 (1] [URD34i1 U341
i =123

Here let us assume for simplicity

My = My-4/3 = My2/3 = Ny-1/3, hQ = huu = hdd = hud-

(3.39)

The Yukawa coupling of the SM quarks to X is estimated to
be hy ~ s2Q when the Yukawa coupling in the gauge basis
h~QO(1), 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

6
my. 1

T, _ =~
" ﬂz?)z/’lj’Q A%CD

6 /10 TeV
~ 1.2 % 10M sec x % 0Te
10 TeV vy
180 MeV\ ¢ /0.005\° /1.0\3 /0.1
(ree ) 50 ) () 00
AQCD SQ h AE
Here, Agcp denotes the QCD scale. It follows that the

n — 71 transition is very sensitive to the ~ mass. The current
limit is [110,109]

2.7 x 10® sec bound neutron
Tooii 2 (3.41)

8.6 x 107 sec reactor free neutron .

Therefore, the constraint from the n — 71 oscillation can be
avoided even if the relevant couplings, & and Ay, 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 — suu

anomaly

(i1) the realistic mass spectrum of the SM fermions

(iii) sufficiently suppressed u-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 u-e flavor violation, especially
K; — pue decay. We have shown in Fig. 1 that
BR(K; — eu) is less than the current limit if we allow
for the O(0.2%) tuning of the parameters. With this texture,
the TeV-scale vector leptoquark is allowed and thus the
b — sup anomaly can be explained. We have, on the other
hand, pointed out that the combination of the Z’ boson and
vectorlike quark searches exclude the light enough lep-
toquark to explain the b — czv anomaly.

The idea to relax the bound from K; — ue 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 K; — pe as well as explaining the SM
fermion mass and mixing matrices. By this explicit con-
struction, we found that the b — czv anomaly is difficult to
be explained, the O(0.1)% tuning is required to satisfy the
phenomenological conditions for the O(1) 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 — suu anomaly is probed by future
searches for u — ey and pAl — 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 [sy + s,/ 2 0.002 and
|so — 57| 2 3.0 x 107>. 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) TeV are excluded by the measurement
of B meson mixing when tan # = 2 (50). In our model, the
neutron oscillation is also predicted by the couplings
involving X. 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 K; — ue with the TeV-scale lepto-
quark and possible UV completion of the model. There
should be O(0.1%) cancellation between the vectorlike
masses and masses from the Yukawa couplings with the
adjoint field A. The vectorlike masses may need to be
replaced by a field with nonzero VEV, and the VEV of 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 SO(10) 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., K; — pue.
In our setup, the tree-level contributions via A 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

a( 0) o

UY
’ L
approximately diagonalize the mass matrices as

Ve, Vie  Osxs

We,

06 X3
We,

0 _
‘r

0346 0346

D,

R

03

(Up,)"M. U3,

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 — K£7
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

% Opx Opx \%
=<QL 63>, g,:(“ Q’*), (A1)
036 Wy, . Wo. 036
DQL
W) MUY = | 05 dy , (A2)
05 DQR
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D¢, 05
(UgL)TMnUgR = ’ m, 03 >

D
oL
(U%L)TMMU%R = 03 my ' s

(A3)

where - represents O(vy) entries. Here, d, and d,; are chosen to be diagonal by using the redundancies of Eq. (2.27) in Ve, e
and V), .. To make the singular values in increasing order and the SM up-type quark and neutrino masses, M, and M,,,

diagonalized, we introduce

0; 13 03
Upo=Up | 15 03 03 |,

0; 03 13

0; 13 03
UdL,R = U%L.R 13 03 03 .

0; 03 13

where the unitary matrices u,, , and u,, , diagonalize m, and m, respectively,

T _
u’lllmnunk - drw

The Dirac mass matrices are diagonalized as

(Uel‘)-]-MeUeR ~ diag(dev DfR’ Df,‘)7
(UdL)TMd[]dR ~ diag(dd, DQR’ DQL)’

The corrections from the off-diagonal blocks to the
SM fermion mass matrix are (’)(d%/vA), f=e n,d, u,
so it may be subdominant compared with the leading
matrix ~dy.

b. Neutrino masses

The 18 x 18 mass matrix is given by
1. 0 M, ) (ni)
—Ly ==N; MyNp = (n; ng ,
N =5 NL VN NR (A R)(MZ Mp np
where the Dirac mass matrix M, and Majorana mass

matrix M, are given in Egs. (2.24) and (2.14), respectively.
The mass basis is defined as
NR = U;\/NR’ NL - U]Y\;NL,

where UL My Uy is diagonalized.
We introduce the unitary matrices,

. U, 0
U N — ~ )
09 UnR
where U, . are defined in Eq. (A4). After multiplying these
matrices, we obtain

(A8)

0; 13 04
U"L.R = U(}L_R unL.R 03 03 ’ (A4)
0, 0, I
i]”L.R = U%]__R u”L,R 03 03 4 (AS)
03 03 13
iy my i, = d,. (A6)
(U,,)'M,U,, ~diag(d,.Ds,.Dy,).
([]uL)TMuUuR ~ diag(duvDQRvDQL)' (A7)
|
/\N/IN = U MyOy
0; 03 03 d, 03
0; 03 03 03 D,
0; 0, O D,
_ 3 3 3 ) ) ‘| (a9
d, 03 Mg gy 03
DnR ﬂ[{/ MN 03
03 D, 03 03 0
where
<MR AN > _ <O3 MZ")VZ; (MR 03)
Ay My 1; 0 *\ 03 03
0 1
x va< > ) (A10)
unR 03

In numerical analysis, we studied the case in which
Vo ~ 16, uy, ~ 13 and M o 15. 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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1, 0; 03 d,Mz' 05 04
03 1; 03 03 03 0
03 0; 1; 03 05 05
-Mz'd, 03 03 13 03 03
0, 0; 0, 05 1 05
0, 0; 0, 05 05 14

U\~ (A11)

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

M, ~—d,Mz'd,, (A12)

and this is already diagonalized. The total unitary matrix is
thus given by Uy ~ Uy U},

2. Gauge interactions

We shall discuss gauge interactions. The PS symmetry is
broken by nonzero VEVs of A and X. We name the massive

respectively. The SU(2)y, X = L, R, indices of adjoint and
fundamental representations are respectively denoted as
ky,...=1,2,3 and ay,... =1, 2, 3.

a. Symmetry breaking and vector boson masses

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

LG = Try(D*A - D,A) + Y Ty [(D'E,5) "D, X )
ap

+ Tr,[(D*®) "D, @], (A13)

where Tr, is the trace for the SU(4) - indices and Tr, is that
for the SU(2), and SU(2)g indices. The covariant deriv-
atives are given by

D,A = 0,A —igy[V,. Al (A14)

D,Zup = 0,Z05 — igr[Wry Zop] + i942y5<V£m52 + V,‘Z,,c%%

gauge bosons in SU(4)-/[SU3)c x U(1)p_,] as lepto- (A15)
quark X,,, and those in [SU(2)z x U(1)p_;]/U(1)y as Z,

and WRjFﬂ. In this subsection for the gauge interactions, D,® =0,®—igiW,, @+ igp®Wg,, (A16)
AB,...=1,2,...,15and a,p, ... = 1, 2, 3, 4 are for the

SU(4) indices of adjoint and fundamental representations, ~ where the indices of the fields are

|

A=As=MTA S, =/T+5,58¢,  ©=(H, ) (A17)

_ yAA ke ke kg
V=V, T, Wi = Wit Wy = Wii ks (A18)

where X% = ¥/ Here, the scalar fields A4 and Zl;‘}), are canonically normalized. The Hermitian matrices 74 and ri“ls)) are
the generators of fundamental representation of SU(4). and SU(2), ), respectively. H; and H, = eH} are the SU(2),

doublets.

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

where sfz), + c/2, = 1. The SU(4), gauge boson V, and SU(2); r gauge boson W, g, are decomposed as

3/1 0
V= %( )VB‘L +
g\o -1.1;)”
V2Wi g
Wik

W _1( Wik
LR=5 VAW .

: 5,16 o) — o (O A19
0 O)® alOp1» ( >—”H<0 sﬂ)’ ( )
(o )
xX/V2 G )
wl o+ iWw?
, Wi _ L.R L.R’ A20
) Wi e (A20)

where the Lorentz index is omitted. Here, V2L, X, G are B— L gauge boson, leptoquarks and gluon, respectively. The

mass terms of the gauge bosons are given by

1
Lhass = MEXLXE+ WEMGW S 42 2, M 2.

(A21)
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where the mass and matrices are given by

2,2 2
4 1 1 9LVu —S289L9RVE
2 2 2
my = gu _UA +_Uz, MW:_< ) (A22)
3 2 2\ =sop91.9rvy  gr(vE + v3)
: 9L % —9L9RVE 0
MG =5 | —ouorvii gkvi + 20503 —Vogrga% |, (A23)
0 —V/69rg4v% 3g2v3
with the gauge bosons
3
wi b
"
WE = (wﬂ)’ Z,=| Wi | (A24)
Ry yB-L
Y
Here, 5,5 = 2cpsp and cpp = c/% - s/%. The mass basis of the gauge bosons is defined as
Wi .
"
Wi = Ry < Wit )’ Z,=Rz| Z, |, (A25)
H 7/
U
where Ry and R, are orthogonal matrices diagonalizing M3, and M2, respectively.
The rotation matrix Ry and eigenvalues of the mass matrix, my and my, are exactly given by
c s
Ry = ( oo > (A26)
—So  Co
) U3 2, 2 ) _ U, 2
miy =Wk + (9r+ gL —Dwl.  miy =gk + (9% + g2)n + Dwl, (A27)
where
Dw=V@?+@ﬂﬁ—g@n+ﬂﬁ—ﬂ@2+%ﬁﬁﬁhﬂ (A28)
1 2 2 _ 2 1 2 2 _ 2
(=L 14_9R_%(9R ng( o= L | &+ (9x gLyt (A29)
V2 Dy V2 Dy
and 7 := v} /v%. The rotation matrix for the neutral bosons is given by
C12 S12 0 C13 0 S13 1 0 0
RZ = —S12 Cp2 0 0 1 0 0 Co3 8§23 . (A30)
0 0 1 —S513 0 C13 0 —S823 Co3

Here, the angles are given by

9r gL > 94 9dLIr
Co = —F——> S = ———F/0——> C13:_\/3(9L+9%€)~_2» S13=\/5 P ) (A31)
Vi + 9z Vi + 9% g g
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-2g 1 =27/ (g
\f V2 Dy
where
7= \/29 91 +30i(gL +9x).  s=3gi+20%+ (g tgrn.  Dz=\/s’—4g'. (A33)
The Z and Z’ boson masses are given by
) _UE ) U3
mZ I (S — Dz) mZ, = Z (S + Dz) (A34)
The rotation matrices Ry, R, diagonalize the mass matrices as
Rl M3, Ry = diag(m3,, m3,), RUMZR, = diag(0, m%, m2,). (A35)
If the subleading terms in # are neglected, the vector boson masses are given by
2 2
m¥, = Ii v, my, = Ik vZ, (A36)
2 2
and
2 A = (3% +243) i (A37)
my; =—————=, m, = —=.
z 362+ 205 2 Z 94 IR )

b. Gauge interactions with fermions

With the PS symmetry, the covariant derivative terms for the fermions, F; € (L, F;, f;) and F € (R, fr, Fg), are
given by

DMfL 8MFL lgLWIiFL - ig4VﬂFL, DHF p = (9”R lgRW;;QFL — ig4V”.7:R. (A38)

The gauge couplings to the vector leptoquark are shown in Egs. (2.19) and (2.20).
The gauge couplings with the charged SU(2) bosons, (W, W) are given by

Ly = \g/_LEWZﬂ(ﬁLy”PGdL + 0,y Pses + gy Pedg + Ngy* Pgeg)
+ \g/_I%WI_?y<ﬁL}’”P6dL + 0,y Pge, + Ugy*Pedg + gy Peeg) + Hoc.
— A& AW 44 & AW, ya =~ AW, LA S AW ua
= Wi, (0.9, v"d + NLGz " v"€L + 0gGg, v"dg + Nggy, v"€r)
A A WR A LR AWeiga LA aWRiaA L R AWk ua
+ Wg, (0L9g, v*dy + NpGp "r"€L + 0gGg, r*dg + Nggy r€g) + H.c., (A39)

where the couplings in the mass basis of the fermions are given by
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AW gL
Gq," = (UL)TP6UL’

V2

AW, gL
Ggy = %(U%)TPGU%

AW 9r
Gq," = (UL)TPGUL’

V2

AW, 9r
quR - (UR)TP6Udv

V2

Here, the projection matrices are defined as

06><3

1
P6 = ( 6
03><6 03

AW 9L v
9p = 7§(UL)TP6UE’

AW, 9L (7
Gpy = E(UR)TPGUJ%’

e UV

‘r \/z

~AWR 9 n

o, —\/RE(U )'PsUs. (A40)
>, P6 = 19_P6' (A41)

Note that (W, W) is not a mass base of the gauge bosons. For instance, the couplings to the left-handed quarks are

given by

and those for the fermions can be obtained in the same way.
The gauge couplings with the neutral gauge bosons (W3, W3, VB=L) are given by

9L

L; = >

AW AW,
Yo ) gy (V). (A42)
AW WA\ awi
Ya, 94,
~Wi, Z Ie(FLpr* Pofy, + By Pgfr)
f=u.d.en

+ 9 > W?e,, Z Le(E p# Pef, + Ery* Pofr)

f=u.d.en
3 _ _
- \/%94V5_L > 0% (B + Frr*te) (A43)
f=u,d.en
Z (fLQ}/LY”fL + fR.&}/RYMfR)’ (A44)

- Z v,

V=W; W3 vt

where Iy = 41 (1) for f = e, d (u, n). Qg_L
fermion mass basis are given by

N/ 1
95" = 71{(U{)1P6U{’
Wi R T
By, =2 1R(UL) PgUY.

AYB-L

L 3 :
gfL = _\/%94Q£—L(UJLC)TU1L’

The coupling matrices in the mass basis are

‘g?L 91,

~7 . T AW3

I | =R2l gt |
~7! ]
i)\

f=u.d.eN

is the B — L number of a fermion f. The gauge coupling matrices in the

3
N4

gL ¥
Yfe = EI{(U{Q){PGU;;» (A45)
Wi 9 T
e =2 (Ul PoUL. (Ad6)
AVB-L 3 of (it
I =~ gg4QB—L(UR) Uk (A47)
g?R fr
~ 3
7| =re| o (a38)
T o
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Approximately, Ry and R, are given by

Lo —V3949x/ 7 —/59./7 0
Ry = < 0 1) +0Mm).  Rz=| —V3ag/T 3gioe/(V5T)  V2gr/Vs | +0Mm).  (A49)
—V29198/T  V69s9%/ (V5T)  —V39u/\/s

At the leading order in 5, W ~ W, and W' ~ Wg. The coupling matrices to the fermions are approximately given by

MLTlL 03

AW gL
~—1 0 1
94, /2 03 03
3 3
Mj;L 03

N gL
PLay ~Z=| 03 0
LYy, /2 03 03
3 3
0; 04

AW 9r
~=—10; O
9q, \/§ 03 03
3 U3
03 04

~w' YR
PV ~Z=|0; 1
LYy, /2 03 03
3 U3

03 p 03 03 03

05 | @%ﬁ 0; 13 05 |, (A50)
03 0; 03 O3

03 03 03 03

0 |- ,PRQE";N% 03 03 05 [, (AS1)
1; 0; 03 13

04 up, 03 03

w9

03 |, 9;‘; NTI; 0; 03 03[, (A52)
1; 0; 03 1;

0, wh, 03 04

w9

05 |. RQZN7R§ 0; 13 05 (A53)
03 0; 03 03

The other blocks in the neutrino couplings are vanishing. To the SM families, the W boson couples via the left current, while

the W’ boson couples via the right current. Their flavor structure depends on independent unitary matrices, u,, ,

andu,, ..In

particular, ul;L and u',EL correspond to the CKM and PMNS matrices, respectively.
The coupling matrices to the neutral bosons (W3, W3, VB=L) are given by

L‘A]Z? N%qugp
QZ} N%qugk’
@,;‘? N%LIKPZ,
@?? N%IngR,

where ¢ = u, d and ¢ = e, n.

I3 0
PgL = ?l; = 03 13
03 03

The coupling matrices are given by

W3 g ’ Av/B— 1

Gq,* ~ lequu Zf ' —94 2—197 (A54)

W3 gR ' AUB-L 1

Gaz' Elquw 1‘1/R ~ —Y4 ﬂl% (A55)
N ) B 3
9o~ ERI PEL W~ 3lo- (A56)
Wi gR 7! AVB-L 3
Gy ~5 1Pz, 9, ~ 98\ glo- (AS57)
03 03 03 O3
03 N P%R - P?L - 03 13 03 y (A58)
03 03 03 03
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1; 0; 05 0; 03 O3
P?L = Pg); = 03 03 03 s P%R = Pg; = 03 03 03 (A59)
0; 03 1; 0; 0; 13

For the neutrinos, these are the 9 x 9 upper-left (bottom-right) block in the 18 x 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, (A, Z, Z) are

approximately given by

A A gL Iy ~7 97 4
B~ eQelo. G~k (-2p7 -sh0lts). o ~Z (S PE L+ 05,1, (A60)
where the electric charge, coupling constant and Z’' gauge coupling constant are given by
S -7 2 2 3 2
Q‘Z _ Op_1 f’ o — \/§94%9R7 gy = 120k + 94' (A61)
2 g 2
For the Z and Z’' boson couplings, the angles are defined as
_ 91V/393 + 20k _ V3au0r 2% _ | 34
CW —_— ~—2 5 SW — T 5 27, SZ’ —_— ﬁ. (A62)
g g 29% + 343 29 + 39

Therefore, the EW gauge couplings coincide with the SM
values when O() effects are negligible.

In the above approximate formulas, we neglected
O(v3/v%,n) effects in the diagonalization unitary matrices
for the fermion and gauge boson mass matrices. In the
fermion mass matrix, the O(vy) 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
fif j will be O(g, [d];ld/];/v3), where [d/]; is the mass of
the SM fermion of the ith generation.15 Here we assume
that all the vectorlike fermion masses are O(v,). If vy ~
O(10 TeV) as considered in this paper, the induced flavor
violating coupling is at most O(107°) 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 — Z' and
W — W' will affect EW precision observables, since these
induce exotic right-current interactions. Again, when
vy ~ O(10 TeV), the effect is O(107*), and thus may be
too small to be measured. Note that Z’ and W’ can be lighter
while keeping the leptoquark O(10 TeV) if vy < v,. 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 A, X and &
introduced to break the PS to SM symmetry. In this paper,

5See Refs. [61,62] for the similar analysis in a model with one
vectorlike generation.

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 VEV of bi-doublet ®,

(D_(H? H?*)_
= = (H,

* ).
HY H

where H;, are the SU(2), doublets which can be
expanded as

HY 1 [/vp+hy+ia
H} V2 V2H]

(A63)

The mass basis of the doublet Higgs bosons is defined as
hy h a; G°
= R(l ’ = Rﬂo ’
l’lz H ap A
H2+ — By o)

where G°,G™ are the Nambu-Goldstone bosons. The
rotation matrices are defined with the angles as

cos¢p —sing
singg  cos¢
In the decoupling limit (m,, my+ > m,,), these angles are

aligned as a = f, = . = f where tanf = v,/v,. The
Higgs couplings to the fermions are given by

(A64)

), 6= afof. (A63)
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_‘CH: Z S(l_lLYigluR‘i‘aLYng“réLYgeR+ﬁLY£nR)
S=h.H A

+H+(uLYH dp+0n, Y7 ep)
(dLYu uR+eLY nR)+HC (A66)
The Yukawa matrices Yj§ are given by linear combina-
tions of
Ya /Nla 03
Ya = /la ya 03 ’ a= 1’ 2’ (A67)
0; 03 ¥,

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

Y d M c —s Y
() =i () = (5, 5)GL) oo
Yu d Uy M u —S B C Vi Y2
where Y, and Y, are the Yukawa matrices aligned to the
relevant block of the mass matrix. The Yukawa matrices for

S =h,H,A, H* are given by
(YZ)_ 1 <cos(a—|—ﬂ) —sin(a—ﬂ))(Yd>
Y")  V2cos2p \ —sin(a—p) cos(a+f) Y,)’
(A69)

(1) =y (S et P (1),

(A70)

<Y2> i < sin(fo+pB)  cos(fo—p) >(Yd>
Yﬁ \/zcoszﬁ _Cos(ﬁo—ﬂ) _Sin(ﬂ0+ﬁ) Yu '

(A71)
A = B e [0
(A72)

In the gauge basis, the lepton Yukawa couplings are the
same as those of the quarks, e.g., Y = Y". The Yukawa
matrices in the mass basis are given by

73 = (u])'v$ Ut (A73)

where §° = h, H, A and f = u, d, e, n. The charge Higgs
couplings are given by

v = (untyiug, YT = (udHivE U, (A74)

YH = (Up)tYE U, Yo = (Us)tryun.  (A75)

In the decoupling limit, the SM Higgs couplings are aligned

with the mass matrix, i.e., YZ(M) o< Yy while the Yukawa

couplings to the heavier Higgs bosons are not. Therefore

the heavy Higgs bosons generically induce flavor violation.
The SU(4). adjoint scalar A is expanded as

al )G 2)0 (3 2) e

Here, h, is a CP-even neutral scalar and Ag is a SU(3),
adjoint scalar field. The Yukawa couplings involving A and
Ag are given by

3 _
~La= ) \/ghAQg_LfLYAfR

f=ud.en

+ Y ELYaAgfz +He.,
f=u.d

(A77)

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

0; 03 ¢ \/§
YA = 03 03 Ky, = i (Me - ./\/ld) (A78)
€g kg 03 4
In the mass basis, the couplings are given by
VL= (U))'Y\Uk,  f=uden (A79)

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

0, 0, A

A ~ B ~ v

P~ (0,)7a0s = | A N 0 | +0(2),
0; 03 Aj :

(A80)

where the 3 x 3 coupling matrices Aj p , are given by

(Ak, A%) =D, - W}L Wo, DoV, Ve  (A8I)

AL
— N 1 D +
(Azl > =Dy, = VL Vo, Do Wy We,.  (A82)
2

Thus, there is no coupling of A 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 y — ey. For u — ey, the chirality
enhanced effect enhanced by vy will be proportional to
V4)1.¥4)» @=1,2,...,9, which are all zero in
Eq. (A80). Hence, we expect that A will not give significant
flavor violating effects no matter how the leptoquark
couplings are.

|

APPENDIX B: ANALYSIS DETAILS

1. Formulas of flavor observables
a. K; — pe

The branching fraction of K; — e¢;e; is given by

BR(KL — eie; ) 51217<Z'L ( me, + me,)mef%(\/<l
AN AR AN
2m?%

- (me,- + mej)(md + ms)

where m, ei) 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 /,, Ag, 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, By and B, mesons by formally
replacing coupling matrices and flavor indices appropriately.
|

Ceony = 4m;54 (

where
AN q q N __
Cy, = E Cyifv, CSL =
q=u.d,s
E q
VR - CVRf SR -
q=u,d,s

The values for form factors are shown in Table III and [ = 1

TABLEII.
decay constants are GeV, that of lifetime is GeV~!.

(93, )5:153, 13

(CAME A AMEALY

(C 1V + mNCSLSN)

q=u,d,s

_ (mei + me_,-)z 1 — (me,- - me,)z
my mi

+ 193, 1,,193,17)

1j

1j

1)

(B1)

|
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. p-e conversion

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

2 ~ B 2
+ ’ZN_[,’"(C]\\/]RVN + myCixSy) ) (B2)
2 N
D oS, +57 08 D Ch (B3)
q=u,d,s Q=c,bt
2
Z CngsN +Efg Z CgR (B4)

Q=c,b,t

= geuds ) gN. In our model, the coefficients are given by

Values of parameters of the mesons taken from PDG and HFLAG2019 [112]. The units of masses and

mp, 5.280 75, % 10712 2.3230
mg, 5.367 75, x 10712 2.2930
mp, 6.275 75, x 10712 0.7703
mg 0.4976 75, x 1077 7.7730

B, 0.1920 Bg, 1.30
s, 0.2284 By 1.35
I, 0.4340 S S
fx 0.1552 By 0.717
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TABLE III. Values of vector [113] and scalar [114] form factors. The coefficients Sy, Vy are calculated in
Ref. [115]. The capture rates are given in Refs. [115,116].
1 £ 14, i V=1,
2 1 1 2 0
5, 15, 15, 4 15, =13,
0.0191 0.0363 0.0171 0.0404 0.043
Target S, S, v, V., 1“021[”[1()6 . s—l]
Au 0.0614 0.0918 0.0974 0.146 13.07
Al 0.0155 0.0167 0.0161 0.0173 0.705
d; [%L]TI [%L]Q d; [ggk]?l [Elgk]iZ
Cyp=—"575—". Cyp=—"77", (B5)
2my 2my
and
| 1 (193, ) o3, 1.
Cdz - L il “YaRrdi2 4 YS Re([Y , B6
b= [ Y S R (Bo)
1 qlas ) e, ], 1.
d; d d ‘
Clp = = [P 1 5 (22 R (87)
i X S S
” 1 A
Cop == Z 2 (V7] aRe([Y3]0), (B8)
my, <= 2msg
1 N N
Clp = — — [V3]5,Re([Y5]..), B9
S = = 2 5 PERe((F1) (89)
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
Dy, . ~Dg ,~5TeV, my = 10 TeV, 5, =06, = 10"*vy, (B10)

and the angles for V., V,,  are so = 0.00078 and 5, = 0.00072. The other unitary matrices in Wy, ., W, and wg, ,,
we, , 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,

0 0 0
0 0 0
i 0 0 0
471 000211529 0 0
0 0.0417809 0

0 0 297755

0.000502716 0

0 0.146787
0 0.
0 0
0 0
0 0

075008-26

0

0
1.80177

0

0

0

, (B11)



TeV-SCALE VECTOR LEPTOQUARK FROM PATI-SALAM ...

PHYS. REV. D 104, 075008 (2021)

0.00000060 x e~22460i
0.00000181 x ¢=3:1020i
0.00000197 x ¢=30910:

0.00001279 x ¢~ 1:0960i
0.00002292 x ¢=3-1350i
0.00006067 x ¢~31380i

0.00488531 x ¢~ 27440i
0.00697150 x ¢=3:0540i
0.00863796 x e~30440i

0.00001386 x 009871
0.00007441 x 31210
0.00006500 x 00333

0.00015155 x %0092
0.00003288 x 3167
0.00002488 x ¢!-1330i

0.00013351 x ¢21100:
0.00036822 x 00012
0.00051000 x 00012

P 0.00111051 x €957 010784074 x 1419 122353000 x €333 0.00080864 x e~2723%"  0.00080780 x ¢~2723%"  0.00081043 x ¢=27230i
0.00057303 x ¢>1160i 0.46812929 5.64585730 x ¢>1230 0,00371601 x ¢~0-0204  (0,00371740 x ¢~0-0204  (0,00373373 x ¢~0-0203
0.02694553 x 00001 0.01657569 191.73898000 0.13766851 x e=314200 (0,13769853 x ¢~31420i —0.13788805

(B12)
3.90023160 3.90030370 3.90037580 4999.99540000 —2.82413960 —0.00818287
3.90023280 3.90030730 3.90038170 0.00000000 3551.78620000 —2.85575350
B 3.90023400 3.90031080 3.90038760 5 0.00000000 0.00000000 5000.19540000
Vo, Do, = Vo, Do, = (B13)
5000.29540000  —0.00912672 —0.00912690 —3.89999760 —2.76819210 —3.89792210
0.00000000  5000.39540000  —0.00912691 —3.89999880 —99.99485400 —3.82138210
0.00000000 0.00000000  5000.49540000 —3.90000000  —3517.92550000 —2.77154640
5000.89610000  —0.00777755 —0.00777770 3.60043010 3.59914710 2.48918270
0.00000000 5000.99610000  —0.00777771 3.60043110 —140.73388000 —3517.02360000
5 0.00000000 0.00000000 5001.09610000 . 3.60043200 3.60050310 3.60057410
v; Dl = Vy,Dy = . (B14)
—3.60064610 —3.60071350 —3.60078080 5000.59610000 0.09614469 2.52787370
—3.60064710 —3.60071630 —3.60078550 0.00000000 4998.71670000  —99.02272300
—3.60064800 -3.60071910 -3.60079010 0.00000000 0.00000000 3553.69030000
The charged fermion Dirac masses in unit of GeV are given by
m¢ = (0.00050112,0.105789, 1.80177,4999.87, 5000.6, 5000.7, 5000.9, 5001, 5002.03),
m¢ = (0.0021141,0.04176, 2.11584,4999.43, 5000, 5000.09, 5000.3, 5000.41, 5001.27),
m¥ = (0.0009744,0.479892, 136.433, 5000, 5000.2, 5000.3, 5000.4, 5000.5, 5001.92). (B15)
The neutral fermion Majorana masses in unit of GeV are given by
m? = (3.38664 x 10713 8.68414 x 10712,5.01938 x 107'1,
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, 10000). (B16)
The W-boson couplings are proportional to
0.9745 02245 0.0036 x e~ 0.0000 00000 x ¢4 0.0000 x =03 0.0000 x ¢4 0.0000 x €25 0.0000 x ¢=310i
02244 x e300 09736 0.0421 0.0000 0.0000 0.0000 0.0000  0.0000 x ¢~ 0,0000 x ¢=>1%i
0.0090 x =038 0,0413 x ¢=310i 0.9991 0.0000 x ™2 0,0000 x ¢1%  0.0007 x ¢=1% 0.0000 x ¢=31%  0.0002 x =% —0,0000
0.0000 x =042 0,0000 x ¢=310i 0.0000 0.0000 x ¢!-30i 0.9991 0.0007 x ¢=>107 0,0298 x ¢1% 0,0002 x ¢=1%  0.0000 x ¢4
(U4) PUS = | 0.0000 x 239 0.0000 x 073 0.0000 x =240 07621 x *7%  0.0000 x ¢ 0.0000  0.0000 x ¢™3% 0,000 x =30 0.6468 x 7%
0.0000 x =022 0,0000 x ¢=>10i 0.0000  0.0002 x =00 0.0290 00025  0.0009 x =10 0.0005  0.0002 x =003
0.0000 x =417 0,0000 x ¢=>1% 0,0000 x ¢=0 0,000 x ¢! 0.0002 x ¢=>10i 0.0029 0.0000 0.0006 0.0000 x ¢!00i
0.0000 x =139 0,0000 x €210 0,0000 x e~ 0.0227 x =101 0,0001 x 10,0028 x ¢~ 00000 x =0T 0,0005 x 10 0,0193 x =10
0.0000 x =036 0.0000 x 1% 0.0007 x *% 00001 x e~ 0.0008 x e*017 09819 x ™03 0.0034 x 00 0.1894 x ?9¥  0.0000 x ¢=026i
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(U3) PsU;

0.7900 x =083
0.5949 x ¢!
0.1482 x 013
0.0000 x =310
0.0000 x ¢~60i
0.0000 x =310
0.0000 x ¢~1-30i
0.0000 x ¢=3-10i
0.0000 x e~1-30i
0.0000 x €067
0.0000 x e'-70f
0.0000 x 004
0.0000 x -6V
0.0000 x ¢=310f
0.0000 x ¢=!60i
0.0000 x e'-10f
0.0000 x ¢>70f

0.0000 x €023

(UR)"Ps U

0.0000 x =011
0.0000
0.0000

-0.0000

0.0000 x e~240i

0.0000 x 310!

0.0000 x e300

0.0000 x 101

0.0000 x =310/

0.3877 x €240
0.5746 x ¢! 70
0.7202 x ¢~ 100
0.0135
0.0135 x ¢! 0%
0.0000 x 002
0.0000 x !0
0.0000 x 0164
0.0000 x ! 70
0.0000 x =310/
0.0000 x e~1%
0.0000 x =310
0.0000 x e~160
0.0135
0.0135 x ¢! 00
0.0000 x ¢=0-221
0.0000 x e~0-40

-0.0000

0.0000 x =023
0.0000
0.0000

—0.0000
0.0000 x =240
—0.0000
0.0000 x =310
0.0000 x 101

0.0000 x =310/

0.4748 x ¢~041
0.5619 x ¢~ 170
0.6774 x ¢~ !00
0.0000 x 012
0.0000 x e!40
0.0000 x ¢~310¢
0.0000 x e~100
—0.0000
0.0000 x ¢=!-00
0.0000
0.0000 x ¢! 0%
0.0000
0.0000 x 0%
0.0000 x e~0-12¢
0.0000 x e!40
0.0000 x =037
0.0000 x e~0-17¢

0.0000 x €005

0.0000 x ¢~0-26i
0.0000
0.0000

0.0000 x €090

0.0000 x =240

—0.0000

0.0000 x 3101

0.0000 x 101

0.0004 x =310

0.0001 x ¢24%
0.0002 x ¢! 7%
0.0002 x ¢~!-60¢
0.3774
0.3774 x ¢! 0%
0.0185 x =003
0.0185 x !0
0.0065 x €027
0.0067 x ¢80
0.0006 x €010
0.0002 x ¢! 9%
0.0112
0.0111 x !0
—0.3767
0.3767 x =160
0.0000 x =032
0.0000 x =027

0.0000

0.0000 x ¢=310i
0.0000 x =310
0.0000 x €005
0.0000 x !0
0.7622 x €072
0.0002 x =003
0.0000 x 00
0.0227 x =100

0.0001 x =310/

0.0000 x 038!
0.0000 x ¢~!70
0.0000 x e~100
0.0045 x =280
0.0045 x ¢=1:20i
0.3424
0.3473 x !0
—0.6148
0.6120 x ¢~1:001
0.0192 x =310
0.0205 x e~ 100
0.0624
0.0619 x ¢!00
0.0045 x €038
0.0045 x >0
0.0000 x !0
0.0000 x e300

0.0000 x e=270i

0.0000 x ¢80
0.0000 x 31
0.0000 x ¢>10f
0.9991
0.0000 x >0
0.0290
0.0002 x =310
0.0001 x ¢=3-10i

0.0008 x €001
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0.0000 x =0
0.0000 x e~-60
0.0000 x e' 6%

0.0206 x =002

0.0000 x >80
0.0000 x e'4%f
0.0000 x e' 6%

0.0001 x ¢=280i

0.0206 x "% 0.0001 x =120
0.5213 x =310 0.0111
0.5200 x e~16%  (0.0113 x !-60i
—0.3247 ~0.0200
0.3294 x =160 0,019 x =160
0.0203 x e=31% 0,006 x =310/
0.0091 x ¢~1% 00007 x ¢!
0.3418 x =310 0.0020
0.3397 x =190 0.0020 x !0V
0.0205 x €319 0.0001 x 38
0.0205 x =160 0.0001 x ¢!

0.0000 x =076
0.0000 x =004

0.0000 x e~00%

0.0000 x >0

0.0000 x e=310
0.0265 x =310
0.0007 x =310
0.0000
0.0025
0.0029
0.0028 x =100

0.9815 x €003

0.0000 x €200

0.0000 x =300

0.0000 x =059
0.0000 x ¢~!-60
0.0000 x ¢! 00
0.0020 x ¢>10
0.0020 x ¢~!-00
0.0509
0.0508 x !0
0.0317
0.0322 x !0V
0.0020
0.0009 x !0
0.0334
0.0332 x ¢! 00
0.0020 x 002
0.0020 x ¢!00
0.0000 x ¢240

0.0000 x ¢*10

0.0001 x ¢=077
0.0002 x =07
0.0002 x !0
0.3280
0.3280 x ¢! 0%
0.0161 x =003
0.0161 x ¢'%%%
0.0057 x €027
0.0058 x e!80
0.0005 x €010
0.0002 x ¢!
0.0097
0.0096 x ¢! 00
—-0.3274
0.3274 x =100
0.0000 x =032

0.0000 x ¢=027i

0.0000 x =270

0.0000 x €300
0.0000 x =310
0.0001 x =310/
0.0298 x ¢=>10i
0.0000 x ¢=0-3%
0.0009 x ¢=3-10i
0.0000
0.0000 x =073

0.0034 x 003

0.0000 x 310

0.0000 x ¢29
0.0000 x e=310
0.0051 x =310
0.0002 x ¢=>10¢
0.0000 x =230
0.0005
0.0006
0.0005 x =100

0.1893 x 003

0.0000
(B18)

0.0000 x =104
0.0000 x e=310/
0.0000 x !0
0.0000 x !0
0.6467 x %72 |,
0.0002 x =003
0.0000 x !0

0.0193 x ¢~ 100

0.0000 x ¢=026i
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(UR)'PsUg

0.0000 x =064
0.0000 x e~130f
0.0000 x !0
0.0000
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0.0000 x €02
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0.0000 x 006
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-0.0000
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-0.0000
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The upper-left 3 x 3 block of U ) PeUy, and U 1 . PeU.,, corresponds to the CKM matrix and Hermitian conjugate of
the PMINS 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 g, = 1 are given by
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The Yukawa couplings &, defined in Eq. (3.38) are given by
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where the Yukawa coupling in the gauge basis, % is set to be identity matrix.
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hg, = 0.00000183 x ¢=001 (B25)
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TABLE IV. The values of predictions at the benchmark point, lower and upper limit are shown. The value of the fine-tuning parameter

is Apl =139 x 10°.

Observable Prediction Lower limit Upper limit Ref.
ReACy (b — sup anomaly) —0.505 —0.59 —0.41 [89]
ACy (b = ctv anomaly) 2.75 x 1078 5.2 x 1072 0.124 [90]
BR(B — ev) 8.74 x 10712 0 9.8 x 1077 [95]
BR(B — uv) 3.88 x 1077 2.90 x 1077 1.07 x 107° [95]
BR(B - ) 8.82 x 107 8.5x 1077 1.33 x 107 [95]
BR(B, — ev) 220 x 1077 0 0.6 (117]
BR(B. — uv) 9.79 x 103 0 0.6 [117]
BR(B, — w) 2.39 x 1072 0 0.6 [117]
BR(K, — ep) 3.04 x 10713 0 4.7 x 10712 [95]
BR(B, — er) 1.27 x 10718 0 2.8 x 1073 [95]
BR(B, — pr) 470 x 10713 0 22 x 1073 [95]
BR(B, — pe) 5.46 x 10713 0 2.8 x 1077 [95]
BR(B, — ee) 247 x 107 0 83x 1078 [95]
BR(B, — puu) 1.00 x 10710 0 3.9x 10710 [95]
BR(B, — 77) 234 x 1078 0 2.1x 1073 [95]
BR(B, — et) 2.83x 10718 [95]
BR(B, — ur) 7.51 x 10713 0 42 %1073 [95]
BR(B, — pue) 7.99 x 10713 0 5.4 x107° [95]
BR(B, — ee) 7.48 x 10714 0 2.8 x 1077 [95]
BR(B, — uu) 3.81x107° 22x107° 3.8x 107 [95]
BR(B, — 17) 7.16 x 1077 0 6.8 x 1072 [95]
BR(u — o)™ 7.67 x 10710 0 6 x 107" [96]
BR(u — e)™ 9.37 x 1071¢ 0 3x 1071 [98](prospect)
|Cg,| 0.94 0.83 1.27 [105,106]
ArgCp, -0.75 -5.6 1.6 [105,106]
|C,| 1.03 0.93 1.29 [105,106]
ArgCp. —-1.71 x 1072 -1.36 2.2 [105,106]
ImCyg 0.92 0.88 1.36 [105,106]
BR(u — ey) 3.69 x 10714 0 42 % 10713 (101]
BR(7 — ey) 4.38 x 10713 0 33x 1078 [95]
BR(z = uy) 5.09 x 1079 0 4.4 %1078 [95]

Finally we summarize the prediction of observables at
this benchmark point, lower and upper limits in Table IV.
We take tanf = 50 and my = 3.0 TeV to calculate the
neutral meson mixing. The benchmark point explains the

b — sup anomaly. On the other hand, it is hard to explain
the b — ctv 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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