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We study a realistic SU(5) grand unified model, where a 45 representation of scalar fields is added to the
Georgi-Glashow model in order to realize the gauge coupling unification and the masses and mixing of
quarks and leptons. The gauge coupling unification together with constraints from proton decay implies mass
splittings in scalar representations. We assume that an SU(2) triplet component of the 45 scalar, which is
called S5 leptoquark, has a TeV-scale mass, and color-sextet and color-octet ones have masses of the order of
10° GeV. We calculate one-loop beta functions for Yukawa couplings in the model, and derive the low-
energy values of the S3 Yukawa couplings which are consistent with the grand unification. We provide
predictions for lepton-flavor violation and lepton-flavor-universality violation induced by the S5 leptoquark,
and find that current and future experiments have a chance to find a footprint of our SU(5) model.
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I. INTRODUCTION

The idea of Grand Unification is an attractive candidate
for the fundamental theory behind the present under-
standing of particle physics described by the Standard
Model (SM) [1-6]. Although the SM has been established
as a successful effective model at the electroweak (EW)
scale by the discovery of the Higgs boson, reaching a
deeper understanding of nature is a desire of particle
physicists. Interestingly, some properties of the SM sug-
gest the existence of a Grand Unified Theory (GUT) as a
high-energy theory beyond the SM. For example, the
renormalization group (RG) runnings of the gauge cou-
plings in the SM show a unification tendency at a high
scale [4], and the charge quantization of the SM fermions
suggests the unification of matter. Once the SM gauge
groups for electromagnetic, weak, and strong interactions
are unified to a GUT gauge symmetry group, quarks and
leptons are consequently unified in a single or a few
representations of the GUT group. Various groups, such as
SU(5), SO(10), Eg, etc., have been considered as the GUT
gauge symmetry group [7].

The SU(5) is the minimal simple group which contains
the SM gauge groups SU(3)c x SU(2); x U(1)y. The
minimal version of the GUT model based on the SU(5)
symmetry, called the minimal SU(5) GUT, was originally
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proposed by Georgi and Glashow [3]. In the minimal SU(5)
GUT model, the right-handed down quarks and the left-
handed lepton doublets are embedded in 5 representations
of SU(5), and the left-handed quark doublets, the right-
handed up quarks, and the right-handed charged leptons are
embedded in 10 representations. The SM Higgs doublet is
embedded in a 5 representation of scalars. In addition, the
minimal model also contains a 24 representation of scalars,
which breaks the SU(5) gauge symmetry to the SM ones.

Although the concept of the minimal SU(5) GUT is
beautiful, there are two serious issues that have to be solved
to construct a more realistic model. First, the three gauge
couplings are not unified at a high-energy scale only with
the RG runnings in the SM. In the minimal SU(5) model,
there is a grand desert between the EW and the GUT scales,
where there is no new contribution to the RG runnings.
Second, the measured values of the masses of the charged
leptons and the down-type quarks cannot be accommodated
with the minimal SU(5) GUT, where they originate from a
common Yukawa interaction in the GUT Lagrangian.

The first issue on the gauge coupling unification can be
overcome by introducing extra fields in the grand desert,
since such fields modify the RG runnings of the gauge
couplings. A famous example of this direction is the
supersymmetric SU(5) GUT model, in which the super-
partners of the SM particles as well as the second Higgs
doublet are introduced and the gauge coupling unification
occurs at the scale of the order of 10!° GeV [8-12]. In
nonsupersymmetric SU(5) GUT models, a single or a few
particles in an extra representation of SU(5) are predicted to
lie in the grand desert in order to realize the gauge coupling
unification [13-30].
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The second issue on the masses of the charged leptons
and the down-type quarks can be resolved by introducing a
45 representation of scalar fields to the minimal SU(5)
GUT. Similar to the 5§ scalar, the 45 scalar couples with
the 10 and the 5 fermions since 10 ® 5 = 5 @ 45. This
coupling makes modifications in the relation between
the charged-lepton and the down-type-quark Yukawa
matrices at the GUT scale through the Georgi-Jarlskog
mechanism [31].

We combine the above two ideas on the extensions of
the minimal SU(5) GUT, and construct a concrete
example of a realistic SU(5) GUT model, where the
gauge coupling unification and the correct fermion
masses are realized simultaneously. This kind of model
having the 45 scalar can be found, for example, in
Refs. [13,15,18,21-25,27,28]. In the current study, we
introduce the 45 scalar to reproduce the charged-lepton
and the down-type-quark Yukawa matrices correctly, and
make an SU(2) triplet component of the 45 scalar light
enough to achieve the gauge coupling unification [18].
This triplet scalar is called S3. The Yukawa interactions
between the 45 scalar and the 10 and the 5 fermions are
given by 10-10-45 and 10 -5- 45, where we omit the
former by hand to suppress baryon-number-violating
interactions mediated by the light S3. In addition to the
S5, we assume that color-sextet and color-octet compo-
nents in the 24 and the 45 scalars have masses of the order
of 10° GeV in order to avoid too rapid proton decay
mediated by the GUT gauge bosons.' In this case, the
SU(2) triplet scalar has a mass of O(10°-10° GeV), and
the GUT scale is of O(10'°-10'7 GeV). We do not
consider any mechanisms to generate the mass splittings
in the GUT multiplets and to forbid the 10-10-45
interactions, which are beyond the scope of the current
work. Moreover, we do not specify the origin of the
nonzero neutrino masses, which are studied in the frame-
work of the SU(5) GUT with the 45 scalar, for example, in
Refs. [21,22,25,27,32-34].

This triplet scalar S3 carries the SM gauge quantum
numbers (3,3,—1/3), and has Yukawa couplings to a
lepton and a quark. The conjugate state of S3, having
(3,3, 1/3), is often called S5 leptoquark [35,36]. If the
mass of the S5 leptoquark lies at the Te'V scale, S5 can affect
various flavor observables. Unlike the phenomenological
models where the S3 leptoquark is introduced by hand as,
for instance, in Refs. [37-48], the flavor structure of the
Yukawa couplings associated with S; is constrained by the
measured values of the charged-lepton and the down-type
quark masses. It provides peculiar correlations in the flavor
observables. We study the impact of the S5 leptoquark at

"For example, one can increase the GUT scale to evade the
constraint from the proton decay by making the (8,2, 1/2) scalar
in the 45 representation light [13,18,30].

the TeV scale in our model on the phenomenology of flavor
observables, such as leptonic and semileptonic B decays,
B, — B, mixing, Y(nS) decays, tau-lepton decays, and
Z — uTr* decay. We show that Belle II with 50 ab~! and
LHCb with 300 fb~! have a chance to find a footprint of
our SU(5) GUT model.

This paper is organized as follows. In Sec. II, we
introduce an SU(5) GUT model with a 45 scalar, and
explain how it solves the issues in the minimal SU(5) GUT.
In Sec. III, we present and discuss phenomenological
implications of our model. Section IV contains our sum-
mary and conclusions. Some technical details are given in
the Appendixes.

II. MODEL
A. Lagrangian

We consider an SU(5) GUT model, where the SM
fermions reside in 10 and 5 representations of SU(5),
denoted by ¥, and Ws with i =1, 2, 3 being the
generation index, and the scalar sector is composed of
one 24, one 5, and one 45-dimensional scalar representa-
tion, denoted by X, @5, and ®,5, respectively. The SU(5)-
symmetric renormalizable Lagrangian is given by

| .
7 (VEOE s (Vi) + i(W10i) ap?" Dy (P10,)*8

+ i(qjgi)Ay”Du(lpii)A + [D*2B,][D,Z 4]
+ [DH(®]) 11D, (D5 )] + [DH(@}5) 51Dy (Pss) &
+ Ly = V(Z, @5, Dys), (1)

ﬁ:

where V,, is the field strength tensor of the SU(S) gauge
bosons, A,B,C =1,...,5 are SU(5) indices, and Ly and
V(Z, @5, Dy5) represent the Yukawa interactions and the
scalar potential, respectively. The summation over repeated
indices is implied. Here the fields ¥,;, X, and ®,5 satisfy
the following relations:

(‘Pwi)AB = _(LPIOi)BA,

(Dys)e? = —(Dys)

(ZBA>* = ZAB’ 2AA =0,
(P45)4” = 0. (2)

In general the Yukawa term Ly in Eq. (1) consists of the
four interactions:

1
_EY:

(ng>ij€ABCDE(lPlOi)AB(q)S)C(LPle)DE
YSD)ij (lploi)AB (‘DZ)A (\ng)B

(Y%)ijeABCDE(‘PIOi)AB((I)45)1€D(T10j)EF

—

8
+
+

+

N = K=

(th)s)ij(lPIOi)AB(q)is)gB(Tij)C +H.c., 3)
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where the totally antisymmetric tensor is defined as
€345 = 1, and YY and YY are symmetric and antisym-
metric matrices in the generation space, respectively:

The explicit expression for the
V(Z, @5, Dys) is given in Appendix A.

The SU(5) gauge symmetry is assumed to be broken
down to the SM gauge symmetry SU(3). x SU(2), x
U(1)y by the vacuum expectation value (VEV) of a SM-
singlet scalar field in X: (¥) = v,4diag(2,2,2,-3,-3).

scalar  potential

(Y$)y = (9 (YE5)y = —(Yis)i 4 The field = is decomposed around the VEV as
|
23)5 +2(vas — 3z % ) 6% L (34)8
ZAB _ ( 8) b 24 7 5 151 b \/5( G) p ’ (5)
% (Z6)% (23)/3 -3 (1124 ﬁzl)(saﬁ

where a,b =1,2, 3 and a, p =1, 2 are SU3) and SU(2)
indices, respectively. The spontaneous breaking of SU(5)
typically provides the masses of the scalars X;, X5, and Zg
of the order of v,4, while Z(g ) corresponds to the massless
would-be Nambu-Goldstone boson, which gives masses to
the gauge bosons associated with the broken symmetries.

These massive vector bosons are called X bosons.

B. Fermions

The SM fermions qp;, ug;, dp;, €1 and ep; are
embedded into the 10 and 5 representations as

(W )AB 1 <€ab6(VQU>ik”feke quj )
10)" =—= X ’

V2 —q7s eP(Vop)*e4
(W54 = (dfm €aﬂ(VDL)ikf§k)’

(6)

where i, k are the generation indices, and the totally
antisymmetric tensors are defined as e'> = e, = 1 and
€'?* = €53 = 1. Without loss of generality, one can rotate
the basis of ¥, and W5 as

Yo = Uio¥io. Y5 — Us'¥s, (7)
where U;, and Us are arbitrary unitary matrices in the
generation space. By using the degrees of freedom asso-
ciated with the unitary rotations, we can take the basis
where the up-type quarks and the charged leptons are in
their mass eigenstates:

Uuri N A
qdri = iy ) UR; = URi, dg; = dg;,
(VCKM)i Lj

Dpi
Cri= (AL >, eRi = @R (8)

€ri

where the mass eigenstates are denoted with a hat, and
Vexm 18 the  Cabibbo-Kobayashi-Maskawa (CKM)
matrix in the Particle Data Group (PDG) phase convention
[49,50]. Analogous to the CKM matrix that represents a
mismatch of the bases in g, the unitary matrices V),
V ok, and Vp; are introduced in ¥, and W5 as in Eq. (6).

C. Scalar spectrum and gauge coupling unification

The scalar @5 is decomposed to the so-called color triplet
Higgs S and the SU(2), doublet H®):

<@V—(§M) o)

H(S)a

while the ®,5 consists of the scalars S, Rj, 5S¢, Sgs
H™), and S

a 1 ab *a 45)«e

(Dys)¢ ——2€ bd[(’?a)easé Eecdés(l ) }
L a 1 .-

(®45)?b = —2€abdR§ay,

(q)45)‘fﬂ = 1 [L (A) P +_1 5@1-[(45)/3]
o \/§ \/i a) ¢~8 2\/§ c ’
. 1

(@ys5)5" 7§€(lﬂslw
L1 w b1 cqa@s)sh

(@) =5 (5 (a8 - st ).

V3
(@45)?ﬂ — __2\/§€aﬂ€y5H(45)5’ (10)

where o, (a =1, 2, 3) are the Pauli matrices, 1,(a =
1,2,...,8) the Gell-Mann matrices, and n,(a = 1,2, ...,6)
the symmetric matrices defined by
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TABLE I. The decomposition of the scalar fields X, ®5, and ®,5 under the SM gauge groups.
Field SU(5) Field SU(3). SU(2), U(l)y Field SUGB) Feld SUB). SU2), U(l)y
z 24 % 1 1 0 Dy 45 S, 3 1 4/3
N 1 3 0 R} 3 2 =7/6
P 3 2 -5/6 83 3 3 -1/3
pHa 3 2 5/6 Si 6 1 -1/3
P 8 1 0 Sy 8 2 1/2
D5 5 HO) 1 2 1/2 H®*5) 1 2 1/2
SES)* 3 1 -1/3 5245)* 3 1 -1/3
00 000 000 . 010 . 001 . 000
{”17’727’7?”7]47’75”/]6}: 000 s 010 s 000 ,_2 1 00 ,—2 000 ,—2 00 1
000 0 0 1 000 1 00 010

The decompositions of X, @5, and ®,5 are summarized in
Table I. Here the scalar H*) (S(145)) has the same quantum

numbers under the SM gauge group as H©) (Sf)).
Therefore, they can mix with each other, and we define
the mass eigenstates H, H', H¢, and S| by introducing the
mixing angles 8y and O and the phases oy and dg:

HY cy e g, H®)
B ) \—ebus, ¢y g5 )

<Hc> B < Cs e_mSSS) sy (12)
S, - —eidss cg §49) ,

1

where ¢y =co0s0y, sy =sinfy, cg =cosfy, and s¢ =sin0d.
The presence of the two doublet scalars allows us to explain
the masses of the down-type quarks and the charged leptons
simultaneously.

Owing to the symmetry breaking of SU(5) to the SM
gauge groups, mass splitting may occur among the scalar
fields embedded in the SU(5) multiplets. At least one
SU(2), -doublet scalar has to be light to break the EW
symmetry spontaneously below the TeV scale.” We assume
that the scalar H is light and corresponds to the SM Higgs
doublet.

It is well-known that the SM gauge couplings do not
unify only by naive RG running in the SM. The mass
splitting of the SU(5) scalar multiplets can improve the
situation. We consider the scenario where some of the
scalar fields, in addition to H, are much lighter than others.

*The EW symmetry breaking can also be driven by the VEV of
25 below the TeV scale. However, we assume that 23 does not
develop a VEV since it causes a dangerous contribution to the p
parameter.

At the energy scale above the mass of an additional light
scalar, the scalar contributes to the RG running of the gauge
couplings. The gauge coupling unification is realized if an
appropriate set of light scalars is considered. We define

ay(u), ax (), and a; (u) as

2 2
) = a ) = U5y = ST
2
() =37V (13

where g, g, and ¢ are the gauge couplings of SU(3)c,
SU(2),, and U(1)y, respectively, and u is the renormaliza-
tion scale. Our analysis assumes that the SM gauge
couplings are unified at the scale My, i.e., a3(My) =
ar(My) = a;(My) = ax(My), and all the scalar masses
are not heavier than My. Then, above the My scale, all
the scalars contribute to the running as complete SU(5)
multiplets so that the coupling unification holds above M.
We also make an ansatz that the mass of the X boson is
equal to the unification scale My.

Solving the renormalization group equations (RGEs) in
Appendix C with the unification assumption, we get the
three relations,

BM BY My
ay' (Mx) = a5' (mz) - (—2‘(];[ logm—z+ %:T;logm—(p),

BSM MX

¢
oz (My) = a5 (my) — (;—”log——l— Zﬂl(’g—)

3(BM oy ;A
ay! (My) = ai' (myz) ~3 <Lﬂlog—x+2ilog—x>,
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TABLE II.

Input values for the Z-boson mass m., the gauge couplings a,(m) and a~!(m,), the weak mixing angle sin® 8y, (m), the

quark masses, and the CKM parameters s,; and 6, taken from Ref. [50]. Other parameters, such as the pole masses of the charged leptons

Mgy My, and m,, are also taken from Ref. [50].

Parameter Value Parameter Value Parameter Value Parameter Value
my 91.1876 GeV m, (2 GeV) 0.00216 GeV mg(2 GeV) 0.00467 GeV Si2 0.22650
ag(my) 0.1179 m.(m,) 1.27 GeV my(2 GeV) 0.093 GeV 513 0.00361
a—l(mz) 127.952 ml;"‘e 172.76 GeV my,(my,) 4.18 GeV 523 0.04053
sin? Ow(my) 0.23121 1) 1.196 rad

where m, is the Z-boson mass, ¢ is summed over all the
relevant scalars, and the coefficients BgM and BZ’I, are given

in Table IV. Eliminating a3'(My) [51], one can get two
independent equations,

2. m 2 m 7 my 4 m
—log Hc—i——log 51 +—logi+—log Ry
5 my 5 mpyy 5 m53 5 m53
9 m 4 m m
+ Zlog—% + —log—% + log—=
5 m53 5 ms3 m23

=2zx[-2a5' (my) + 305! (mz) — a7 (my))

~79.8, (15)
M m m m my. m

44log—= + 61log S 4 log :96 +4log fg + log¥
mz Mg, ms, s, Mx

= 2z[-205" (mz) — 305" (myz) + Sa7" (mz)]

~ 1193, (16)
where the gauge couplings at y = m are evaluated for six
active quark flavors [52] with the input values shown in
Table II.

As a general property, the S5 contribution improves the
gauge coupling unification [18]. In the case that only
the Higgs boson and S5 are lighter than My in the scalar
sector, the gauge coupling unification occurs at My ~
O(10'* GeV) with mg, ~ O(10° GeV). However, My is
severely constrained by proton decay search experiments,
since contributions from the GUT gauge-boson exchange
generate the dimension-six operators relevant to the
proton decay. Then the proton lifetime is naively expected
as [7,53]

(17)

where m, is the mass of proton, and one finds a naive lower
bound as

My > 5x 10" GeV, (18)
by using the experimental lower limit on the lifetime
7(p = 7%™) > 2.4 x 10* years [54] and a% ~ O(1073).

In order to avoid the rapid proton decay by making
My much heavier, we assume that Sg, Sg, and Xg, in

addition to S, are lighter than the unification scale My.
With their contributions to the RGEs of the gauge
couplings, My can be significantly heavier with keeping
the coupling unification. Therefore, we consider a
scenario where the masses of Sg, Sg, and Xg are below
M. For simplicity, we assume that the other scalar
components, except for the SM-like Higgs doublet H,
are as heavy as My.

Let us explain in more detail the masses of the other
scalars embedded in the GUT representations. The mass
parameter m? associated with the SM-like Higgs doublet H
is of the order of the weak scale according to the LHC
measurements, while the other scalars associated with the 5
and 45 representations obey the mass relation given in
Eq. (A13). We simply choose that £, X5, H', H¢, S, and
S, have a common mass My. As a consequence, the mass
of R, is determined as m% =~ (2 + 4s3;)M%/3, where s is
the sine of the mixing angle defined in Eq. (12). For
st < 1/4, mg, is lighter than My.

In Fig. 1(a), the contours of My and my,_ are shown in the
parameter space of mg, and mg = mg . The gauge cou-
pling unification favors rather light S3, which can be as
light as a TeV scale. The light gray regions are for
My < 3 x 10" GeV, which is disfavored by the proton
decay search as mentioned above. For example, if we take
mg, =2 TeV, mg, =mg, =my, =52x10° GeV, and
cot@y = 50, the gauge coupling unification is realized at
My = 9.7 x 10'6 GeV as shown in Fig. 1(b).

In the phenomenological analysis, we use a benchmark
scenario with the following mass spectrum:

(1) The masses of the quarks and leptons, the SM gauge
bosons, and the SM-like Higgs boson H are set to be
consistent with their measurements;

(2) S5 has a TeV-scale mass: mg, ~ O(10° GeV);

(3) S¢, Sg, and Xg have intermediate masses, and we set
them to an identical scale, i.e., mg, = mg, = my =
M; ~O(10° GeV);

(4) The other particles including the X bosons have
masses of the order of the GUT scale My.

D. Yukawa couplings

Below the GUT scale, the Yukawa interactions with the
scalars H, S3, Sg, and Sg are given by

095012-5
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(b)

(@) The contours of M (solid) and my, (dashed) in the unit of GeV for realizing the coupling unification in the plane of g, and

mg, = mg, for cot@y = 50. In the blue shaded region, the gauge coupling unification does not occur by RG running. The light gray region
is disfavored by the proton decay experiments because My is too small. The green dot-dashed line corresponds to the case with mg, =

is

Yp)iidraiHaqls +

(Y62)y

—Ly = (YU)ijeaﬁﬁRaiHaqze +(

+ (YgL)ijeaﬂQZ?y(Ua)a S?afﬁj +

_ ; b
+ (e ij€aplirai (A1) SQGCIL[; + (Y

where the first three terms lead to the fermion mass terms
after the Higgs field H acquires a VEV at the EW scale. The
45 scalar plays an essential role in reproducing the masses
of the SM fermions. If the 45 scalar is absent, the Yukawa
matrices must obey a condition Yy = V{,, Y1,V at the
GUT scale. This condition conflicts with the low-energy
values of the masses of the down-type quarks and the
charged leptons. In the current model, this problem is
solved by the presence of the Yukawa coupling Y%.
Because the SM-like Higgs field H is a mixture of H®)
and H®) as in Eq. (12), the Yukawa matrices Y, Y, and
Yy are given at the GUT scale by

1 2. T
YU = _EVZU <CHY§[ + \/;eléHSHY%> )

1 1 . T
1o == (8 =5 e et

1 V3
T Vhe(nt? + 2 s o 20

YE:_

(Ye)eriHat]; +

A, b
) €aﬁ‘12a,a(’7A)abS6 qL//}

= my,. (b) RG runnings of the gauge couplings for mg, =2 TeV, mg, = mg, = my, = M; = 5.2 x 10° GeV, and cot 0 = 50.

(Y$9), .
5 €apeCapdii(0") S3bqt

(YgU)ijaRai(ﬂA)&bSéu;g

Q)ijaRai(zA)ﬁbsgaqz;f +Hec., (19)

|
which can lead to realistic Yukawa matrices at the low
energy. Moreover, the GUT-scale matching conditions for
the other couplings in Eq. (19) read as

1 1

1
YQQ__yU YQQ YU YUQ VT YU
3 2 451 \/i 45> 8 2 451

1 1

Y?)QL:_z\/iY4DSVDL7 YEUZE(YA?S)TVQU’

1
D
o= SR @1)

The scalar S5 couples to a quark and a lepton simulta-
neously and thus is a leptoquark. The RGEs for these
couplings are given in Appendix C.

Let us count the physical degrees of freedom in the
Yukawa sector. In the general case, there are four Yukawa
matrices YY, Y4, Y2, and Y7, in the GUT Lagrangian.
Since YY and YJ; are symmetric and antisymmetric
matrices, respectively, the four matrices contain 54 param-
eters in total. By the redefinitions of the fermion fields by
U,y and Us in Eq. (7), 18 degrees of freedom out of the
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54 can be eliminated. Thus there remain 36 physical
parameters in the Yukawa matrices. Taking the basis where
the up-type quarks and the charged leptons are their mass
eigenstates, the Yukawa matrices YY, YI., Y2, and Y2, are
written as

1 * 1 ’\ T
Yy = _E(VQUYU"’_YUVQU)’

V3 . .
U _ * i
Y45 - \/Eei(sHSH (VQUYU - YUVQU>’
1 N N
YP = - (3Vien¥p + Vi Y2V,
5 2\/§CH( CKM1 D OETE pL)
V3, . Lo
Yzlt)s = e‘—i‘SHSH (VekmYp — VQEYEVI)L)’ (22)

where Y, ¥, and ¥ represent diagonal matrices in the
mass basis. It is noted that an overall phase in V; and
three phases in Vyp (and/or V) can be removed by
U(1), U(1),, U(1),, and U(1), transformations. The right-
hand sides of Eq. (22) then contain nine eigenvalues in ¥,
¥p, and ¥, three mixing angles and one phase in Vg,
eight parameters in V yy, and fifteen ones in Vo and Vp, .

In general, the scalar S5 can have two types of Yukawa
couplings, Y 3QQ and Y 3QL, and the combination of these
couplings leads to baryon-number-violating dimension-six
operators, which cause too fast proton decay. For example,
the bound from p — z%* is estimated as

e’

L . ms, \?
(808 V)l £ 10 (00) )
Because (Y?L Vi1~ Ya/Sg With y, being the Yukawa
coupling for down quark, this condition implies a strong
upper bound on (Y%),,:

(YY),] < 10720 <&>2s (24)
45)121 = 2 Tev ) SH-
Other components in Yf{s also have to be highly suppressed
to avoid the constraints from the proton decay. As
explained in Appendix C, the coupling Y3QQ in Eq. (19)
is forbidden in the whole range of the renormalization scale
by an accidental global symmetry U(1), x U(1), if Y29 is
once set to be zero at the GUT scale. Therefore, in the
following, we make an ansatz that Y 51]5 =0 at the
GUT scale.

We here show a parametrization for the mixing matrices
Vous Vor, and V. According to the matching condition
in Eq. (22), the ansatz Y’ 5115 = 0 at the GUT scale requires
that V oy should be a diagonal phase matrix:

1 0 0
Vou=10 &% 0 |. (25)
0 0 e

The other two matrices Vp;, and V - can be parametrized as

1 0 0
. QFE A
VQE = VCKM 0 e 0 VQE’
0 0 e
1 0 0 et 0 0
VDL = 0 eiagL O VDL O eiﬁgL O )
0 0 e 0 0 e
(26)

where VQE and Vp, are the 3 x 3 unitary matrices para-
metrized by three angles and one phase as the CKM matrix,
and Vg is extracted in V.

We define the coupling )73QL in the mass basis of the
down-type quarks and the charged leptons:

V6

yOL _ yT OL _
Y37 =Vexm?Ys —_m

(YoVor=Vpp¥e),  (27)

where V5 = VinVor- The mixings in Vp (V) cause
flavor transitions between different generations of the
down-type quarks (the charged leptons). To suppress
dangerous contributions to flavor-changing processes asso-
ciated with the first generation [44,47], such as K — zvv
and 4~ — e~ y, we assume that VQE and V,; have only the

mixing between the second and the third generations at the
GUT scale:

1 0 0
VQE = |0 cosOpr sinfpp |.
0 —sinfyr cosbyg
1 0 0
Vpr=10 cos@p, sinbp; |. (28)
0 —sinfp; cosblpy

where the mixing angles 6, and 6, are varied from 0 to
7/2. The three Yukawa matrices Yo, Y5, and Y%, are then
determined at the GUT scale by the thirteen input param-
eters in addition to I?U, IA/D, IA/E, and Vg, 1.€., the two
mixing angles 0,z and 0p, the nine phases in Vyy, Vg,
and Vp;, and the two parameters sy = sin @y and dy in the
Higgs sector.
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The Y ?L term in Eq. (19) is decomposed in terms of the
fields in the EW broken phase as follows [36]:

Ey —MLYQLELS1/3 \/EdLYQLeLS4/3

V2R Y%, ST — A ¥, SV + He, (29)

where the hatted quark and lepton fields represent the mass

eigenstates as in Eq. (8), and S3Q denotes a charge eigenstate
with charge Q defined in the matrix form

(53°)e
5(537);

5537

(857): o

(6")5(S3); =

Sl

v

III. PHENOMENOLOGICAL ANALYSIS

A. Input parameters

We study low-energy phenomenology of the SU(5) GUT
model proposed in the last section, where there is an S;
leptoquark with a TeV-scale mass. As explained in Sec. II D
the S; leptoquark has the Yukawa couplings with the
left-handed quarks and the left-handed leptons, which lead
to rich flavor phenomenology at the low-energy scale.
In particular, the S; couplings generate processes with
lepton-flavor violation (LFV) and lepton-flavor-universal-
ity violation (LFUV), while such exotic flavor processes
are severely constrained by experiments. Our aim is to
investigate whether current and future flavor experiments
have a potential to explore our GUT-inspired scenario. The
S; Yukawa matrix Y 3QL in our scenario cannot have an
arbitrary structure unlike that in phenomenological lepto-
quark models where S; is introduced by hand. The
coupling Y3 oL originates from Y%, in the GUT Lagrangian,
and Y, also contribute to the SM Yukawa couplings Yp
and Yy as in Eq. (20), which could help to explain the
observed masses of the down-type quarks and the charged
leptons. Thus, nontrivial correlations are expected among
flavor observables where the S3 leptoquark contributes.

The parameters in the GUT model, such as the Yukawa
couplings YY, Y2, and Y%, and the mixing matrices Vg
and Vp;, are constrained by the low-energy values of the
SM fermion masses and the CKM matrix elements. We use
the fermion masses and the CKM matrix elements listed in
Table II as inputs, and calculate the running masses at the
EW scale by taking into account QCD corrections for
quarks with RunDec [55,56] and one-loop QED correc-
tions for charged leptons [52]. The masses and the CKM
matrix elements as well as the gauge couplings at the EW
scale are then evolved up to the GUT scale with the one-
loop RGEs in Appendix C, where the Yukawa couplings
Y3QL , YPU and Yé) 2 are neglected at this stage. At the GUT
scale we calculate the couplings YV, Y2, Y2, with Eq. (22)

by inputting Vok and Vp;, 0y, and sg. The couplings Y,
Yp,Ye, Y 3QL ,YPU and Yé) € are calculated at the GUT scale
with Egs. (20) and (21), and we then perform the RG
evolution from the GUT scale to the low scale. The fermion
masses and the CKM elements at the low scale obtained
from this procedure are different from the original values due

to the effects from Y$", YPU, and Y§°. We iterate the RG

running with the obtained values of Y?L , Y2V, and Yéj 0
together with the original values of the SM fermion masses
and the CKM elements until the difference in the masses and
the CKM elements becomes small enough. In this way we
can determine a set of the GUT parameters that are consistent
with the low-energy values of the SM fermion masses, the
CKM matrix elements, and the gauge couplings.

We fix the mass of the S5 leptoquark to be mg, =2 TeV
to avoid constraints from high-p; searches at the LHC [57].
In addition, there are the thirteen arbitrary parameters: the
three mixing angles GQE, Op1, and Oy, and the ten phases

QU QU QE QE DL pDL pDL
ay 03 062,06;,0!2,063,1,2,

3 L and 6. In
general the Yukawa couplings (Y5 L)i ; in Eq. (27) become
larger for a smaller Higgs mixing angle 6y. We choose
cotfy =50 as a benchmark scenario, while the other
parameters are varied arbitrarily in their physical domain.
The S5 contributions to the flavor observables considered
below are reduced by taking a heavier mg, and/or a

smaller cot 6.

B. Leptoquark couplings

The Yukawa couplings (}_’3QL) ;j of the S5 leptoquark are
constrained by the GUT relation in Eq. (27) to accom-
modate with the measured masses of the down-type quarks
and the charged leptons at the low-energy scale. The RG
effects from the GUT scale M to the §3 mass scale my, are
shown in Fig. 2. It is noted that the magnitudes of the
couplings typically enhance at the lower scale. In particular,
the 22 coupling is increased by about a factor of 2,
receiving one-loop corrections with the other couplings.
Therefore, the inclusion of the RG evolution is essential to
study low-energy phenomenology associated with the
22 coupling, such as b — sy’ u~ processes.

According to Fig. 2, the couplings with the second-
generation fermions are typically smaller than those with
the third-generation ones:

|(F55) ol < (TS5 )g3] ~ (TS5 )50l S 1(¥55)sl. (31)

On the other hand, the couplings with the first-generation
fermions are negligibly small due to our ignorance of the
corresponding mixings in Eq. (28).

C. Matching onto low-energy theory

The gauge couplings and the Yukawa couplings in
Eq. (19) at the GUT scale are evolved down to the mass
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0.60 0.61 0..02
(V25 )aa| (M)

0.0 0.2 0.4 0.6 0.8
QL y
|(V25)55] (M)

FIG. 2. Comparisons of the Yukawa couplings of the S3 leptoquark at the GUT scale y = M and at the S3 mass scale 4 = myg,, where

they are identical to each other on the dotted lines.

scale mg, using the RGEs given in Appendix C, where Sg,
Sg, and Zg are decoupled at the intermediate scale M;. The
leptoquark S5 is then decoupled at the scale mg,, and the
theory is matched onto the Standard Model Effective Field
Theory (SMEFT). The corresponding tree-level matching
conditions are presented in Refs. [58,59], while the one-
loop ones are calculated in Ref. [60]. In addition, the one-
loop anomalous dimensions in the SMEFT are found in
Refs. [61-63].

We adopt the dimension-six SMEFT operators in the so-
called Warsaw basis [64], where the Lagrangian in the
SMEFT is given by the sum of the renormalizable SM
Lagrangian and terms with higher-dimensional operators
O;: Lsvierr = Lsm + Y, CO;. At the tree level, only the

. . 1 — _
semileptonic - operators [O(fq) Vi = (CLir*€r)(Grr,qrr)

and [Ogﬂukl = (€Lir"0.01j)(GLivu04qL1) are generated
by integrating out the S5 leptoquark, where the correspond-
ing Feynman diagram above the S3 mass scale is presented
in Fig. 3(a), and that below the S3 mass scale, i.e., in the
SMEFT, is in Fig. 3(b). The tree-level matching conditions
for the semileptonic operators are given by

3 Lx L
iju:W(Yg )u(YEH)
3

[C(flq) <m53)} ijkl =3 [qu) (ms3)} L

(32)

qL qL

(1,3)
Oy,

EL EL EL ZL
(a) (b)

FIG. 3. Diagrams for the tree-level matching at the S; mass
scale. Corresponding diagrams (a) in the model above the S3
mass scale, and (b) in the SMEFT below the S; mass scale.

where Y?L in the right-hand side is the S; Yukawa coupling
at the S5 mass scale, obtained from the coupling at the GUT
scale in Eq. (21) applying the RG evolution. We also define

the coefficients é;lqs> in the mass basis of the down-type

quarks and the charged leptons, and their matching con-
ditions read as

3
N 4m§3

(1 (3 3, * 3,
e ims)] L, =3[Ca ms)] = (P8P

(33)

where 79" = VI, Y95

The SMEFT coefficients in Eqgs. (32) and (33) are
evolved down to the EW scale, at which the SMEFT is
matched onto the low-energy effective field theory
(LEFT) [65] by integrating out the EW gauge bosons,
the Higgs boson, and the top quark. The LEFT operators
used in our phenomenological analysis are listed in
Eq. (D2). The tree-level matching conditions for the
coefficients L; in the LEFT Lagrangian of Eq. (D1) can
be found in Refs. [65,66], while the one-loop ones are
calculated in Ref. [67]. Moreover, the RGEs for L; are
calculated at the one-loop level in Refs. [68,69]. We
decompose L; into the sum of SM and new physics
(NP) contributions as L; = L™ + LN?. In the current
model only the semileptonic operators with the left-handed
fermions are generated through the tree-level matching. For
example, we have the following coefficients at the weak
scale u = my:

Lt m)| = e = (e )], (4
i 0 O L
L) =2 [cfm)] o (36)

where V,,, denotes a CKM matrix element.
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In our numerical analysis, we also include one-loop corrections to the matching onto the SMEFT, the RG evolution from
W = mg, to u = my, the matching onto the LEFT, and the RG evolution from u = m; to the lower energy scale. Let us

consider the LEFT coefficient LZ[}LL for b — s processes as an example. Solving the RGEs in the leading-logarithmic
approximation, the coefficient LZ(;,LL is given at the bottom scale y = m,, by

(F§")5:(F5")s; g

2(1 —4cty)

2

m m 11
LVLL }NP _ 1% S g loo [ 255 i1
[ ed (M) ij23 ms, e m; * 327%c, o8 m% i
2 YQL * YQL ) YQL - ;’QL ) YQL - YQL ‘
+ Vi 5 ZVTthb( 3 )3zg 3 )3, 1 st( 3 )31§ 3 )3] n th( 3 )212 3 )3; Ied(xt)
647 mg mg mg
3 3 3
BN+ 1) [(PFETRIYEN (TS9N, (PR (PRYEYEY);,
8 (471)2m§3 (471)2m§3
SR, (9T )y a (OO [ R 19 -
4 (4r)>m3, Yor  mg, g m 12]°
|
where ¢y = cos @y is the cosine of the Weinberg angle, x NP
y; represents the SM Yukawa coupling of the top quark,  [CY, (1)];; = = <— [LZ[’ILL (/4)} -
x; = m?/m3, with m, and my, being the masses of the top V2GraVi Vi, 23
quark and the W boson, N, = 3 is the number of colors, n [LV'LR( )] NP (41)
is the electromagnetic coupling, and I,4(x) is the loop de M 23ij )’
function defined by
7 NP
O]y = e L] @)
Loq(x) Io m%} 3(x+1) x2_2x+410 b \/EGFQV?thb ¢ Jips
— 3) = X
ed g m?, 2(x—1) (x—1)? g

(38)

In Eq. (37), the S3 couplings Y3QL and Y3QL should be
understood as those evaluated at the S; mass scale. The
one-loop expressions for the other LEFT coefficients
relevant to our analysis are given in Appendix D.

It is convenient to convert the LEFT coefficients of the
b — s semileptonic operators into the coefficients in the
weak Hamiltonian [70]:

4Gr @
2 4n
+ [C10A]ij(§L7”i9L)(éih}’séj)

+ [CL]ij(EL}/”[;L)(éiVﬂ(l - 7/5)171')} +H.c.,

Hy = ViV |:[C9V]ij(§L}/ﬂl;L)(éi}/ﬂéj)

(39)

where G is the Fermi constant, and the NP contributions to
the coefficients at the scale y are related to the LEFT ones as

(i
n)

T
i \V2GraVi Vi,

+ {LZALR(M}

V.LL NP

3w L]

ij23

The argument y is omitted in Eq. (42), since the coefficients
[CIEPL',' and [L:/(QLL]E%
consider the coefficients for the b — su*p~ transition.
The coefficients [CYF(u)]y, and [CYE, ()], in Egs. (40)
and (41) are dominated by the LEFT coefficient
[LY:F"(14)]5005 generated at the tree level, while the con-
tributions from [L:“® (11)]5,,, induced at the one-loop level
are subdominant. Hence, the approximate relation
[CEF (1)]22 &~ —[CYF, ()], holds in the current model [38].

have no scale dependence. Let us

D. Constraints

In the current model, the S; leptoquark has sizable
couplings to quarks and leptons in the second and third
generations. Strong constraints on the parameter space of
the model come from the mass difference of B, and B,
mesons denoted by AM |, the branching ratios for the B —
K®up decays, the LFUV tests in the B — K(¢/+s-
(Z = e, u) decays, and the branching ratio for the B; —
utu~ decay. NP contributions to AM, are generated at the
one-loop level, while those to the others are at the tree level.
The current experimental data for these observables are
summarized in Table III together with other relevant
observables. For the B — K¢+ ¢~ decays, we do not
consider their branching ratios and the angular observables
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TABLE III.

Current measurements and future experimental sensitivities of flavor observables. The first column

represents the corresponding transition, and the second column shows the dominant coupling that induces the

transition, where Loop denotes a loop-level transition.

Transition Couplings Observable Current measurement Future sensitivity
b—sutu (Y9 )n(Y95)s Ri+-[0.1,1.1] 0.994205% 0027 [78.79]
Ry0[0.1,1.1] 0.9271 509310958 [78,79]
Rg+[1.1,6.0] 0.949 0210922 [78,79] +0.007 [80]
R [1.1,6.0] 1027100730927 78,79] +0.008 [80]
B(B; — utu) (3.01 +0.35) x 10~ [81] 4+0.16 x 107 [80]
Loop (Y25, (Y9555 AM, (17.765 £ 0.006) ps~' [81]
b — sub (2,5 (Y95)5; B(BT — K*up) < 1.6 x 107 (90%) [82] +11 % of SM [83]
B(B® - Kgwp) < 1.3 x107° (90%)[84]
B(B* — K**up) < 4.0x107° (90%) [85] +9.3 % of SM [83]
B(B® - K*0up) < 1.8 x 107% (90%) [84] +9.6 % of SM [83]
b—ctD (Y91, (Y9h), R(D) 0.357 + 0.029 [86] (2.0 +2.5)% [83]
R(D*) 0.284 4+ 0.012 [86] (+£1.0£2.0)% [83]
b — stte (Y1), (Y9h), B(B; - 1) <52 %1073 (90%) [87] 5x 107* [80]
B(B* - K*tt77) <2.25x% 1073 (90%) [88] 2.0 x 107 [83]
B(B® —» K*tt77) < 3.1 x 107 (90%) [89] 5.3 % 107* [90]
b — sutc (Y25)355 (Y254, B(B, — uFrt) <3.4x 107 (90%) [91] 3 x 107¢ [80]
B(B* - Ktut") <59 % 107° (90%) [92] 3.3 x 107 [83]
B(B® —» K*0u~7") < 1.0 x 107 (90%) [93]
b— syt (Y3QL)§2(Y3QL)33 B(BT - Ktutz™) <245 x 107 (90%) [92] 3.3 x 107° [83]
B(B® —» K*0u*77) <82 x107° (90%) [93]
77 — u~Ss (}73QL);2(}73QL)23 B(t~ = u¢) <2.3x 1078 (90%) [94] 8.4 x 10710 [95]
bb — p*rt (Y9, (Y, B(Y(1S) = p*e) < 2.7 x 107° (90%) [96]
B(Y(2S) = u*r¥) <33 %1070 (90%) [97]
B(Y(3S) = u*r¥) < 3.1 x107° (90%) [97]
Loop (YOF) o, (P2), B(t~ = u7y) < 4.2 x 1078 (90%) [98] 6.9 x 107 [95]
Bt~ — pptu) < 2.1 x 1078 (90%) [99] 3.6 x 10719 [95]
B(Z = uF1%) < 6.5 % 107° (95%) [100] O(107°) [101]

that exhibit some tensions with the SM [71], since they
suffer from hadronic uncertainties [72-77].

For the mass difference AM, we utilize the following
formula that is normalized to the SM value:

SM 1 ’
AMS M.
V2
CEENP () = ——— 2= (LYo (my) NP, (43)
b 4GF(Vszfs)2[ “@ [

where the SM loop contribution Rg = (1.310 & 0.010) x
1073 and the SM prediction AM$M = (18.4707) ps~! are
evaluated in Ref. [45]. Our analysis includes the theoretical
uncertainty in AM$M, which is much larger than the
experimental one. In the current model, the LEFT coef-
ficient [LY:FE (m,)]\5,, given in Eq. (D10), is generated at

the one-loop level. Contributions from other coefficients
with the right-handed quarks are suppressed by the small
quark masses and neglected here. We use the PDG average
of the measurements for AM [81], which gives a constraint

on the product of the S; Yukawa couplings (Y2-Y257),,.
Because of the hierarchy in the magnitudes of the cou-
plings, the product is dominated by (¥$%)5 (Y955,
d with (Y255, (Ye- d (Y2hy;, (veh
compared w1 (_3 )_21( 3 )3 and (Y37)5(Y37)5.
The product (Y 3QL Y3QLT)32 is also constrained from the
branching ratios for B — K (*)1/17, which are calculated as

B(B - K"up)
B(B - KWub)g, 3

1 |CPM&; + [C13,
M ’

(44)

ij

where the SM coefficient is given by C3M = —X,/s3,
with X, = 1.469 and s3, = 1 — ¢2,, and the SM predictions

095012-11



GOTO, MISHIMA, and SHINDOU

PHYS. REV. D 108, 095012 (2023)

0.0 0.5 1.0 1.5 2.0
AM,/AMSM

-2 -1 0 1 2

Re [CSI)\I‘}) (mbﬂ 22

FIG. 4. Left: constraints from AM,/AM™ and B(B® — K*°up). The gray region represents the predictions which are consistent with
the low-energy values of the gauge couplings and the fermion masses and mixing. The vertical bands in magenta correspond to the
experimental measurements at the one and two sigma ranges, and the horizontal lines are the 90% upper limit at Belle (black dashed line)
and the SM prediction (blue solid line). Right: constraints on Re[(CYF),,] and Re[(C}F, ),,] at the m,, scale, where the oblique dotted line
represents Re[(CF),,] = —Re[(C)F,),,]. The magenta region can satisfy the experimental bounds from AM, and B(B° - K*0up),
while the cyan region can satisfy further with Rg+[1.1, 6.0], Rg+[1.1,6.0], and B(B; — " u~). These regions are overlaid on top of the

gray one, which corresponds to that in the left plot.

are  B(BY — K*ui)gy = (3.98 + 0.43 +0.19) x 107,
B(BY - Kw) g\ = (tg0/75+)B(BT = KTui)gy, B(BY —
K*Ou) gy = (9.19 % 0.86 + 0.50) x 107°, and B(B+ —
Kt ub) gy = (t5+/750)B(B® = K*ub)gyy with 75+ and
7po being the lifetimes of B mesons [102]. The NP
contribution CY? is defined by Eq. (42), where the one-

loop expression of the LEFT coefficient [L);]N5; is given

in Eq. (D3). We select B® — K*ui as a representative
of the B — K")ui processes in our numerical analysis,
where the use of the other processes gives similar results.’
The upper limit on B(B® - K*%u) is reported from the
Belle experiment [84], and provides a constraint on
(P95)55(Y§5) 5.

In the left plot of Fig. 4, we present constraints in the
plane of AM/AMSM and B(B° — K*Oup), where the gray
region is obtained with the model parameters that are
consistent with the low-energy values of the gauge cou-
plings, the fermion masses, and the CKM matrix elements.
Here and hereafter, we take mg, = 2 TeV and cotfy = 50
as well as the input parameters in Table II. A large portion
of the parameter space is excluded by the measurement of
AM, (magenta vertical bands) [81] and by the upper limit
for B(B® — K*%up) (black horizontal dashed line) [84],
where the two bands for AM correspond to the one-sigma
and two-sigma regions.

Moreover, the measurements for the b — syt~ proc-
esses listed in Table III provide constraints on the product
of the Yukawa couplings (Y$"*),,(Y$")s,. In particular,

3Very recently the Belle II collaboration has reported the first
evidence of the BY — K*vb decay as B(BT — K"wp) = (2.4 £
0.5107) x 107> [103]. We do not take into account it in our
analysis.

experimental searches for the violation of the lepton-flavor-
universality (LFU) in b — s semileptonic decays provide
severe constraints on our scenario. The LFU ratios Ry
(H = K+, K*") are defined by

2 —
Ginax 2 dB(B—Hu"p

in qu
Ry [Qilinv qgnax] = P 1 2 dB(B=He'e™) (45)
qunin dq qu

where ¢2. and g2, are given in units of GeV?. For
example, approximate formulas for the region of
1.1 GeV? < ¢ < 6.0 GeV? are given in Ref. [104]:

Rg[1.1,6.0] &~ 1.00 + 0.23Re(ACYE) — 0.25Re(ACYYE,),
(46)

Rg-[1.1,6.0] & 1.00 4 0.20Re(ACYP) — 0.27Re(ACNE,),
(47)

where ACGy = [Chy (my)]5, — [Coy (mp)]1; and ACY, =
[CNF (myp)] s — [CYFy (my,)] ;. These LFU ratios are calcu-
lated very accurately in the SM, where the hadronic
uncertainty is highly canceled by considering the ratios
[105], and the QED correction provides a positive con-
tribution to the ratios about less than 3% for 1 GeV? <
g* < 6 GeV? [106,107]. The above approximate formulas
are derived by neglecting the QED corrections. The
theoretical uncertainties are negligible in our study. The
recent measurements at LHCb [79] listed in Table III
are compatible with the SM predictions. We adopt only
Rg[1.1,6.0] and Rg-[1.1, 6.0] as constraints, since the ratios
in the low g¢* regions Rg[0.1,1.1] and Rg-[0.1, 1.1] have
larger experimental uncertainties. In addition, we also
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FIG. 5. Allowed region for the products of the Yukawa couplings of the S5 leptoquark at the S5 mass scale, where the cyan region

shows the parameter points that are consistent with AM,, Rg+[1.1,6.0], Rg-0[1.1,6.0], and B(B;, — pu"u~) within two sigma and
B(B® — K*%vp) at 90% CL. The cyan regions are overlaid on top of the gray ones, which correspond to those in Fig. 4.

consider the branching ratio for the leptonic decay
B, — u"pu~, which is written simply with the NP contri-
bution to Cjp,:

[Cll\l(fA(mb)]zz 2

1+
Cioa (my,)

’

B(B; — p'p~) = B(By = p' 1 )sm

(48)

where the SM values are B(B; — utu~)gy = (3.65 +
0.23) x 107 [108] and C$) (m,,) = —4.2 [109]. It is noted
that a nonvanishing decay width difference AT’y of the B,
system has to be taken into account when comparing the
theoretical value calculated using Eq. (48) with the exper-
imental data in Table III, since the time dependence of the
decay rate is integrated in the experiment [110,111]. This
gives only a minor effect on our numerical analysis. In the
current model, [C)F (m,)],, and [C}F, (m},)],, appearing in
Rk[1.1,6.0], Rg+[1.1,6.0], and B(B; — u"pu~) are domi-
nated by the LEFT coefficient [L);""(m,)]55y3, which is
given in terms of the product of the S3 Yukawa couplings
(Y25),5,(Y2F)5, at the tree level.

The right plot of Fig. 4 shows constraints on
Re[CYF (m,)],, and Re[CYY, (my)],,. The magenta region
can satisfy the experimental bounds from AM, within two
sigma and B(B° - K*°up) at 90% confidence level (CL),
while the cyan region can satisfy further Rg+[1.1,6.0],
Rg[1.1,6.0], and B(B, — p*pu~) within two sigma. These

regions are overlaid on top of the gray one, which
corresponds to that in the left plot.

We also present allowed regions for the products of the
S3 Yukawa couplings at the S3 mass scale in Fig. 5. Here
the cyan regions show the parameter points that are
consistent with AM,, Rg+[1.1,6.0], Rg-[1.1,6.0], and
B(B, — u*u~) within two sigma and B(B° — K*up) at
90% CL. It is noted that the cyan regions are overlaid on top
of the gray regions that correspond to those in Fig. 4. The
magnitudes of the products in the upper row of Fig. 5
are smaller than those in the lower row because of the
hierarchy given in Eq. (31). The product (Y$"*),,(Y¢")s,
is highly constrained by Rg-[1.1,6.0], Rg«[1.1,6.0], and
B(B, — utp~), while (Y2),,(Y95),; is by AM, and
B(B® - K*%p). The other products are less constrained by
these observables.

E. Predictions

The S5 leptoquark can generate various LFV and LFUV
with the second- and third-generation fermions. Under
the constraints studied in Sec. III D, we here consider
the following observables: R(D™), B(B, - t*77),
B(B; —» uTt%), B(B —» KWuTt*), B(Y(nS) = ptz¥),
Bz —»u~¢), Bt~ —u7y), Bz~ —»pp'u”), and
B(Z — uTt*). The first six observables receive tree-level
contributions, while the rest are induced at the one-loop
level. Figures 6 and 7 show predictions for these observ-
ables in the current model. Here we only consider
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FIG. 6. Predictions for R(D) and R(D*) (denoted by the red
points) with the HFLAV average of their experimental measure-
ments at the levels of one sigma, two sigma, and three sigma
(denoted by the orange ellipses) and the SM values (denoted by
the black cross). Theoretical uncertainties associated with the SM
errors are not included in the predictions.

flavor-changing-neutral-current processes except for
R(D™), since the S; effects on charged-current processes,
suchas B — D¥~ytyand D} — utu, are not significant.
In Fig. 6, we present the predictions for the ratios
R(DW) = B(B® - D¥z*1)/B(B® —» DW¢+y) for ¢ =
e, u calculated under the constraints from AM,/AMM,
B(B® - K*%vp), Rg+[1.1,6.0], Rg«[1.1,6.0], and
B(B; — ptu). At the tree level R(D™)) are given by

R(D®) » R(D™ g (1 + 2Re[CY (my)]3).  (49)
where we adopt the SM predictions R(D)gy = 0.298 +

0.004 and R(D*)gy; = 0.254 £ 0.005 [86]. The coefficient
CY¥ is defined through the effective Lagrangian,

4G x ~ = ~
Ler = —7;V§b<5i,~ + [V (mp)] ;) (brres) (Brivyer;),
1
CNP m — _ LV~LL m NP , 50
[ Vl( b)]33 ZﬂGFV:b[ uedu( b)]3332 ( )

where we use the tree-level result for the LEFT coefficient
(L5 (my) Y5, given in Eq. (36). We keep only the 33
component of C}¥ in Eq. (49), since the dominant NP
contributions arise in the 23, 32, and 33 ones in the current
model and only the 33 one has an interference with the SM
contribution. We use the average of the experimental data
by the Heavy Flavor Averaging Group (HFLAV) [86]. Here

the b — ¢z~ 0 transition is dominated by the contribution
from the product (Y$%)5,(Y$")33, which also contributes to
b — svv and AM . It is known that the S5 contribution that
explains the b — ¢ anomaly is severely constrained by the
b — svv processes and AM, [40]. Consequently, the S;
contribution does not alter R(D™)) significantly, and thus

the resolution of the R(D*)) anomaly requires an extension
of the model [112,113]. We do not consider such a
possibility in the current paper.

Next, let us consider decay processes involving
b — stt7™ transition. The studies of NP contributions to
this transition are found, for example, in Refs. [114,115]. In
the current model, the contributions to the b — sz7~
leptonic and semileptonic decays arise at the tree level
through the product (Y%)35(Y$%)s;. As in the case of
B, —» putu~ in Eq. (48), the leptonic mode receives NP
contribution to Cygy:

_ - [CII\I&(mb)]% :
B(B;, - ttt") =B(B, » 't 1+ 28—

’

(51)

where the SM prediction is B(B;, — t777 )y = (7.73 £
0.49) x 1077 [108]. Moreover, the branching ratios of the

semileptonic modes in the large ¢” region are calculated
in Ref. [115]:

B(B - Krt7™)[1522]
= 1077(1.20 + 0.15Re[CYE (m)):5
— 0.42Re[C, (m5)]53 + 0.02([CGy (my,) 33
+0.05[[CTg; (m5) ]33 *) (52)

B(B—)K*T+T_)[]5'l9]
=10"7 (0.98 +0.38R6[C§‘§(mb)]33 -0. 14R6[C11\g?4 (mb)]33
+0.05[[CYY (my,)]33]* +0.02[[CTF, (m))]33]7). (53)

which are the averages of the charged and the neutral
modes. The predicted branching ratios in the SM are of
O(1077) [115]. The branching ratios for these leptonic and
semileptonic modes can largely deviate from their SM
values. Figure 7(a) shows that B(B; — 7777) can be as
large as O(1073), which is an order of magnitude smaller
than the future sensitivity at LHCb with 300 fb~! [80].
Similarly, the predictions for B(B — K*)z77~) in the large
g* region can be enhanced by an order of magnitude, but it
is still much smaller than the future sensitivity at Belle II
with 50 fb~! [83].

We also study the LFV processes b — su™z~ and b —
su~t", which are generated through the products of the S5
Yukawa couplings (Y25)5,(¥Y25);, and (Y25)5,(Y25)55,
respectively. Because of the hierarchy in the magnitudes of
the S5 Yukawa couplings presented in Eq. (31) and Fig. 5,
the relation |(Y§")35(¥§" )| > [(¥§")5,(V9" )33 holds
typically. At the LHC experiments, the branching ratio
for the leptonic decay is measured as a sum of the two
channels B, - u~t" and B, — ut7~. The corresponding
theoretical formula is given by [116]
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FIG. 7. Predictions on relevant flavor processes, where the colored regions satisfy the experimental bounds from Rg-[1.1,6.0],
Ry[1.1,6.0], B(B; = uu~), and AM, within two sigma and B(B° - K*%v) at 90% CL. The red and black dashed lines show the
present upper bound on each processes by LHC experiments and B factories, respectively, and the red and black dotted lines show the
sensitivities expected at the LHCb with 300 fb~! and the e* e~ experiments (such as the Belle I with 50 ab~! and FCC-ee), respectively.
The cyan regions in (a), (b), and (c) are excluded by the upper limit on B(B™ — KTpu~7") at Belle.

B(B; — uFrt) =

BB, jv) + BB, = "),
o e GVl (i)

3 2
64n my

x (113 0 ]asl? + CNE O ]asl? + 1EENE (mp)al? + 1N ()P ).
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where m, and 7, are the mass and the lifetime of 7 lepton; mp , 7 , and fp_are the mass, the lifetime, and the decay constant
of B, meson; and the muon mass is neglected. As shown in Fig. 7(a), the prediction on B(B, — u¥z¥)
can be as large as O(107>), which may be probed by the LHCb measurement with 300 fb~! [80]. For the semileptonic

channels, approximate numerical formulas are given by [117]

B(BY — K*uet) = 107 (125 (m)]sal? + 12.9][CN, (my)] o)

TR+

P (55)

B(B* — K ute) = 107 (125][CF (m )]sl + 12.9][CN, (my )] 52 ) 2= (56)
B()

BB — KO ) = 107 (22.1|[C3F (my) 5o + 206 (OO ()] (57)

(58)

BB” ~ K e) = 107 (22.1|[C3F (my )]s P +20.6] (OO ()] 5

It is noted that BY — K~z (B® - K*%u~7*) and B* —
K*utz= (B - K*%ut7™) receive contributions from
|(Y3QL)§3<Y3QL>32| and |(Y3QL)§2(Y3QL)33 , respectively. We
here present results on Bt — K*u¥r*, since future
sensitivities at Belle II can be found for these processes
in Ref. [83]. As shown in Fig. 7(b), B(B* — K*u~tt)
can be large enough to be observed at Belle II with
50 ab~!, while B(B™ — K"u*77) is out of the reach of
Belle II. A part of the parameter space is already excluded
by the current measurement of B(B"™ — KTu~7") at

Belle, but it does not alter the other predictions in
|

B(Y(nS) - u*7F) = B(Y(nS) - eTe )= ,

Fig. 7 except for that of B(B; — u¥r*). Figure 7(c)
shows a strong correlation between B(B, — u¥r*) and
B(B™ — K*u~t"), since both of them are induced mainly
by |(Y25)5,(Y25),, . The current upper limit on B(B* —
K*u~z") directly leads to the limit on B(B, — uFz¥).
These correlations among the b — su™z~ and b - su~t"
observables can be explored by the combination of the
Belle II and the LHCb measurements.

Besides, we consider the LFV decays of heavy quarko-
nia, T(nS) — uFz* (n = 1, 2, 3). The branching ratios for
these processes are given by [118-120]

V.LL 2
1 3m2T(nS) Lo (m“f(nS))]2333

2 8ra (59)

where my(,s) is the mass of Y (nS), and the charged-lepton masses are neglected. From the bottom-right plot in
Fig. 5, we estimate the magnitude of the LEFT coupling as |[LZ;ILL(mT(,,S))]2333|~|(}_’§~)L*)32(Y3QL)33|/m§35

O(1078 GeV?). Therefore, the branching ratios are as large as O(107!!), which are too small to be measured at current
and near-future experiments.

Furthermore, the S5 leptoquark contributions also induce LFV decays of tau lepton. At the tree level, the 7~ — u~¢ decay with
T~ — u~§s transition is generated through the S; exchange. The branching ratio for 7= — u~¢ is given by [121]

fmie, [ miNef( 2w
Bz~ = u¢) = tfzgﬂ (1 - m_(;) { (1 +m—%¢) ’ [LZLQLL(’”T)]3222 + [L‘e/éLR(mf)Lzzz‘z
g 16¢> 3
e Rel[Ly n o L )+ (L 0n )]+ g (2428 [ . (60
T ¢ ’

where my and f, are the mass and the decay constant of ¢ meson, e is the electric charge, and the LEFT coefficients
(LY (m,) 3005 [LYR (m,)]3000, and [L ¢y(m;)]53 are given in Egs. (D5), (D6), and (DY), respectively. In the current model, the
branching ratio for 7~ — u~¢ is not significantly enhanced due to the smallness of the (¥ 3QL ), coupling in the tree-level

contribution. As shown in Fig. 7(d), B(z~ — p~¢) might be observed at the Belle IT experiment [83]. We also consider the loop-
induced LFV processes of tau lepton, 7= — u~y and ©~ — u~u*u~. The branching ratio for 7= — p~y is given by

mit

A

’ (61)

Ly (me) 5

B(z™ = p7y) =
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and that for 7= — y~u 't~ can be found, e.g., in Refs. [122,123]:

mt,

153673

Bz~ »ppu) =

{2’ [LZéLL (m,)] am t [LXéLL (m,)] 232 ‘2+‘ [LZéLR (m,)] 3222

‘ 2

8e V,LL V.LL V.LR
+ER6HL67(’"T)}23<2[ e ()] 3y + 2[Lec™ (m)] gy + [Lec (mf)]mzﬂ
32¢? m? 11 2
— <logm—z—z>‘[Ley(mr)]z3( b (©2)
|
The LEFT coefficients [LY:“(m,)]ysy = [LYE5(m,)]3yy, ~ charged leptons are reproduced correctly by the

[Lec"® (m,)]300, and [L,,(m,)]5¥, evaluated at the 7 mass
scale, are given in Egs. (D7), (D8), and (D9), respectively. In
the expression of B(z~ — p~u*u~), contributions from the
RL and RR operators are neglected, since LFV occurs
dominantly in the left-handed leptons in the current model.
The predictions for B(z~ — p~y) and B(t~™ - puu*u~) are
shown in Figs. 7(d) and 7(e). They exhibit a strong correlation
with each other, but are slightly smaller than the planned
sensitivities of Belle IT with 50 fb~! [83].

In the current model, the muon anomalous magnetic
moment (known as the muon g — 2) is generated through
the product (Y94)5,(Y9");, via the dipole coupling
[L.,(m,)]5Y. We find that this contribution is too small
to explain the long-standing tension between the measured
value and the SM prediction of the muon g — 2 [124,125].

The S5 leptoquark also affects W-boson and Z-boson
couplings with the SM fermions. We evaluate them with the
one-loop expressions in Ref. [126], which include radiative
corrections beyond the leading-logarithmic approximation.
The effects on the W-boson couplings are not significant to
be measured at the current and planned future experiments.
We here present only the result for B(Z — uF7*), which
is calculated with the formulas given in Appendix E.
Figure 7(f) shows a strong correlation between B(Z —
uFr*) and B(r~ — p7y). In our scenario, the B(Z —
uFr) can be as large as O(107%). The present exper-
imental bounds are given by the LEP experiment as 5(Z —
uFrr) < 1.2x 107 [127] and the LHC experiment as
B(Z - uTt%) < 6.5 x 1076 [100]. On the other hand, the
FCC-ee experiment has a sensitivity to O(107%) [101].
In the case that B(Z — p¥7%) is enhanced enough, B(r~ —
u~y) is also significantly enhanced.

IV. SUMMARY

We have constructed a realistic GUT model which
addresses two serious issues in the minimal SU(5) GUT:
the realization of the gauge coupling unification and that
of the flavor structures in the down-type-quark and the
charged-lepton sectors. By introducing a 45-dimensional
scalar representation @45 to the minimal SU(5) GUT, the
Yukawa matrices of the down-type quarks and the

Georgi-Jarlskog mechanism. In addition, we have shown
that the three gauge couplings can be unified through the
RG running under the constraint from proton decay, if S;,
S¢,» and Sg in @45 and Xg in the 24-dimensional scalar
representation X lie much below the GUT scale. In
particular, the mass of S3, which is a scalar leptoquark,
can be of the order of TeV.

The Yukawa couplings of the S5 leptoquark at the low-
energy scale is constrained by the matching condition at the
GUT scale in Eq. (22). In our scenario, the S; leptoquark
couples strongly to the SM fermions in the second and third
generations, where the magnitudes of the couplings obey
the hierarchy shown in Eq. (31) and Fig. 2. In particular, the
coupling (¥¢"),, is suppressed compared with (Y2),s,
(Y9)5,, and (Y25),;. The smallness of (Y$%),, leads to
the characteristic patterns of correlations among flavor
observables.

We have investigated flavor phenomenology in this
realistic GUT scenario with the S5 leptoquark at the TeV
scale. We have derived constraints on the S; Yukawa
couplings from AM,, B(B — K")uD), Ry, and B(B; —
utu™), where the results are shown in Fig. 5. We have then
calculated various decays of B mesons, Y'(nS), tau lepton,
and Z boson. In the current model, the R(D*)) anomaly
cannot be explained by the S5 contribution due to the strong
constraints from AM, and B(B — K"up). The LFV
processes B, — uTt*, B" - KTu~t*, and 7= - p~¢
may be observed at Belle II with 50 ab~! and LHCb with
300 fb~!. It is noted that B(B* — K*u*z~) cannot reach
the future sensitivity at Belle II unlike B(B™ — K" u~z").
Therefore, the observation of Bt — Ky~ " together with
the nonobservation of B* — K*u"7~ is a clear signal of
the current model. On the other hand, it is rather hard to
observe the other processes 1~ — u~y, 7~ = pu u ", and
Z — uTr*, and much more data are needed for their
observations.

In general, it is challenging to probe a GUT model, since
the unification occurs at a very high-energy scale. The
proton decay is a direct probe for GUT, but it has not been
observed yet. We have provided a well-motivated bench-
mark scenario which may be able to be probed by the
precise measurements of the flavor observables at the
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APPENDIX A: SCALAR POTENTIAL AND MASSES
The scalar potential V (X, @5, @45) in the SU(5)-symmetric renormalizable Lagrangian in Eq. (1) is given by

V(Z, @5, @ys) = Vou + Vs + Vs + Voss + Vosas + Vsas + Vassas, (A1)

where each term is defined as

V24 = m%4tr22 —I—){24tr23 + /1211) (trZz) + ﬂ( trZ4 (A2)
VS = m5® q)s +/15((D q)s) s (A3)
f 1
Vis = m2s(@s)he(Pas) B + 2 [(DF5) B (@as)BCT2 + A7 (@) e (s ) B () P (Dss)5F
+ A (@) (@as) BT (D)2 (Dus) EC + A (@]5)A (D) B (@)D, (D45) EF
A (Bl ) A (D) (Dus) EC (D )EP + A (D)0 () B (Dus) 62 (D5 EF (A4)
Vass = ys®@I2®s + a) (rZ?)dlds + P Ol s, (A5)

Vasas = 145 (@hs VAcER (@4s)5C + 23 ()36 (@a5) 5P + b1 (0Z2) (@]5) e (Pas)5C
+ b (@ 45)BC(22)A (‘D4S>gc+b (q)jts)gc(z?) (D4 )DC‘H’ (@}5)362525@45)30
+ DO (DF ) ZETE (Dy5)RE + O (D] )4 ZETE (Dys)2C, (A6)

Vsas = V(@) Ac(Pas)EC (DL D5) + ¢ (D) (D550 (Pus) B (D5)P + ¢ (D) (D455 (]5) 4 (P5)
+ [c®)(D43)BC (D45)4P (@) (D) + ¢ (D5 B (Pus) B (Ps)RE(@T)
+ 0@} 3 (Pas) 5P (@45)SE (D) + Hecl, (A7)

Vassas = 1(P5) 2 (@as) 5 + d (D) o(£2)4(@as)§C + d)(05) p TR (Pss) 3 + Hee. (A8)
The 24-representation scalar X gets the VEV as

200 0 0 0
0 2vy O 0
0 0 2y O
0 0 0 =3p, O
0 0 0 0  —3uy,

oS O O

(x) =

when the condition 2m3, + 4(30/1g4 + 7/124))1)24 3%24024 = O is satisfied [128].* From the potential, the squared masses
of the component fields in the scalars X, ®5, and @45 can be read at the tree level as

*The minimization of the scalar potential for the 45 representation is studied in Refs. [129-131].
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3 15 15
mg, = —2m3, + S %2402 ms, = 40}&) 34— S X204 ms, = 10/153 v3, + 5 X4V
R my 0 R 24333, 5‘/'( +3d?)w3,
H H — ~ - ~ ’
0 mp —%(d( " +3dD)03, s+ (3B + B 4850 + b £ B0 3,
R (mHC 0 )R g —2a%v3, _\/ig(a(l) -2d%)v3,
S 2 N ~ * ~
0 mj, —%(dm 24002, ks + (% b 2 u :

1- 1
m3, = mis + ( —2p 5b<3> + 2b —7h0 >y24, (A10)
where the following combinations of the parameters are introduced:

3
2 = m2 + (30a"V) + 6a?)w3,, is = mis + (3017(1) +6b? +6p3) — Eb( ) 4+ b0 )) 3,

(1) @ .
a® =q@ 4 (@ = p s B3 — p3) A5 anh — g _ £ (A1)

El ’ El

V4 Vo4 Uog Vo4

and the rotation matrices Ry and Rg are given as in Eq. (12):

—idy —isg
RH:( o c SH), Rs:< e SS). (A12)

—elngy, cy —eissg cg

The masses of X, X5, and Xg can be freely chosen, since V,, in Eq. (A8) contains a sufficient number of parameters. On the
other hand, the masses of the other scalars are constrained by the following relation:

—8(spmy; + cymy,) + 6(sgmy, + cgmy, ) + 6m- — 6my, +9mg + 3mg — 10m3 = 0. (A13)

APPENDIX B: MATCHING CONDITIONS AT THE GUT SCALE

Below the GUT scale, the Yukawa interactions are given in terms of the component fields in Egs. (6), (9), and (10) as
follows:

—Ly = (YU)ijeaﬂﬁR[ziHachl? + (Yp)ijdraiHaqis + (Ye)eriHut
+ (Y/U)ijeaﬂﬁR[ziH/aqze + (Y/D)ijc_lR&ngQIiﬁ (Ye)eriHtf,
oL aa DU 7 (YgQ>ij Zcaa b
+ (Y )ijeaﬁQLz Hcde‘] + (Yc )z/uRalHC eR, +(Ye ) d Cb”RLJ "’Teabc €apqri He ‘IL,

(Y1QQ)IJ as*h

L o - *Q ,C
+ (YIQ )lj aﬁqL[;( Slal/ﬂ[Z] ( ?E)ijuR&iSIue;?j + (YDU) abcdRatSu;uRc] + Teai;eeaﬂqi; QL]

(~UU

+(}~/1 >zjeRIS*adL l )” abC

EQ
Ra/ 2 )

_ P _ . N
uRalSlbuRCJ + (YgL)ijeaﬁ”R&iRgaf/Lj +(Y; ij€RiRS 4,41
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=+ (Y3Q )1] aﬂqzltly( a)a S3al’ﬂ
+ (YEY)dgai(n A)absue Upp; T

_ " bp
+ (YéjQ)ijea/}MRai(/lA)a/;S?aqL/j +(Yg

(YgQQ) ij

B abceaﬂqu( ) S*ab
%),

qu

(v§

« b
> aﬂq%a( A)absé qL/j}

©),drai(A)%, Sg‘;qgg +H.c., (B1)

where Y gQ and YlQQ are symmetric matrices in the flavor space, while f/{]U, Y 3QQ, and Y, GQQ are antisymmetric matrices:

(T =gl gy =y

(707 = -1,

(9T =¥ (8T =y (B2)

The Yukawa couplings in Eq. (B1) are matched onto those in Eq. (3) at the tree level as

T
2.
YU = _EVQU (CHYU+ \/;eusHSHYES> s

1 1 ) T
1o == g (ent =5 o)

1 3 . 1 )
YE = _7§V5E (CHYSD +—2\\//_§€_l6HSHYES> VDL’ Y/E = EVEE (eléHSHYSD —

1 |
YQL:—<C YD 4 —— sy YD>V ,
C \/E Sts 2\/5 S+ 45 DL

1 .
YgE = EVEU <C5Yg - \/Ee_lésSSY%)VQE,

T
1 : 2
Yy, = EVZU (e—zéﬂsHYgf — \/;CHY%> ;

1 ) 1 T
Y, =—|(ens, YO + —¢ YD> ,
P \/§< HES Toe Mo

V3
—— Y2 | VL,
5 n Citas | Vo

1 . 1
Y?L = 7§ <—€_155SSY§) -+ mCSY%> VDL?

I |
YYE = =2 Vi (esss¥Y + V2est i) Vo,

1 | T 1 ) 1 T
YgU :\/_E (—C5Y5D +—2\/§€”§SSSY£5> VQU’ YlDU :E <€_155SSY5D +_2\/§CSY4D5> VQU’
1 1 . - 1 1
ree ECSYUv Y = —Eelésssyuv YyY = %VEUYE&]SVQU’ YiP = EVEEY%’
1 1 1

V3¢ =—=vh v, vV =_vL Yhv,, Y9 = vy, O = ——— Y2V,

2 \/E QE* 45 2 QU 45" DL 3 2 45 3 2\/5 45Y DL

1 1 1 1

yge = _EY%’ YeU = E(Y%)TVQM Yg? = _EVEUY%’ Ygo = 2\[(Y4Ds) - (B3)

APPENDIX C: RENORMALIZATION GROUP
EQUATIONS

The scale dependence of the gauge couplings is gov-
erned by the RGEs,

dgi _ ﬂg,-
dlogpy (4z)*°

(C1)
where g; = g,, g and ¢, and f3, denotes the corresponding

beta function. The one-loop contributions to the beta
functions are given by

By, = [B;M + Y ByO(m, - u)] g (C2)
7

where ¢ = H/, Hc, Sl, Sl’ R2, S3, S6’ Sg, 21, 23, and 28’
and the coefficients BS™ and Bfi are listed in Table I'V.

The RGEs of the Yukawa couplings Y’ Z‘;w’ associated with
the interaction of the form [Y;’;W/] KW jdw) are given by

d
Y? ; C3
dlogp” ™'~ (4 )zﬁ B’ ()

where the one-loop beta functions can generally be written
as [132-135]

Py ==3)_GlCw)Yy, + Y5, C(w)]

1 y
5 [Y2(w) Yg,,,f + Yg/;,,/ Ya (')
+ Y% ,0(¢) + 2Ty . (C4)

'l/ '

+
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TABLE IV. BEM and B‘,f for the RGEs of the gauge couplings.

g BM  BY B° B} B By By By By By By By
g5 -7 0 1/6 1/6  1/6 1/3 12 5/6 2 0 0 1/2
g  -19/6 1/6 0 0 0 1/2 2 0 4/3 0 1/3 0
q 41/6  1/6  1/9 1/9 16/9  49/18 13 2/9  4/3 0 0 0

Below we list explicit formulas for the Yukawa couplings defined in Eq. B1): Y gv/ =Yy, Yp, Ye, Y, Y, Y, Y%, YYE,
yRU y@C, yQk yUE ybU yQC yED yUU yUL ylC yOL yQC ybU y2C yUC and y5?. In the beta functions, the
coupling ng, should be understood as YZ;W,Q(mqj — p) by considering the decoupling of heavy particles, and for ¢ =

H,H',H and Sy, the term Y;{:w@((b) is replaced as

Yl ©H)+Y] ©H"H) for¢=H,
Yf” O(H') + G)(H*H’) for ¢p = H',
@ wy 1//1//
Y5, 0@) = yHe . (C5)
- /@(Hc) ®(S Hc) for ¢ == Hc,
0(S,) + Y’!C,@(H* S,) for¢p=S5.
(1) Gauge-boson-loop contributions:
4, 3 ) ) 4, 4, 1
Z C(q) = 392+492+ q% ZQC’ ) =30 +59% Zg gs+9g :
2 i 3 2 1 2 2 i /2
Zg, Chtr) =30 +30% Y _giChler) =", (Co)
where Ch(y) = Ch(w).
(2) Self-energy contributions to the fermions:
Yalqr) =YYy + YhYp + VoY, + Yivy, + Y2 (v2h)7 4 2v20Ty 20 4 y @b (y2h)T 4 2y Peiy e
16 16
+ YEOTYEC | 6y 22Ty 00 4 3y Qe (yQh)T 4 2y 00Ty 20 | 2 3 yUeryve | 22 3 yPeryPe,
Ya(ug) = 2Y Y5, + 2V}, Y + YUEYUET 4 o(yRUYTyRUx o yUEYUET 4 o (yDUNTyDUx | o pUUFUUT
32
+ 2P 2 )Y + v{eri?,

Yo(dg) = 2Y Y5 + 2V Y + 2YRUYRUT 4 oyDUYDUT 4 (YEDYTYED« 4 pyDUYDUT 1 5 YglyPer,
Yo(£,) = YLV + YY)y + 3y TyQh 4 3y @ty @t 4 3yUkiyyLl 4 gyQtiy 9t
Ya(eg) = 2Y Yy 4 2V, Y + 3(YUE)TYUEs - 3(YVUE)TyUE: 4 3YFPYEDT 4 gyl Cy et (C7)

where ¥3(p) = [Ya()]".

The RGEs for the SM, S;, and S; Yukawa couplings were recently studied in Refs. [136,137].
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(3) Self-energy contributions to the scalars:

O(H) = tr(3Y, Yy +3YLY, +YLYE),  O(H') = w(3Y, Y, +3Y5Y), + YiY)),
O(Hc) = tr(2y2HTy2h 4 yUETYUE 4 pyBUTyDU 4 2y 20Ty Q0
0(S)) = tr(2Y Ty 4 yVETYUE 4 oyPUTyDU | oy Q0Ty00)
O(5)) = u(PEPIFED 4 PUVIRIV),  @(R,) = (VM YU + YEOTYEC),
0(S;) = r(2Y9H Y9 +2v997Y99),  O(Ss) = tr(YEUTYPU 4 ¥y 20),
O(Ss) = tr(2YPTyPe +2¥Y9TyYV?),  O(H*H') = u(3Y) Y}, +3YpY} + YY),
O(SiHc) = r(2YPHTy2h 4 yUEYUET 4 oyPUTYDU 4 2y @Cy 20T,

where O(¢*) = 0(¢), O(H*H) =
(4) Vertex corrections:

[O(H"H')]", and ©(HS,) = [B(SHc)]"

Ty = —Yu¥Typ — v YTy — YUEYD (YO o (vRU)TY )y 20 — yVEY ) (yOh)T

* Ty E * 16 U D
AT Y0y oy yee - Sytoyiyre

Ty = =Yp¥ ) Yy =YYy, + 272Uy v @8 +2vPUy ) v P8 — 2y DUy v - 136 yPeyl)Tyle,

Iy = ATV Y ATV avEey e,

Ty = =YEYVEYp = YYVE Y, - 2720y PNyl — 2y POYRoy Rt + (v;0) Ty F Yyt
+6Y22y2CTyo (i = C, 1),

Tyoe = =2Yy YUY = 2Y YU YT — 2(YRU)TYPUsy UE — o(YPU)TYPUsyVE — o7 YUy PUT (7EP)T
+2rfhy P (30 = C. 1),

Tyoo = 2Y pY2OTY] + 2V, POy — YRUYVE (YUE)T — yPUYVE (YVE)T — (YEP)TYET 7YY

LOoypeyeeryyeyi=c.u,
Tyoo = YpYPUYy + YRY7'Yp + YRYPU Yy + YEYP Yy, — vE vy gl
— YRRy RO — YOy R (YT - 3YSOY R (YT 4 3Y gy P ge
~ S (EO)TYPUIYEO 2 (rROyTYPU (i = €. 1),
Lyeo = 2(YEE) TV (YRU)T +2(r{5) ¥ (V)7
Tyow = =YEEVEP YRV + (YRU) VPP (Ygh)T — Y{FR Py pY
VY5O 4 YUEYEO Yl 4 yUEYEO O
YY) Yy (YEE)TYYR (YEN)T + (Y E) Y (r PR,

I (L

Fyfg =YYy Yy -

Tyoo = 2Y20y90Ty2h 4 2vPey$oTyeh oyl eiydr,
3

Lx L L L
YEOYSt (Yeh)T + e Yty el -

Fy3QQ - -
e,

— 007
Tyou = =2Y Y227y}

8 D TryU
21, YOIV - S VROV (e,

095012-22
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4
[y = ~YEY2UYy + YRYDUY, — YEYE ¥y 4 YEYEU Yy, - 3 (ry0) v yee
4
+3 (g ygv vy,
* * 1 *
Fyvo = =Yu¥g9TYp = Yy Y50y, — (rRU) Y90 Y 80 — (YPU)TYE2 vl 4+ 2 (rpY) vy v e
2 U0 DOt DO
+ 3 YeoYgm Yg,
1
Lyoo = =YYy @'Yy = Yy Y@y, — YUy @ yee —ypUyeype - 3 yPUyJeryQe
2 Do U0t U
+375 eyleryye. (€9)
|
Notice that the coupling Y SQQ is shown to be vanishing in APPENDIX D: LEFT LAGRANGIAN
the whole range of the renormalization scale below the The LEFT Lagrangian is given by
GUT scale if Y3QQ =0and Hc, S;, and S | decouple at the
GUT scale. In fact, the Yukawa interaction Lagrangian in Ligrr = Locpsoed + Z L.Q, (D1)

Eq. (B1) becomes invariant under U(1); and U(1),
separately if the terms with Hc, S;, and S, are removed
andif ¥ 3QQ is set to vanish. The latter condition is satisfied if
Y 51/5 = 0 at the GUT scale in the tree-level approximation.
The appropriate assignment of the baryon and lepton
numbers in the above case is listed in Table V.

[ L‘//dLL]ijk[ = (l:/LiV”VL/)( k7 udi)s
[QXQLL]ijkl = (éLiVMeL/)(éLkVMeLl)
[QZ{}LLLW = (ZZLiyﬂdLj)(:LkVﬂaLl>7
[ ZL}LR] ijkl — (éLiV”eL/)( k}’ﬂde)
[quéﬁf],,kz (BLir eL/)(_ KYullrr)

where there also exist the Hermitian conjugates of the non-
self-conjugate operators.
The Wilson coefficients for these operators are calcu-
lated as follows.
(1) The S5 field is integrated out at the S3 mass scale,
and the model is matched onto the SMEFT at the

TABLE V. Assignment of the baryon and lepton numbers to the
scalars, where the Yukawa interactions in Eq. (B~1) are invariant
under U(1), and U(1), separately if H¢, Sy, and S, decouple and

Y 3QQ is set to vanish at the GUT scale.

R; S3 S: S
3B -1 1 -2 0
L 1 1 0

where Locpigep is the renormalizable QCD and QED
Lagrangian with the SM fermions except for top quark. The
LEFT operators Q; up to dimension six are classified in
Ref. [65]. The operators relevant to the current study are

[ ZdLL]zjkl = (é ir eL,)( Lknau),

[ ZéLR] ijkl (éLlV eL/)(é ky;léRl)v
[QeY}ij = (L0 Ri)F s

[Qn"] ikl = (szdeLj)(eRkerRl)

(D2)

one-loop level. The one-loop matching formulas
from a model with the S| and S3 leptoquarks to
the SMEFT are listed in Refs. [58-60].

(2) The RG running effects of the SMEFT operators are
taken into account. The anomalous dimensions for
the dimension-six operators in the SMEFT are listed
in Refs. [61-63].

(3) The SMEFT is matched onto the LEFT at the weak
scale. The one-loop matching formulas are listed in
Refs. [65-67].

(4) The RG effects in the LEFT are taken into account.
The corresponding anomalous dimensions are given
in Refs. [68,69].

The coefficients in the LEFT Lagrangian at the relevant
scale for the process under consideration are given in the
leading-logarithmic approximation by
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yoh)s, (Y- 2(1 + 262 mg\ 117 3 mg\ 11
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va 2mg, 32n°cy m 6 167 m

VA w 6
2 OL\« (yQL OL\« (0L OL\+ (vOL
Vi (Y3)3(Y3 )3 1[, (Y3)35,(Y3)s; (Y37)5,(Y3 )s;
aviv,,————————= 4+ — |V \%4 LT
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3N 1) [(FRUIVEVE) (P, | (P55 V)
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SOL 0L SOL 0L
[LV,LL(m e, = _§(Y3Q Y3Q T)32(Y§2 Y3Q T)32
dd b)12323 3 (47‘[)2m§3 ,

(D10)
where Q,=-1/3, Q. =-1, I} =1}, =-1/2, and
I,4(x) is the loop function defined by

x24+10x—8
(x—1)

I4(x) = —log( 5 log x.
(14
(DI11)

Similar one-loop expressions for the low-energy coeffi-
cients can also be found in Refs. [138-141].
|

APPENDIX E: Z — pF7*

The S; affects the Z-boson effective couplings with
charged leptons which are defined as

e . . i )

L= Swew Z,(eLivu(9r)izer; + erivu(gr)ijeril,  (E1)
SM S

where (g7);; = 977" 6;; + (97} and (g%);; = 9%~ 61 +

(gR)iF with the SM tree-level couplings goSM — B, -

Q.53 and ¢5"™ = —Q,s3,. According to Ref. [126] (see
also Refs. [141-143]), the S; contribution to the left-
handed coupling reads as

P N, wsM _ asmy XX — 1 —logx,)  xz 2 OLx oL
(gL)BI'P = (4”)2 l:(gL —9r ) (xt _ 1)2 +EF(xl) + O('XZ) (Y3 )3i(Y3 )3]
Nexz | usm . 1 QZ’SM 2 OLx oL
+ 3(4”)2 |:gL <10g~xZ — T = 8 + 6 ;(Y’j )wi(YB )wj
2N.xz | asm 1 pM 2 OL#\ (0L
+ 3(4r)? {QL logxy —im — 5 + 6 ;(1@ Jwi (Y3 s (E2)
where x; = m3/mg , x, = mj /m5,, g M g4SM and ¢¢SM are the SM couplings for up-type and down-type quarks defined

analogous to those for charged leptons, and the function F(x) is defined as

F(x>:_gL (x_1)4

esm (X = 1)(=11x% + 7x = 2) + 6x° log x

wsm (=1 (5x2 =Tx+8) =2(x* +2)logx g (x—=1)(x*> =5x —2) + 6xlogx
, — g

o 3(x—1)*

Using the above effective coupling, the branching ratio for Z — uFz* is given by

B(Z—uTt5) =B(Z—>pu ) +B(Z-pute) =

where ', is the total decay width of Z boson.

R TR
(E3)

Gpm’
ﬁ (NP2 + (gD ). )
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