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We show that, within the framework of SU(5) grand unified theories (GUTs), multiple vectorlike
families at the GUT scale which transform under a gauged U(1)" (under which the three chiral families are
neutral) can result in a single vectorlike family at low energies which can induce nonuniversal and flavorful
Z' couplings, which can account for the B physics anomalies in R.). In such theories, we show that the

same muon couplings which explain Ry also correct the Yukawa relation ¥, = Y7 in the muon sector
without the need for higher Higgs representations. To illustrate the mechanism, we construct a concrete
model based on SU(5) x Ay X Z3 x Z7 with two vectorlike families at the GUT scale, and two right-
handed neutrinos, leading to a successful fit to quark and lepton (including neutrino) masses, mixing
angles, and CP phases, where the constraints from lepton-flavor violation require Y, to be diagonal.
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I. INTRODUCTION

Most Z’' models [1] have universal couplings to the three
families of quarks and leptons. The reason for this is both
theoretical and phenomenological. First, many theoretical
models naturally predict universal Z' couplings. Second,
from a phenomenological point of view, having universal
couplings avoids dangerous flavor changing neutral cur-
rents (FCNCs) mediated by tree-level Z' exchange. The
most sensitive processes involve the first two families, such
as K, — K, mixing, s — e conversion in muonic atoms, and
so on, leading to stringent bounds on the Z' mass and
couplings [1].

Recently, the phenomenological motivation for consider-
ing nonuniversal Z’' models has increased due to mounting
evidence for semileptonic B decays which violate y — e
universality at rates which exceed those predicted by the
Standard Model (SM) [2-4]. In particular, the LHCb
Collaboration and other experiments have reported a number
of anomalies in B —» K®) [T~ decays such as the Ry [S] and
Ry~ [6] ratios of uTu~ to eTe™ final states, which are
observed to be about 70% of their expected values with a 46
deviation from the SM, and the P angular variable, not to
mention the B — ¢u*u~ mass distribution in m,+ -
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Following the recent measurement of Rg« [6], a number
of phenomenological analyses of these data (see, e.g.,

[7-12]) favor a new physics operator of the C" = —C1fy,
form [13,14],
. (1)
—— _Dyhs
(31.5 Tev)2 L/ PLHLTukL

or of the CQLP form,

- biy*sii 2

or some linear combination of these two operators. Other
solutions different than Cy = —C}j allowing for a
successful explanation of the Rg- anomalies are studied
in detail in Ref. [15]. However the solution CQLP =— 11"01;
can provide a simultaneous explanation of the Rg- and R -
anomalies [16].

In a flavorful Z’' model, the new physics operator in
Eq. (1) will arise from the tree-level Z’ exchange, where the
Z' must dominantly couple to pu over ee, and must also
have the quark flavor changing coupling b; s; which must
dominate over bgsg. The coefficient of the tree-level Z’
exchange operator is therefore of the form,

CbLSL CMLHL ~—

12
MZ

1
(31.5 TeV)?"

(3)

In realistic models, the product of the Z’ couplings

Cp, s, Cy,p, 18 much smaller than unity since the constraint
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so if C,,, <1 then C,, <1/50 which implies that
M, <5 TeV, making the Z' possibly observable at the
LHC, depending on its coupling to light quarks. Studies of
lepton-flavor violating (LFV) B decays in generic Z’
models before the Ry measurement but compatible with
it are provided in Ref. [17]. In addition, two and three
Higgs doublet models with a nonuniversal U(1)" gauge
symmetry have been used as the first explanations for the
Ry and Rg- anomalies [18]. An alternative explanation of
the Rg and Ry~ anomalies in the framework of a two Higgs
doublet model with two scalar singlets and nonuniversal
U(1) gauge symmetry is provided in Ref. [19]. Another
explanation for the Ry and Rg- anomalies is an extended
inert doublet model having an extra nonuniversal U(1)
gauge symmetry, where the SM fermion mass hierarchy is
generated from sequential loop suppression [20,21].
Furthermore, the Ry and Ry anomalies can be explained
in an aligned two Higgs doublet model with right-handed
Majorana neutrinos mediating linear and inverse scale
seesaw mechanisms to generate light active neutrino
masses [22]. Apart from these explanations, the Ry and
Ry anomalies can also be explained in models with
extended SU(3). x SU(3), x U(1) symmetry, with non-
minimal particle content, as done in Ref. [23]. Finally, a
vector leptoquark in the Standard Model representation
(3,1)y/5 arising from a Pati-Salam-like theory has been
shown for the first time to provide a good fit to the Rg-
anomalies [24].

In a recent paper, we showed how to obtain a flavorful Z’
suitable for explaining Ry~ by adding a fourth vectorlike
family with nonuniversal U(1)’ charges [25]. The idea is
that the Z’ couples universally to the three chiral families,
which then mix with the nonuniversal fourth family to
induce effective nonuniversal couplings in the physical
light mixed quarks and leptons. Such a mechanism has
wide applicability; for example, it was recently discussed in
the context of F-theory models with nonuniversal gauginos
[26]. Two explicit examples were discussed in [25]: an
SO(10) —» SU(5) x U(1)y model, where we identified
U(1) = U(1)y, which, however, was subsequently shown
to be not consistent with both explaining Ry~ and respect-
ing the B, mass difference [27], and a fermiophobic model
where the U(1)’ charges are not carried by the three chiral
families, only by a fourth vectorlike family. The fermio-
phobic looks more promising, since, with suitable cou-
plings, it can overcome all the phenomenological flavor
changing and collider constraints, and can, in addition, also
provide an explanation for dark matter, as recently dis-
cussed [28].

On the other hand, the existing pattern of SM fermion
masses is extended over a range of 5 orders of magnitude in
the quark sector and a much wider range of about 12 orders
of magnitude, when neutrinos are included. Unlike in the
quark sector where the mixing angles are very small, two of

from the B, mass difference will imply that

the three leptonic mixing angles, i.e., the atmospheric 0,3
and the solar 6,,, are large, while the reactor angle 6,5 is
comparatively small. This suggests a different kind of
underlying physics for the neutrino sector than what should
be responsible for the observed hierarchy of quark masses
and mixing angles. That flavor puzzle of the SM indicates
that new physics has to be advocated to explain the observed
SM fermion mass and mixing pattern. That SM “flavor
puzzle” motivates us to build models with additional scalars
and fermions in their particle spectrum and with an extended
gauge group, supplemented by discrete flavor symmetries,
which are usually spontaneously broken, in order to generate
the observed pattern of SM fermion masses and mixing
angles. Recent reviews of discrete flavor groups can be
found in Refs. [29-33]. Several discrete groups such as S;
[34-62], A, [63-105], S; [106-125], D, [126-134], Qg
[135-145], T; [146-155], T3 [156-159], T’ [160-168],
A(27) [169-194], A(54) [195], A(96) [196-198], A(6N?)
[199-201], and A5 [202-213] have been implemented in
extensions of the SM to provide a nice description of the
observed pattern of fermion masses and mixing angles.

In this paper we focus on an SU(5) x U(1)" model with a
vectorlike fourth family where the three chiral families do
not couple to the U(1)’, but the fourth vectorlike family has
arbitrary U(1)" charges for the different multiplets, which
mix with the three families, thereby inducing effective
nonuniversal couplings for the light physical mixed quarks
and leptons. The particular scheme we consider involves
induced Z' couplings to third family left-handed quark
doublets and second family left-handed lepton doublets,
similar to the model discussed recently in [28]. However, in
addition, we also allow induced Z’ couplings to the right-
handed muon, in order to provide nonuniversality for both
left-handed and right-handed muons, and hence give
corrections to the physical muon Yukawa coupling. We
show that such an SU(5) model with the vector sector can
account for the muon anomalies Ry, and correct the
Yukawa relation ¥, # Y7, without the need for higher Higgs
representations. The same applies to flavored grand unified
theories (GUTs) such as SU(5) x A4 with a vector sector.
In addition, we study the implications of a A, flavored
SU(5) x U(1)" GUT with five generations of fermions on
SM fermion masses and mixings. To successfully describe
the observed pattern of SM fermion masses and mixing
angles, we supplement the A, family symmetry of that
model by the Z; x Z; discrete group and we extend the
particle content of our model by adding two right-handed
Majorana neutrinos and several SU(5) singlet scalar fields.
The discrete A4 x Z3 x Z5 discrete group is needed in order
to reproduce the specific patterns of mass matrices in the
quark and lepton sectors, consistent with the low energy
SM fermion flavor data. The two right-handed Majorana
neutrinos are required for the implementation of the type-I
seesaw mechanism at tree level to generate the masses for
the light active neutrinos as pointed out for the first time in
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Refs. [214,215]. In this framework, the active neutrinos
acquire small masses scaled by the inverse of the large type-
I seesaw mediators, thus providing a natural explanation for
the smallness of neutrino masses.

The layout of the remainder of the paper is as follows. In
Sec. II we describe a two Higgs doublet model with four
generations of fermions, several scalar singlets, and an
extra U(1)’ gauge symmetry under which the SM fermions
are neutral and the fourth generation of fermions is charged.
In Sec. IIT we present the SU(5) x U(1)" GUT theory with
five generations of fermions in the 5 and 10 irreps of SU(5).
In Sec. IV we outline the A, flavored SU(5) x U(1)’ GUT
theory with five generations of fermions and we discuss its
implications on SM fermion masses and mixings. Finally,
we conclude in Sec. V. Appendix A provides a brief
description of the A, discrete group.

II. STANDARD MODEL WITH
A VECTOR SECTOR

In this section we analyze the model defined in Table 1.
The three chiral families and the Higgs doublets do not
carry any U(1)’ charges. We allow the vectorlike family to
carry arbitrary U(1)" charges. The scalars ¢ couple the
vectorlike family to the three chiral families.

A. Higgs Yukawa couplings

The Higgs Yukawa couplings of the first three chiral
families y; are

LV = yiH, Qpiug;+ yGH Opidr; + y§;HaLieg; +H.c.
(4)

where i,j =1,...,3.

TABLE I. The general framework considered in this paper.
Representation/Charge
Field SU(3), SU2), U(l)y Uy
Ori 3 2 1/6 0
Up; 3 1 2/3 0
dp; 3 1 -1/3 0
L;; 1 2 -1/2 0
€pRi 1 1 -1 0
URi 1 1 0 0
H, 1 2 -1/2 0
H, 1 2 1/2 0
014:0ra 3 2 1/6 49,
Ugasilpg 3 1 2/3 Gu,
dpa-dpa 3 1 -1/3 44,
Lp4.Lpy 1 2 —1/2 qL,
€R4sCr4 1 1 -1 9e,
PoudLe 1 1 0 9houar.e

In addition we allow the possibility of the fourth
vectorlike family Higgs Yukawa couplings,

Ly = yiH, Qpatigy +YiH O padgs + Y§H L aers + Hec.
(5)

although the existence of these couplings will depend on
the choice of the U(1)’ charges for the vectorlike family,
and some or all of these couplings could be zero.

B. Heavy masses

In this subsection we ignore the Higgs Yukawa couplings
(which give electroweak scale masses) and consider only
the heavy mass Lagrangian (which gives multi-TeV
masses).

The vectorlike family can mix with the three chiral
families via the ¢ scalars, and also can have explicit
masses, leading to the heavy Lagrangian,

Lheny = xiQ¢QQLiQR4 + Xy 4tig; + x?¢d§L4dRi
+xbppLyiLgs + ¢ Craer; + MG Q140
+ M{iipqugs + Mﬁmdm +MELiaLgs
+ M$é;4eps + Heoc. (6)

After the singlet fields ¢ develop vacuum expectation
values (VEVs), the U(1)" gauge symmetry is broken and
yields a massive Z' gauge boson whose mass is of order of
the largest VEV of the ¢ fields. Then we may define new

mass parameters M2 = x2(¢,), and similarly for the other
mass parameters, give

£hey = M20, ,Ops + MYt sttgy, + Md; 4dg,
+ MLL o Lgy + MG, 4, + Hee. (7)

where a = 1, ...,4 in a compact notation.

All these mass terms are heavy, of order a few TeV, and
our first task is to identify the heavy mass states and
integrate them out. Actually only one linear combination of
the four “normal chirality” states will get heavy, while the
other three orthogonal linear combinations will remain
massless (ignoring the Higgs Yukawa couplings). We will
identify the three physical massless families with the
quarks and leptons of the Standard Model.

C. Diagonalizing the heavy masses

We now focus on £ (ignoring the Higgs Yukawa
Lagrangian) and show how the heavy masses may be
diagonalized, denoting the fields in this basis by primes.
The goal is to identify the light states of the low energy
effective SM below the few TeV scale, after the heavy states
have been integrated out.
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In the primed basis, the fourth family is massive (before
electroweak symmetry breaking),

[mass — M?Q_/L4QR4 + MZI,:tU;u;M + MZI&L4d$€4

+ MALLL/L4£R4 + M§€:L4€;€4 + H.C. (8)
The first three families in the primed basis have zero
mass (before electroweak symmetry breaking), and are
identified as the quarks and leptons of the SM.
The fields in the primed basis and the original basis are
related by unitary 4 x 4 mixing matrices,

Q; =V, 0L Up =
L/L = VLLLL, 69,2 =V

d;? — VdeR’
eReR' (9)

In our scheme we will consider only the nonzero mixing
angles to be (93 '+, in order to generate the Z' coupling to the
third family quark doublet including b/, and also é’é‘j and
5% to generate the Z' coupling to the second family lepton
doublet including x} and also %, in the primed basis. This
is very similar to the model in [28], where the nonzero
angles 63Q4L and 65} were considered, and whose main focus
was on the phenomenological viability of the model
including dark matter. The model considered here includes,
in addition, the nonzero angle 65% which generates an
additional Z' coupling to p%, which is important for the
main focus of the present paper, namely, the effect of the
model on the SU(5) Yukawa relations.

To summarize, in this paper we consider

1 0 0 0
v Vo 01 0 0 0
(O ) C3Q4L S3Q4L ’ (10)
0 0 —sg cff
1 0 0 O
Ly Ly
v, — vk — 0 ¢ 0 sy 11
L=Y2%=1q9 o 1 o |’ (11)
0 —s3i 0 oo
1 0 0 O
I
VeR:V24: 0 0 1 0 ’ (12)
0 —s% 0

denoting ¢ = cos @ and s = sin 6.

D. The Lagrangian in the primed basis

1. Yukawa couplings in the primed basis

In the original basis, the Yukawa couplings in Eq. (4)
may be written in terms of the three chiral families y; plus

the same chirality fourth family w, in a 4 x4 matrix
notation as

LY = H,015" ug + HyQp3%dg + HyL, 5°eg + H.c.

(13)
where 7, 79, ¢ are 4 x 4 matrices consisting of the

original 3 x 3 matrices, y“, vy, y¢, but augmented by a
fourth row and column, as follows:

Yii Y2 Vi3 Vi
e e e e
5 = yil yiz yi3 }24 (14)
Yar Y32 Yz Vi
Vi Yi Vi3 Vi

In the primed basis in Eq. (9), where only the fourth
components of the fermions are very heavy, the Yukawa
couplings become

ﬁYuk HuQ/ 5y +HdQ,L)7/dd/ +HdL/ y/ee;eJrH‘C‘
(15)
where
no—y ~uvT d_vy ~dvT te — ~evT )
0. Y Vg 0. Y Vg LY Ver

(16)

In the primed basis it is trivial to integrate out the heavy
family by simply removing the fourth rows and columns of
the primed Yukawa matrices in Eq. (16), to leave the upper
3 x 3 blocks, which describe the three massless families, in
the low energy effective theory involving the massless
fermions v/,

Ly = y"5H Q/Lt”R/+y H,Q'1id, Rj

light —
+'5 HdL/LzeR]+HC (17)
where
y ij (VQLy v“R)l]’ yz] (VQL ~dvdk)lj7
yz] (VLLy VeR) (18)
and i,j=1,...,3. The physical three family quark and

lepton masses in the low energy effective theory should be
calculated using the 3 x 3 Yukawa matrices in Eq. (18).
For example, from Eqgs. (11), (12), (14), and (16) we see
that, if y,, is large, then this mixing may enhance
significantly y’$, compared to its original value y5,,
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1 0 0 0 Y1 Y Yz Vi I 0 0 0
e — 0 o 0 sy Yo Yno Yz Y 0 ¢ 0 —s3
0 0 1 0 Y5 Y Vi Ya 0 0 1 0
0 —spi 0 b/ \0§i ¥p Y5 Y5/ \O s3 0
Yii Y Y Y
B IRETRID LA LR b (19)
Yii Y Y55 Y5
Yia Vi Y4 Vi
where the 22 element of the 3 x 3 light physical Yukawa matrix gets modified as follows:
V5 = Caf ey, eat $55V5s + saf Coy,  saf sy, R VS, + 0585, + 0555, + 0550555, (20)

where the approximation is for small angles. This may
be a rather large correction if yg, > Y5, Or 5, > y5, or
Y4, > y5, even for small angle rotations. Such an enhance-
ment is not present for y'4,, due to the assumed zero angles
92Q4L = 9‘212 = 0. Therefore any relation between y$, and y4,
will not be respected by the physical couplings y'S, and
y'4,, after the mixing with the vectorlike family has been
taken into account.

By a similar argument, turning on the mixing angles Qﬂ‘,
01% would lead to

e e e L; e L e
Y Ry UYL+ 00y + 011005, (21)

where these mixing angles Hle, 0% could be much smaller

than 9%, 6‘212 and still give a significant correction, since
the 11 element of the charged lepton matrix is more
|

DQ = dlag(O, 0, O, QQ4),
DL == dlag(07 O? O? QL4),

D, = diag(0,0,0, q,4),
D, = diag(0,0,0, q,4). (23)

sensitive to such corrections than the 22 element (since
the electron mass is much smaller than the muon mass).

2. 7' gauge couplings in the primed basis

There is a Glashow-Iliopoulos-Maiani mechanism in the
electroweak sector leading to no FCNCs. However, in the
physics of Z’ gauge bosons, the U(1)" charges depend on
the family index «. This leads to nonuniversality and
possibly FCNCs due to the Z' gauge boson exchange, as
we discuss. After U(1)" breaking, we have a massive Z’
gauge boson with diagonal gauge couplings to the four
families of quarks and leptons, in the original basis,

L5 = ¢ Z,(01Dor* QO + gD y* ug + dgDgy"dg
+ LDy y*Ly + érD,y*eg) (22)

where only the fourth family has nonzero charges,

D, = diag(0,0,0, gu4).

In the diagonal heavy mass (primed) basis, given by the unitary transformations in Eq. (9), the Z’ couplings to the four

families of quarks and leptons in Eq. (22) become

LY = §7,,(0) Dipy* O, + Wx Dyl + dy Dy dy + Ly Dy y* Ly, + exDly e) (24)

where

— i
D’Q =Vo,DoVy,.
DIL — VLLDLVZL’

D, =V,DVi.  Dy=VyDV}.
D,=V,D,V.,. (25)

In the low energy effective theory, after decoupling the fourth heavy family, Eq. (24) gives the Z' couplings to the three

massless families of quarks and leptons,

LYY = g Z,(QL Doy Q) + i Diyy uy + dpDiyy"dy + L Dy L), + &x Dy e) (26)
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where the 3 x 3 matrices D’ are given by

5 +
(Dg)ij = Vo, DoV, )ijs

(D/L)ij = (VLLDLVZL)U’

where i,j =1, ...,3.

Without the fourth family, mixing all these Z’' couplings
would be zero, since the three original chiral families have
zero U(1)" charges. However, with Egs. (10)—(12), this
mixing induces Z’ couplings to the third family left-handed
quarks and to the muons, as we discuss in the next
subsection.

E. Phenomenology

The example we consider is one in which the quarks and
leptons start out not coupling to the Z' at all, as in
fermiophobic models. We show that such fermiophobic
Z' models may be converted to flavorful Z’' models via
mixing with fourth and fifth vectorlike families with Z’
couplings. We consider both fourth and fifth vectorlike
|

(D:A)ij = (V
(D/e)ij = (VERDEVZR)

uRDuVZR)ij’ ([jii)ij = (VdRDdVZR>ij?

(27)

ij

families of charged fermions to account for the Ry and
Ry+ anomalies and at the same time to allow embedding
the model in a SU(5) GUT theory in such a way that the
mixings between the heavy and light states will yield a
realistic SM quark mass spectrum at low energies without
adding a scalar field in the 45 irrep representation of
SU(5) as we will shown in detail in Sec. IV. Without the
inclusion of the fifth fermion family it will not be possible
to embed our model in a SU(5) GUT theory consistent
with the low energy SM fermion flavor data and at the
same time allowing for an explanation of the Rx and Rg-
anomalies, without invoking 45 irrep scalar of SU(5). We
start by considering the following scenario where the
mixing matrices for the fermionic fields Q;, L;, and
€r are

1 0 0 0 O
0 1 0 0 0
Vo, =V% =10 0 % 0 s%|,
00 O 1 0
0 0 —s% 0 &%
clycs 0 0 sf ChusTs
—cisSusy oz 0 cfyshy —shystsshy
Vy, =VELVi Vi = 0 0 1 0 0 ,
—Cisensty =5y 0 cfycl —ChsTsts
—sks 0O 0 0 cks
cicis 00 sE s
—Cissiasay  cop 0 cifsyi —siisiEsol
Ve, =Va4ViEViE = 0 0 1 0 0 (28)
—ciSeaisiy sk 0 cpiehl  —cisiis)§
-5 0 O 0 it
In addition we consider that only the fourth and fifth families have nonvanishing charges:
Dy = diag(0,0,0. gg4, q9s) D, = diag(0,0,0,G14.9;5). D, = diag(0,0.0., ge4. qo5)- (29)

Then, by replacing in Eq. (27) we find the following relations:
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0 0 0
E’Q:qQS 0 0 0 ,

0 0 (s%)7°

(Slf4> +qu(sf5)2(c’f4)2
D/L = C14SL 324[51L4 qL; (S1L5)2]

0
Ge, (554)7 + qo, (565)%(c$4)?

D, = 014S14sz4[‘1e4 - qe5<s15)2]

0

so that the Z’ couplings from Eq. (26) become

cgauge = QIZQ{QQS(S%)QQ/LﬂlQ/m + [‘1L4

51L4(524) (cty)? + qp, (st

QL;( )2]

)2(554)2(554)2

L L L
CraS14524 [fIL4

0

e e e
C14S14524[‘Ie4 qes(

0
0
0
s ) (30)
0

de, (584)%(c$4)* + e, ( 15)2(S14 (s54)°

(5f4)2 + 4L, (SlL5)2(6f4)2}[‘2171L/LI}

+ 9Z[qe,(554)* 4 Gey (555)7(c54) €17 Ry
+ Q/Zﬁ [‘1L4(S§4> (C14) + 4 (315)2(5%4)2(554)2]1:22}’“/142

+ glzil[thq (554) (C
+ 91221‘711“4511“4S§4[61L4
+ dZ&C?4S€4SS4[qe4

where the Z’ couples only to the third family left-handed quark doublets Q' ; =

- qu (SfS

07+ deg(595)7(554)7 (554) €par e
— 4L (st> ](L/Lﬂ’/lU 0+ L ZylLlLl)

)2](‘3R1J’ ko + Cra¥ ‘31R>

(31)

= (t1,, by,) and the muons L}, = (v, p; ) and

€y = Wy, where the primes indicate that these are the states before the Yukawa matrices are diagonalized.
Ignoring any charged lepton mixing amongst the three light families (to start with), this will lead the couplings,

L3 = Z(Cp, 5, bry*sy + Cupfiny e + CougupivY g + Cope, €17 L

+ Coperrv er + Cype, (Arr'er + ery'ur) + Cupe, ) (iry er + ervug) + -..)

(32)

with the different couplings of the Z’' gauge bosons with the charged leptonic fields appearing in Eq. (33) given by

Cp,s, = gquS(%Qs)z(Vdezv Copp, = g/[CIL4(Sé4)2<C14) + QL:—,(
)7 ey (555)(554)7 (55,)%],

Crnin = 9 [a0, (554)(c$

Cepe, =9 lar,(sty)* + qr,(st5)*(cly)?].

— J S L L L
Cie =9 {C14314524[QL4

CMR€R = g,{CT4s?4S§4[q€4 - q€5 (s

where the mixing parameters lez’e appear after expressing
the leptonic fields in the interaction basis in terms of the
leptonic fields in the mass eigenstates, considering, for the
sake of simplicity, only the mixing in the 1-2 plane. In
addition, we have expanded the quark primed fields in
terms of mass eigenstates as follows:

)b (34)
and assumed from the hierarchy of the Cabibbo-Kobayashi-
Maskawa matrix that

by = (V/ZL)SIdL + (V/ZL)SQSL + (V/le

(Vi < I(Vinl < (Vi h~1. (35)

— 4L (SIfS)z] + [CIL4(S24)2(C14) +4qL, (s7
)2+ [g., (s54)%(c

5)2(s74)*(524)°]

2 e (555)*(¢14)7]
5)2<S14) (524) s 12}
4+ qes (595)7(554)2(554)%]5%,

CEReR i g [q€4(

(33)

I
Then the Z' exchange generates the effective operators,
as in Eq. (1), where the operator corresponds to
Cy, = —C\,. For the sake of simplicity, we ignore the

contrlbutlon of the right-handed muon operator and we
neglect the contribution arising from the mixing between

the first and fourth generations of charged leptons, i.e.,

we set Qgi’R) = (. Let us note that we are considering a

scenario where the fifth family of vectorlike fermions only
couples with the third generation of SM quarks as well as
with the first generation of charged leptons, whereas the
fourth family will only couple with the second generation
of SM charged leptons; thus, we are assuming that only
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0%r, O5%, O5%, O, 0% are nonzero with all other mixing
angles being zero (see Sec. IV for a justification of those
assumptions in terms of symmetries).

To explain the Rx and Ry« anomalies, we require the
coefficient to have the correct sign and magnitude, as
discussed in Eq. (3), leading to

M. 2
c ~ 1073 Z_)
| brst #LML| (1 TeV)

There are important flavor violating processes such as
B, — B, mixing which can rule out models, due to the Z’
coupling to bs. As discussed for example in [27], this leads
to the constraint,

(36)

2 s(_ Mz \?
Cps " S2x107° | —%) . 37
CousP 52107 ( 15 ) 37)
From Egs. (36) and (37) we find the constraint,
|Cb s | 1
LSL N (38)
| #LHL| 50
From Eq. (33), this implies
|QQ5<S?%)2<V/LL)32| <L (39)
|qL4(55)°] ~50
This is easily satisfied, since for example if (V' )5, ~

Vi ~A*~(1/5)>~1/25 then this by itself is almost
sufficient to satisfy the constraint.

For example, if we saturate the bound in Eq. (37), then
Eq. (36) implies

M/
Cunl = daus(sh =02(75 ) @0

This shows that the mixing angle 6%, cannot be too small.
Note that the LHC limits on the Z’' mass are very weak since
it does not couple to light quarks at leading order, and
its coupling to strange quarks is suppressed by a factor
of (V/IJL)%z-

For a more detailed discussion of the phenomenological
constraints on this particular model arising from both flavor
violating processes such as B, — B, mixing and LHC limits
on the Z' mass, see [28]. Furthermore, note that the model
has very small FCNC in the Z couplings as explained in
Ref. [25]. In addition, the loop effects of fermions charged
under both the SM and extra U(1)" groups will generate a

small Z — Z' mixing of the order of Té 2) , with M1 being

the mass of the fifth family of quarks. Considering
My~ My, the Z—Z' mixing angle will be of the order
of 6 x 1073, thus leading to suppressed FCNC in the Z
couplings.

There are other important constraints due to LFV
processes such as u — eee as recently discussed for
example in [27]." However, as discussed there, violations
of lepton universality do not always lead to lepton-flavor
violation: it depends on the mixing angles inR arising from
the left-handed (L) and right-handed (R) rotations which
diagonalize the charged lepton Yukawa matrix. This leads
to a Z'ue flavor changing coupling suppressed by HILQR and
a Z'ee flavor conserving coupling to electrons suppressed
by (65%)%. We may estimate the branching ratios for
u — eee by taking the ratio of the Z’ exchange diagram
squared to the W exchange diagram squared,

<cm,,L>4<ef2>6(ﬁ—j)4 (41)

Br(//lL - eLeLeL) ~

My \ 4
Br(ug — egegeg) ® (Cukﬂx)4(efz)6 <MW> . (42)
ZI

For typical charged lepton mixing angles such as
053} ~ 4/3 ~0.07, the coefficient in Eq. (40) will lead to
branching ratios such as

Br(u; — epeper) ~(0.22)4(0.07)6(0.08)* ~ 10714 (43)
below the current experimental limit of Br(y — eee) <
107!2 but within the range of future experiments.

Although the above constraints may be satisfied, our
current framework can lead to the LFV decay p — ey,
which is only induced by the fo mixing angles in the case
of a diagonal SM charged lepton mass matrix, as shown in
Appendix B. Thus, to avoid all LFV decays and at the same
time to generate the correct value of the electron mass, we
need to also suppress the fo mixing angles while at the
same time correcting the charged lepton masses. This can
be achieved by adding a fifth vectorlike family as discussed
in the next section.

Finally, we remark that the models discussed in this
paper will be supersymmetric (SUSY). It is well known that
SUSY must be broken in realistic models, leading to
additional sources of flavor violation coming from the
SUSY breaking sector via SUSY loop contributions. These
have been recently studied for a class of SUSY SU(5) x A4
models [104] which includes the type of model described in
Sec. IV. Interestingly, according to the model independent
analysis based on the region of SUSY parameter space
consistent with smuon assisted dark matter [104], the most
constraining SUSY loop induced flavor observables are
also y — eee and u — ey, which are the same modes as
discussed above. Such lepton-flavor violating decays could

'We do not consider u — e conversion since the Z’' does not
couple to light quarks at leading order.
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therefore be mediated by either SUSY loops or by a Z’
exchange in this model.

III. SU(5) WITH A VECTOR SECTOR

We now suppose that the SM with a vector sector
considered in the previous subsection descends from a
supersymmetric SU(5) GUT. The three chiral families
result from three families of F; transforming as 5, and
T; transforming as 10, which all carry zero U(1)’ charges.
The Higgs H, and H, arise from 5 and 5 representations,
after doublet-triplet splitting (which we do not address).
This results in the SU(5) Yukawa relation, ¥, = Y7 in the
usual way.

Now we consider adding the previous vector sector to the
SU(5) GUT. In order to violate the SU(5) relation Y, = Y7
we will suppose that the fourth vectorlike family at low
energies results from multiple 5+ 5 and 10 + 10 at the
GUT scale, where each pair has equal and opposite U(1)’
charges, but which differ each from another pair. Similar
arguments apply for the origin of the fifth family. At low
energies below the GUT scale, only the matter content
of two vectorlike families survives with various U(1)
charges, similarly as in Table I, with the remaining
components of the multiple 5+5 and 10 + 10 states
having GUT scale masses. Below the GUT scale, the
model in Table II leads to the SM plus vector sector in
Table I. Thus, the SU(5) plus vector sector can explain the
muon anomalies exactly like we discussed in the previous
section (see in particular Sec. ITE).

We now focus on the SU(5) Yukawa relation, Y, = Y7
and show that it is violated by the SU(5) plus mixing with
the vector sector. At the GUT scale, we identify ¥, = yj;
and Y, = y§’j in Eq. (4).

The Yukawa terms in SU(5) may be written as

TABLE II. The SU(5) model considered in this paper. The
indices i = 1, 2, 3 while a = 4,5, ....

Representation/Charge

Field SU(5) U1y
F; 5 0
T, 10 0
H, 5 0
Hy 5 0
]:—‘a 5_ 9Fa
Fa 5 ~4Fa
Y:a E dra
Ta 10 —AdTa
¢Fa 1 9Fa
¢Ta 1 dra

These give SM Yukawa terms,

VI H Qi + YoH Lt + Y(HaQids + HyefLj).  (45)
From this equation we identify the charged lepton Yukawa
matrix as

Y, =Y, (46)

at the GUT scale. This means that after RG effects are
considered we have at low energy,

1
Y, ~ 3 Yn, (47)
where QCD corrections lead to an overall scaling factor of
about 3 for the quark Yukawa couplings as compared to
those of the leptons. This implies that

1 1 1
Ye= 3V Y =3Ve Ve =3a (48)

Though successful for the third family, this fails for the first
and second families.

Georgi and Jarlskog [216] proposed that the (2,2) matrix
entry of the Yukawa matrices may be given by

yngETze’ (49)

involving a Higgs field Hz, where H, is the light linear
combination of the electroweak doublets contained in Hs

and Hgz. This term reduces to
Y5, (HyQad5 —3Hye5L,), (50)

where the factor of —3 is a Clebsch-Gordan coefficient.
Assuming a zero Yukawa element (texture) in the (1,1)
position, and symmetric and hierarchical Yukawa matrices,
this leads to the relations at low energy,

1 1
Ve=3Ve V=V Ye=gla (51)

which are approximately consistent with the low energy
masses.

In our approach we do not wish to consider such large
Higgs representations to modify the Yukawa matrices at the
GUT scale. Instead we note that these are not the physical
Yukawa matrices due to mixing with the fourth family. By
following our discussion given in Sec. IID 1 we find that
the mixing with the fourth family may enhance y'S,
compared to its original value y5,,

L e Ly, ;. pe
¥'$, = ¥5, €08 0y cos 05 + y5, cos Oy sin 65
e oin gk CR e oinpkL o R — e
+ Y4, sin Oy cos 05 + v, sin 6,4 sin b, = fy5,,
(52)
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which may be a rather large correction if yg, > y5,,
even for small angle rotations. We can easily achieve an
enhancement by a factor of 3, or indeed any other factor f.
Such an enhancement is not present in y'4, due to our
choice of zero mixing angles 92Q4L = 6‘214’* =0.

Assuming as before, a zero Yukawa element (texture) in
the (1,1) position, and symmetric and hierarchical Yukawa
matrices, Eq. (52) leads to the relations at low energy,

1 f 1
=5 ) =35 Vs» e — . 53
Yz 3)’1; Yu 3)’ y —3f)’d (53)

These relations are approximately consistent with the low
energy masses for f =~ 2-3.

It is worth noting that the requirement for enhancing y's,
but not y'4, relies on the assumption that Géi #0or0y% #0
but 92Q4L9§§ = 0. If we had assumed that the vectorlike
family originated from a single 5 + 5 and 10 4 10 repre-
sentation, denoted as Fy + F4 and T4 + T, then this would
constrain the choice of charges for the vectorlike fourth
family to be +¢p, for the states L;, and dp,, together with
+qr, for the states Qru4, Ups, and epy, and their vector
partners. In particular, the vectorlike family in Table I
would have constrained charges ¢;, = —g4u and also
40, = —4qus = —q.s- This would eventually have led to

the constraint on the fourth family mixing that V;, = VLR.
Similarly it would have implied that V, = Vi, = V{,.
These relations would imply from Eq. (16) that the SU(5)
relation at low energy would be preserved, Y/, ~ % Y'T.
Furthermore, for enhancing y'$,, we require 6’% #0 or
05k # 0 but 6%6k = 0.

In summary, we need Hé‘i #0or 05 # 0 and HII“SL # 0 or
0% # 0 but 69-65% = 0 and #%-6{% = 0. This can be done
if the fourth and fifth vectorlike families at low energies
result from multiple 5+ 5 and 10 + 10 at the GUT scale,
where each pair has equal and opposite U(1)’ charges, but
which differ each from another pair, as assumed in Table II.
Assuming this, then we have shown that the SU(5) theory
can account for the muon anomalies Ry, and obtain ¥, #
%Yg without the need for higher Higgs representations.

The above discussion assumes that there is a zero
Yukawa element (texture) in the (1,1) position, with a
symmetric and hierarchical charged lepton Yukawa matrix.
If, on the other hand, we would assume that the charged
lepton Yukawa matrix is diagonal, then we would need to
assume corrections as in both Egs. (20) and (21) in order to
account for the correct low energy mass relations in
Eq. (51). We will see an example of such a model in the
next section.

IV. SU(5) xAy WITH A VECTOR SECTOR

In this section we will extend the particle content
of our supersymmetric model by adding fourth and fifth

generations of fermions in the 5 and 10 irreps of SU(5), two
right-handed Majorana neutrinos, i.e., vz, o and several
SU(5) singlet scalar fields. In addition, we will implement
the A4 family symmetry, which will be supplemented by the
Z5 x Z5 discrete group. These modifications in our sim-
plified version of our model are done in order to get viable
and predictive textures for the fermion sector, which will
allow us to successfully describe the current pattern of SM
fermion masses and mixing angles, as we will show later in
this section.

The particle content of the model and the field assign-
ments under the SU(5) x U(1)' x A4 X Z3 X Z; group are
shown in Table III. Let us note, that we use the A, family
symmetry, since A, is the smallest discrete group having a
three-dimensional irreducible representation and three dif-
ferent one-dimensional irreducible representations, which

TABLE III.

Notice that we included the field HS) with the same quantum

numbers of HE,Z) in order to fulfill the anomaly cancellation

condition without introducing extra mixing terms between the
light and heavy vectorlike fermions.

The SU(5) x A, model considered in this paper.

Representation/Charge

Field SU(5) U1y Ay Z Z
F 5 0 3 0 0
T, 10 0 1 2 3
T, 10 0 1 1 2
T, 10 0 1 0
Fy 5 qr, 1 -1 -2
7, 5 ~gr, 1 1 2
Fs 5 qr, 1 -2 -3
s 5 ~gr, 1 2 3
T, 10 ar, 1 1 2
Ts 10 qr, 1 0 0
T, 10 —dr, 1 -1 -2
Ts 10 —qr, 1 0 0
Uir 1 0 1 0 -3
Var 1 0 1 0 0
B 5 0 1 2 0
H 5 0 1 1 0
HO 5 0 1 0 0
Hfjl) 5 0 1 0 0
e 5 —qr, 1 0 5
H((;) 5 —qr, 1 0 5
Pr, 1 qr, 3 -1 -2
P, 1 qr, 3 -2 -3
b 1 qr, 1 0 0
c 1 0 1 0 -1
3 1 0 3 ) -3
g, 1 0 3 -1 )
£ 1 0 3 0 0
i 1 0 3 0 3
7 1 0 3 0 0
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allows us to naturally accommodate the three fermion
families. Specifically, we grouped the three generations of
SM fermionic 5, ~ F; (i = 1, 2, 3) irreps of SU(5) in an A,
triplet, whereas the three generations of SM fermionic
10, ~T; (i = 1, 2, 3) irreps of SU(5) are assigned into A,
trivial singlets. The exotic fermionic fields are also assigned
into A, trivial singlets. As a consequence of the afore-
mentioned fermion assignments under the A, X Z3 X Z;
discrete group, three A, triplets, SU(5) scalar singlets are
needed to provide the masses for the SM down type quarks
and charged leptons. In addition, we need two extra A,
scalar triplets to generate a viable and predictive light active
neutrino mass matrix as well as three A, triplets, and SU(5)
scalar quintuplets, with different Z5 charges, are required to
generate the SM up type quark masses and quark mixing
parameters. Thus, in view of the above, the SU(5) singlet
scalar fields neutral under U(1)" are accommodated into
five A, triplets, i.e., &, &, &, 11, 12, and one Ay trivial
singlet, i.e., 0. Out of the A, scalar triplets, only #; and 7,
will participate in the neutrino Yukawa interactions,
whereas the remaining A, triplets will appear in the charged
|

(&) =2(1,0,0, (&)=
<’71> = Uy (07 1, 1)7
<¢F5> = U(/)FS(I’O’O)’

#(0.1,0),
() = v,,e®(1,3,1),

lepton and down type quark Yukawa terms. That separation
of the A, scalar triplets, resulting from the Z; x Z; discrete
symmetry, allows us to treat the neutrino and the charged
fermion sectors independently.

In addition, the Z; symmetry allows us to have a SM
charged lepton mass matrix diagonal, which is crucial to
completely suppress the lepton-flavor violating decays. The
Z; symmetry give rises to the hierarchical structure of the
charged fermion mass matrices that yields the observed
pattern of charged fermion masses and quark mixing
angles. Furthermore, we introduce two right-handed
Majorana neutrinos, i.e., Vig, Usg, in order to implement
a realistic type-l seesaw mechanism at tree level for the
generation of the light active neutrino masses. Having only
one right-handed Majorana neutrino would lead to two
massless active neutrinos, which is obviously in contra-
diction with the experimental data on neutrino oscillations.
On the other hand, in order to get predictive SM fermion
mass matrices consistent with low energy fermion flavor
data, we assume the following VEV pattern for the A,
triplet SU(5) singlet scalars:

(&) = v(0,0,1),

(¢r,) = vy,,(0.1,0),
(54)

where the complex phases ¢, are introduced in the VEV pattern of the A, triplet scalar 7, in order to successfully reproduce
the experimental values of the leptonic mixing angles. Since the breaking of the A, x Z3 x Z; discrete group generates the
hierarchy among charged fermion masses and quark mixing angles and in order to relate the quark masses with the quark
mixing parameters, we set the VEVs of the SU(5) singlet scalars o, &,, &, &, 1, (s = 1, 2), ¢,, and ¢, with respect to the
Wolfenstein parameter 1 = 0.225 and the model cutoff A, as follows:

(e)

Vi, ™~ Vg, << U ®)

~ A < v )

~ PN <V~ PN < vy~ ~ A, (55)

s
where s = 1, 2. The aforementioned VEV patterns are consistent with the scalar potential minimization equations for a
large region parameter space. In particular, the VEV pattern of the A4 scalar triplets #; and 7, that participate in the neutrino
Yukawa interactions have been derived for the first time in Ref. [74] in the framework of an A, flavor model. Assuming that
the scale of breaking of the discrete symmetries is of the order of the GUT scale Agyr ~ 10'® GeV, from Eq. (55) we find
for the model cutoff the estimate A ~ 4.4 x 10'® GeV.

With the above particle content, the following Yukawa terms invariant under the group SU(5) x U(1)' x Ay X Z3 X Z;
arise:

5 4
u u 2) O u
—Ly = y(ll)TlTlH( )A6 —|—y52)T1T2H£,)A5 +y<22)T2T2HE,)F+y(13)T1T3H( )A3 +Y§3)T2T%H( )A2 +yg3)T3T%H( )
1 FH née 1, FH (1) & TsFH (1) & TFH”5 <)TFH()5 Mg, F

Tyt K"‘ 22 2 X+Y33 3 A+Y24 207411 A5+Zz4 20401y A54‘3624 4For,
¢F r Chr Py

+x\DEsFpr, + 1k T5T3¢T+ZMF F,F, +ZMT T,T, + 20 F s 000 0 p 2 —5

a=4 a=4
+Z YOFHYY sR'k+x§”>y1R@a+M@>u2R@, (56)

s=1
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where the Yukawa couplings are O(1) dimensionless
parameters, assumed to be real for the sake of simplicity,
whereas My , My, (a=4,5) and M ) are dimensionful
parameters.

On the other hand, it is worth mentioning that the lightest

of the physical neutral scalar states of H 5,1 ), H ,(,2), H 5,3) JH Ell ),

Hgiz), and Hf) is the SM-like 125 GeV Higgs discovered at

the LHC. As clearly seen from Eq. (56), the top quark mass

mainly arises from H &3). Consequently, the dominant
contribution to the SM-like 125 GeV Higgs mainly arises
from the CP even neutral state of the SU(2) doublet part of

H 5,3). In addition, let us note that the scalar potential of our
model has many free parameters, which allows us freedom
to assume that the remaining scalars are heavy and outside
the LHC reach. In addition, the loop effects of the heavy
scalars contributing to precision observables can be sup-
pressed by making an appropriate choice of the free
parameters in the scalar potential. These adjustments do
not affect the physical observables in the quark and lepton
sectors, which are determined mainly by the Yukawa
couplings.

From the Yukawa interactions given above, it follows
that the SM mass matrices for quarks and charged leptons
are given by

(”I))ﬁ (“)15 (”))’3

a; ap ap
v
My = agg)ls aé’é)ﬁ“ a%)ﬂz —=>
(W3 (W) AL
aigh ayd  ag
a7 0 0
v
Mp=| o a2 o [
D (122 \/z
0 0 a9
a7 0 0
v
M= o dal©5 o |0
V2
0 0 ain

K
af m3[1+ 600p(f2 = 1) + 8udu(fy = Dlafy. (57)

where v = 246 GeV is the electroweak symmetry breaking
scale, the factor of 3 includes the QCD corrections, the x
parameter is introduced to account for the threshold
corrections to the down type quarks and charged lepton
mass matrices [217], and the factors f| and f, consider the
effects of the mixings with the fourth and fifth families,
respectively, of charged leptons as in Egs. (20) and (21). Let
us note that we have assumed, as follows from an extension
of our discussion given in Sec. IID 1, with appropriate
modifications of Egs. (21) and (20), that the factors f| and
f» are given by

x5 v
f1~cosOl, tan 0% ~ — . (58)
Mrp,
V20,0 Ky
famcosOl, + i) — T gingl,  tanok, ~ T2
v MF4
(59)

Then, considering My, ~Mp ~ vy, ~v,, ~O(1) TeV

and xi? ~x§? ~O(1), we find that factors f; and f,
will be of order unity, which is crucial to generate the
right values of the electron and muon masses without
spoiling our predictions for the SM down type quark mass
spectrum.

The mechanism described above works because the fifth
generation of vectorlike leptons only mixes with the first
family of charged leptons. Thus, as a result of this mixing,
the 11 entry of the charged lepton mass matrix will receive
a correction proportional to sin 61L5L sin@}% instead of the
quantity Qﬁfﬁiﬁ shown in Eq. (21), thus yielding the right
value of the electron mass (without spoiling the predictions
of the down quark mass) and at the same time preventing
the y — ey decay. Thus, the present flavor model has the
features fo = Hés’R =0,0% ~0,0% ~0and 0} # 0, and
0%, #0. In this model, due to the discrete symmetry
assignments, the mass matrices for SM down type quarks
and charged leptons are diagonal and the right values of the
electron and muon masses arise from the 6% and 6%,
mixing angles, respectively, and the mixing between the
fourth and fifth generation of vectorlike leptons is very tiny,
thus allowing us to have a realistic SM fermion mass
spectrum and strongly suppressing the y — ey rate.

Additionally, as seen from the Yukawa terms given in
Eq. (56), considering vy, ~v,, ~ O(1) TeV and assum-
ing that the scale of breaﬁing of the discrete symmetries is
of the order of the GUT scale Agyr ~ 10'® GeV, we find
that for dimensionless coupling of order unity, the mass
mixing term between the fourth and the fifth generations of
charged fermions is of the order of 10~'% GeV. Considering
fourth and the fifth generations of charged leptons con-
tained in the 5, 5 SU(5) representations have masses
around O(1) TeV, we find a mixing angle between
these fermions to be 6,5~ 10713, which implies that
branching fractions for the charged lepton-flavor violating
decays induced by this mixing will be very tiny and
well below their corresponding experimentally upper
bound. Furthermore, as seen from Eq. (57) and Yukawa

terms xgi)F4F¢p4, x(l?F5F¢F5, yéi)T2F4HE,2) % and
zgi) T, F 4H£,3) X—SS shown in Eq. (56), the SM charged lepton
mass matrix is diagonal and 0%, # 0, 0% # 0, respectively,
whereas 87;F = HSS’R =0, 0% ~0, 6%, ~ 0, thus preventing
contributions to the y — ey decay rate arising from these
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mixing angles, as follows from Appendix B. Besides that, it
is worth mentioning that we are considering incomplete
SU(5) multiplets for the fourth and fifth generations of
fermions, which can be justified by assuming that the
exotic down type quark fields contained in the 5 and 5
irreps of SU(5), Fy, Fs, Fy, Fs as well as the charged
exotic leptons and down type quarks included in the 10, 10
irreps of SU(5)T4, Ts, T4, Ts, have masses much larger
than the TeV scale, whereas the remaining fermions inside
these representations do acquire TeV scale masses. That
assumption will guarantee that 0%, = 64, = 0% = 6% =
9%5 = 0% L: 0, &5~0, 05,~0 despite the fact that
05, #0, 075 #0, and 045 # 0.

Since we assume that the dimensionless Yukawa cou-
plings appearing in Eq. (56) are roughly of the same order
of magnitude and we consider the VEVs v

1), V), U
u

HY YHP VHD>
H and v ) of the order of the electroweak scale
v~ 246 GeV, the hierarchy of charged fermion masses
and quark mixing matrix elements arises from the breaking
of the A4 X Z3 X Z; symmetry. Let us note that despite the
fact that the running of Yukawa couplings from the GUT
scale up to the electroweak scale is not explicitly included
in our calculations, our effective Yukawa couplings can
accommodate for the renormalization groups effects, since
these effective Yukawa couplings depend not only on the
Yukawa couplings but also on the VEVs of the scalar fields
participating in the Yukawa interactions and those VEVs
can be adjusted to account for these effects. This freedom in
adjusting the VEVs of the scalars fields participating in the
|

v

alV ~1884+0387i,  a\%~-1933-0211i,

TABLE IV. Model and experimental values of the charged
fermion masses and CKM parameters.

Observable Model value Experimental value
m,(MeV) 0.487 0.487

m, (MeV) 102.8 102.8 + 0.0003
m,(GeV) 1.75 1.75 £ 0.0003
m,(MeV) 1.45 1.45107¢
m.(MeV) 635 635 £+ 86
m,(GeV) 172.1 172.1 £ 0.6 = 0.9
my(MeV) 2.9 29103
mg(MeV) 57.7 57.7+/%%
my,(GeV) 2.82 2.82°00

sin eiqz) 0.225 0.225

sin 9%) 0.0414 0.0414

sin 95? 0.00355 0.00357

J 2.99 x 107 2.96f8:122 x 1073

Yukawa interactions is due to the large number of param-
eters in the scalar potential. Furthermore, we recall that we
adjust the corresponding effective Yukawa couplings
instead of the Yukawa couplings to fit the physical
observables in the quark and lepton sector to their exper-
imental values at the M, scale.

The charged lepton and quark masses [218,219], the
quark mixing angles, and the Jarskog invariant [220] can be
well reproduced in terms of natural parameters of order
one, as shown in Table IV, starting from the following
benchmark point:

alt) ~1.974 - 0.023i,

a9 ~0989, 4\ ~0691+0277i,  al¥ ~—0.788 4+ 0.014i,
a) 20005, al)~1016, o) ~0879,
k~1862,  f1~-0729,  f,~1.87l. (60)

In Table V we show the model and experimental
values for the physical observables of the quark sector.
We use the M -scale experimental values of the quark
masses given by Ref. [218] (which are similar to those
in [219]). The experimental values of the CKM param-
eters are taken from Ref. [220]. As indicated by
Table IV, the obtained quark masses, quark mixing
angles, and CP violating phase are consistent with
the low energy quark flavor data. As shown from
Table IV, the obtained values for the SM down type
quark masses are inside the lo experimentally allowed
range. In addition, our obtained values for the SM up
type quark masses are inside the lo experimentally
allowed range, as indicated in Table IV.

|

On the other hand, from the neutrino Yukawa inter-
actions, we find that the Dirac and Majorna neutrino mass
matrices are given by

0 b
Matm 0
mI/D = a 3b , MR = N
0 Msol
a b
b = |ble. (61)

Since the right-handed Majorana neutrinos vz and v,p
acquire very large masses, the light active neutrino masses
are generated via the tree-level type-I seesaw mechanism
and thus the light neutrino mass matrix takes the following
form:
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TABLE V. Model and experimental values of the light active neutrino masses, leptonic mixing angles and CP violating phase for the
scenario of normal neutrino mass hierarchy. The difference a; — a, between the Majorana phases predicted by the model is also shown.

The experimental values are taken from Refs. [221,222].

Observable Model bpf + 16 [221] bpf + 1o [222] 30 Range [221] 30 Range [222]
Am3; [107° eV?] 7.38 7.557010 7.40703) 7.05-8.14 6.80-80.2
Am2, [1073 V2] 2.48 2.50 +0.03 2.494+0033 2.41-2.60 2.399-2.593
) 34.32 345112 36621078 31.5-38.0 31.42-36.05
613(°) 8.67 8.4510:16 8.54 £0.15 8.0-8.9 8.09-8.98
o)) 45.77 47.9119 472419 41.8-50.7 40.3-51.5
5er(°) —86.67 —142438 —108+4 157-349 144-374
(a3 — az)(°) —71.90
0 00 m,, ~26.57 meV, m,, ~2.684 meV, ¢, = 120°
m, = muDMI_?]mZD =my,| 0 1 1 (64)
0 1 1
1 3 1 In addition, we find that the light active neutrino masses are
i¢l/
tmpe® 39 3, 2) =0, my=859meV  ms=49.81 meV.
1 3 1
(65)
where m,, and m,, are given by From Table V, it follows that the neutrino mass squared
splittings, i.e., Am3, and Am3,, the leptonic mixing angles
2 2
m,, = a . my, = b ) (63) 9212), 6&2, 9213),. and the pirac le.ptor.lic cpP Viqlating phase are
Myim Mg consistent with neutrino oscillation experimental data for

The neutrino mass squared splittings, light active neutrino
masses, leptonic mixing angles, and CP violating phase
for the scenario of the normal neutrino mass hierarchy can
be very well reproduced, as shown in Table V, for the
following benchmark point:

the scenario of normal neutrino mass hierarchy. Let us note
that, for the inverted neutrino mass hierarchy, the obtained
leptonic mixing parameters are very much outside the 3¢
experimentally allowed range. Consequently, our model is
only viable for the scenario of the normal neutrino mass
hierarchy.

3.0 3.0
2.9 2.9t
= 28 = 2.8}
(0] [0]
E 27 E 27
E 26 £ 26}
2.5} 2.5}
2.4 ‘ ‘ ‘ ‘ 2.4 : ‘ ‘ ‘
25 26 27 28 29 30 110 115 120 125 130 135
mya[meV] o[’
2.80f ' '
2,75}
S 2,70}
[
E 265}
€ 260f
2.55F
250F ‘ ‘ ‘ E
-100  -95 -90 -85 -80
bcp
FIG. 1. Effective Majorana neutrino mass parameters as functions of the m,,, ¢, parameters and leptonic Dirac CP violating
phase 6cp.
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Another important observable, worth determining in this
model, is the effective Majorana neutrino mass parameter
of the neutrinoless double beta decay, which gives us
information on the Majorana nature of neutrinos. The
amplitude for this process is directly proportional to the
effective Majorana mass parameter, which is defined as

E 2
Uekmvk
J

+ my, 53020, (66)

_ _ 2 2 2 2 ia
Mep = = |m,, ciycis + my,sipci3e" !

where U,; and m,, are the Pontecorvo-Maki-Nakagawa

leptonic mixing matrix elements and the neutrino Majorana

() "o

masses, respectively. Furthermore, s;; = sin6; i Cij =

1(-11-), a;j = a; — a;, being @; the Majorana phases, with
i#j and i, j=1, 2, 3. Note that since m, =0 in
our model, then m,, only depends on the relative phase

I
a3y — 25(C)P where A3y = 03 — Qp.

Figure 1 shows the effective Majorana neutrino mass
parameter as functions of the m,,, ¢, and d.-p parameters
(here ocp is the leptonic Dirac CP violating phase). To
obtain the plots of Fig. 1, the parameters m,,, ¢,, and 5cp
were randomly generated in a range of values where the
neutrino mass squared splittings and leptonic mixing
parameters are inside the 3¢ experimentally allowed range.
As indicated by Fig. 1, our model predicts teh effective
Majorana neutrino mass parameter in the range
2.5 meV < m,, <2.8 meV, for the scenario of the normal
neutrino mass hierarchy.

Our obtained range of values for the effective Majorana
neutrino mass parameter is beyond the reach of the present
and forthcoming Oypf-decay experiments. The current
most stringent experimental upper limit on the effective
Majorana neutrino mass parameter m,, < 160 meV is set

by TV (13Xe) > 1.1 x 10% yr at 90% C.L. from the
KamLLAND-Zen experiment [223].

cos @

V. CONCLUSION

In this paper we have shown that SU(5) GUTs with
multiple vectorlike families at the GUT scale which trans-
form under a gauged U(1)’ (under which the three chiral
families are neutral) can result from two vectorlike families
at low energies which can induce nonuniversal and fla-
vorful Z' couplings, which can account for the B physics
anomalies in R . In such theories, we have shown that the
same physics which explains Ry also corrects the Yukawa
relation Y, = Y7 in the muon sector without the need for
higher Higgs representations.

To illustrate the mechanism, we have constructed a
concrete model based on SU(5) x A4 X Z3 X Z; with
two vectorlike families at the GUT scale, and two right-
handed neutrinos, leading to successful fit to quark and

lepton (including neutrino) masses, mixing angles, and CP
phases, where the constraints from lepton-flavor violation
require Y, to be diagonal. This particular model predicts
normal neutrino mass ordering with the inverted ordering
disfavored by our fit, and an effective Majorana neutrino
mass parameter in the range 2.5 meV < m,, < 2.8 meV,
for the scenario of the normal neutrino mass hierarchy.

In conclusion, we have shown that the idea of a flavorful
Z' arising from mixing with vectorlike families can be
extended to SU(5) GUTs. In such theories, we have shown
that the physics responsible for explaining the B physics
anomalies in Ry, as a result of modified couplings in the
muon sector can also lead to violation of the SU(5) Yukawa
relations Y, = Y7 in the muon sector without the need for
higher Higgs representations.
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APPENDIX A: THE PRODUCT RULES FOR A,

The A4 group, which is the group of even permutations
of four elements, is the smallest discrete group having one
three-dimensional representation, i.e., 3 as well as three
inequivalent one-dimensional representations, i.e., 1, 1" and
17, satisfying the following product rules:

3Ipi=3 a3, 0lplal,

191=1, I'®1'=1, I'®I'=1", '®1"=1.
(A1)

Considering (x, y;,z;) and (x,, y,, 2) as the basis vectors

for two A, triplets 3, the following relations are fulfilled:

(B3®3); = x1y1 + X202 +x3y3,

(B®3)y = x1y1 + 0x2y, + @*x3y3,

(3®3)y = x1y1 + @*xpy; + 0x3y;

(3®3)3, = (x2y3 +x3Y2, X3Y1 +X1Y3,X1Y2 +X2)1),

(3®3)3, = (x2y3 = X3¥2, X3¥1 = X1Y3,X1¥2 — X2)1),

a

(A2)
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where @ = ¢/3. The representation 1 is trivial, while the APPENDIX B: BRANCHING RATIO OF p — ey

nontrivial 1’ and 1” are complex conjugate to each other.
Some reviews of discrete symmetries in particle physics are
found in Refs. [29-33].

The branching ratio of the 4 — ey decay in our model,
for the scenario where the charged lepton masses are much
smaller than the Z’ mass, is given by [224-226]

3

Br(u — ey) = B%ZHW [13C ety Cu b, ME + Copuy 3Cy 0, = Cppgp) My
wMz
+ |3C8LELC;4RERmE +Ce,y, (3CﬂRﬂR — Cmm)mﬂ|2] (B1)

where

Cy i, = 9'qrasin 05y, Cugip = 9 qea Sin 05,

Ce g, =sin efzcuLEL = ¢/qp4 5in 6, sin 05,

Copy = SINOYCyp, = ' qeq sin 07, sin 05,

Coppy = 9 qra(sin 05,sin0%,cos?6%, + sin %, sin 6%, cos 6%,),

Coppg = 9 qea(sin 0Fsin?0%, cos? 0%, + sin OF, sin 6%, cos 6F,), (B2)
where I, = % =3 x 107! GeV is the total muon decay width. The generalization to the fifth generation of fermions is

straightforward and is made by replacing Hﬁf by H%R (n =1, 2). Note that the branching ratio becomes zero for a diagonal
SM charged lepton mass matrix provided that 6%, = 0F, = 0%, = 6% = 0, which is the case of our flavor model described

in Sec. IV.
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