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Abstract We propose a predictive model based on the
SU@B)c x SU3) L x U(1)x gauge symmetry, which is sup-
plemented by the D4 family symmetry and several auxiliary
cyclic symmetries whose spontaneous breaking produces the
observed SM fermion mass and mixing pattern. The masses
of the light active neutrinos are produced by an inverse see-
saw mechanism mediated by three right handed Majorana
neutrinos. To the best of our knowledge the model corre-
sponds to the first implementation of the D4 family sym-
metry in a SU3)¢c x SUB). x U(1)x theory with three
right handed Majorana neutrinos and inverse seesaw mech-
anism. Our proposed model successfully accommodates the
experimental values of the SM fermion mass and mixing
parameters, the muon anomalous magnetic moment as well
as the Higgs diphoton decay rate and meson oscillations con-
straints. The consistency of our model with the muon anoma-
lous magnetic moment requires charged exotic vector like
leptons at the TeV scale.

1 Introduction

Despite its great success and consistency with the experi-
mental data, Standard Model (SM) have several unexplained
issues such as the number of SM fermion families, the elec-
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tric charge quantization, the huge SM fermion mass hierar-
chy, the small quark mixing angles and the sizeable leptonic
mixing ones. Whereas the quark mixing angles are small,
two of the leptonic mixing angles are large and one is of
the order of the Cabibbo angle. In addition, the SM charged
fermion mass pattern spread over a range of 13 orders of
magnitude from the light active neutrino mass scale up to the
top quark mass. This is the so called flavour puzzle of the
SM which motivates the construction of several extensions
of the SM with augmented particle spectrum and extra sym-
metries, which be continuous and (or) discrete, introduced to
provide a successful explanation of the observed SM fermion
mass and mixing hierarchy. Discrete flavor symmetries have
been shown to be successful in describing the SM fermion
mass and mixing pattern. Some reviews of discrete flavor
groups are provided in [1-4]. In particular, the D4 discrete
flavor group, which has a small amount of doublets and sin-
glets in their irreducible representations has been employed
in extensions of the SM [5-20], since it allows to get viable
predictions for the SM fermion mass and mixing hierarchy,
with a moderate amount of particle content. Furthermore,
several theories with enlarged particle spectrum and symme-
tries have been constructed to explain the experimental value
of the muon anomalous magnetic moment, anomaly recently
confirmed by the muon g — 2 experiment at FERMILAB.
See [21] for a very recent review.

To address the aforementioned issues of the SM, in
this paper, we construct a theory based on the SU(3)¢c x
SUB)L x U(l)x gauge symmetry (3-3-1 model) with
extended particle spectrum and discrete symmetries which
allows to get predictive SM fermion mass matrices consis-
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tent with the low energy SM fermion flavor data. In our pro-
posed theory, we considered the SU (3)c x SU(3), x U (1) x
gauge symmetry, since models having this symmetry natu-
rally explain the number of SM fermion families as well as the
electric charge quantization, see for instance [22—43] . Apart
from successfully addressing these features, our proposed
model also successfully explains and accommodates the SM
fermion mass and mixing hierarchy the muon anomalous
magnetic moment as well as the Higgs diphoton decay rate
constraints. Our theory is based in the D4 discrete symmetry,
which is supplemented by several cyclic symmetries. In our
proposed theory, the SM fermion mass and mixing pattern is
produced by the spontaneous breaking of the discrete symme-
tries, whereas the tiny masses of the light active neutrinos are
produced by an inverse seesaw mechanism mediated by three
right handed Majorana neutrinos. To the best of our knowl-
edge our work corresponds to the first implementation of the
D4 family symmetry ina SU(3)¢c x SU@3), x U(1)x the-
ory with three right handed Majorana neutrinos and inverse
seesaw mechanism. The layout of the reminder of the paper
is as follows. In Sect. 2 we describe the proposed model. The
consequences of the model in quark masses and mixings are
analyzed in Sect. 3. Lepton masses and mixings are described
in Sect. 4. The low energy scalar of the model is discussed in
Sect. 5. In Sect. 6 we discuss the implications of the model in
the Higgs diphoton decay rate. The implications of the model
in the muon anomalous magnetic and meson oscillations are
discussed in Sects. 7 and 8. We conclude in Sect. 9.

2 The model

The model under consideration is based on the SU (3)¢ X
SU(3)r xU (1) x gauge symmetry, which is supplemented by
the D4 X Z4 x Zgl) X Zéz) X Z1¢ discrete group, whose spon-
taneous breaking generates viable and predictive fermion
mass matrices consistent with the observed pattern of SM
fermion masses and mixings. We choose the D4 symme-
try since it is the smallest non-Abelian discrete symme-
try group having five irreducible representations (irreps),
explicitly, four singlets and one doublet irreps. The auxil-
iary cyclic symmetries Z4, Zgl) and Z§2) select the allowed
entries of the SM fermion mass matrices that yield a predic-
tive and viable pattern of SM fermion masses and mixings.
These cyclic symmetries also allows a successful implemen-
tation of the inverse seesaw mechanism. These symmetries
together with the Z1¢ symmetry shape the hierarchical struc-
ture of the SM charged fermion mass matrices crucial to
yield the observed pattern of SM charged fermion masses
and mixing angles. Furthermore, the Z¢ discrete symme-
try is also crucial to get sufficiently suppressed non renor-
malizable mass terms involving gauge singlet right handed
Majorana neutrinos, required for the implementation of the

@ Springer

inverse seesaw mechanism that produces small masses for
the light active neutrinos. The model fermionic sector con-
tains SU (3) 1, fermionic triplets and antitriplets, transforming
under the SU(3)¢c x SU@3)r x U(1)x gauge symmetry as
follows:

ui 1
QIL = dl ~ (37 35 3) )

L
dy B
O = |-u| ~(3.3.0).
In ),
2 1
Uir ~ (35 17 g) leN <3717_§>7
2 1
~ <35 17 _> ~ (37 1’__>’
3 3
DY e~ -
lL - 7 3 ’ R ’ ’
L
,RN(I,I,O),n—2,3;i=1,2,3. (H

All SU(3)p singlets {E, E, o, ¢12, ©, ¢, ¢, 1, (p1,2}
transform as (1, 1, 0) under the SU(3)c x SURB). x U (1) x
gauge symmetry.

Furthermore, in the model fermionic sector, three right
handed Majorana neutrinos are included as well, in order
to allow a successful implementation of the inverse seesaw
mechanism that produces the tiny active neutrino masses.
Notice that the fermions in our model do not feature exotic
electric charges, from which it follows that the electric charge
is given by:

1
Q=T3+ﬂTg+X=Tg—ﬁT8+X. 2)

On the other hand, the model scalar sector is composed of
two SU (3) triplet scalars x and p and several gauge singlet
scalar fields to be specified below. The SU (3), scalar x and
p can be expanded around the minimum as follows:

Xt
x=1, X2 . ,
\—ﬁ(vx—f-éxizg‘x)
Py
p=| W+ xig|. 3)
Py

This implies that the SU(3), scalar triplets acquire the fol-
lowing VEV pattern:

00" = (0. 0. v/V2),
(,0)T=(0, Vo /N2, o). 4)
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Table 1 Scalar transformations -
under the bt o & & o #1 b2 ¢ n 1 2
SUR)e x SURL x UDx x g3y 1 1 111 1 11 11 1
Dy x Zs x 73" x 2P x Z16 ¢
eroup 3 3 su3, 3 3 1 1 1 1 1 1 1 1
ubxy -3 3 0 0 0 0 0 0 0 0 0 0
D4 1+7 1++ 2 2 17+ 1++ 17— 2 17— 2 1+7 1++
Zy -1 1 0 2 0 -1 -1 0 1 1 -2 -2
z{) 0 0 0 0 0 -1 -1 0 0 0 0 0
z? 0 0 0 0 0 0 0 -1 2 2 -2 -2
Zi6 0 0 0 0 -1 —1 -1 0 -8 -8 0 0
Table 2 Fermion transformations under the SU(3)¢c x SUQ3)r X U(1)x X D4 X Zg X Z;l) X Z§2> X Z16 group
Qir Qo Q3 wirg ug u3g dig Drp Jir Jog JBr Lp Liz Lr hr Br Nr Nig EL Eg
SUQB)c 3 3 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1 1 1 1
SUB). 3 3 3 1 1 1 1 1 1 3 3 1 1 1 1 1 1 1
R S S T R B R S B B B i g e L
Dy 1, 1., 1.— 1., 1.4 1.— 1.4 2 143 1.— 1.4 2 1.4 1, 1. — 1., 2 1. 2 2
Zy 0 0 2 0 1 -1 -1 0 -1 1 0 0 -1 -1 -1 1 1 -1 -1
VAS 1 0o o -10 O -10 -10 0 0 0O O 0O 0O 0 0 0 0
z» o o o o0 O O O O O O0 O 1 1 -1 -1 1 1 1 1 1
Z16 —4 -2 0 2 0 0 I -4 -2 0 —4 -4 0 —4 —1 —4 —4 —4 —4
The scalar and fermionic spectrum and their assignments O%= o’
(1 +y3 L3aLplir—
under the SU3)¢ x SUB)L X U(1)x x Dy X Z4 x 237 X A
2 . ) L L)+
Z; ) x Z16 group are shown in Tables 1 and 2, respectively. —|—y](X) @Lx)z Ngr + yéX)LngNgR
With the fermion and scalar contents in Tables 1 and 2, . a *
. . ) 16\ (L 5
the following quark and lepton Yukawa terms arise: +x, €ape| (Ly ) (LL) - () A
——\a 77*
@ _ (D S +x£2)8”bc[<Lg> (Lsw)” ('O)C]z A
— Ly =" 0ux ik + D 0 Qurx Ik \ o , n*
= +xDeac (L5,) €0’ (o]
4
)7~ * )7~ * o _ 8
+y33 O usr + y,, Q U2R—7 o
Y33 3P Yoy UorLp . o, (NgNR> i
o7 - A
(u) Vale s\b (x\C 8
+y1; €abe Q11 (P X UIR = —F o
(o) (") A7 +YN, (NgNR>1 P25
@— ot EE), €D, o
+y11 QiLpdir g — o
A . +>}N3N3RN3R¢2F + H.c. (6)
iy p10
2 Qiee EDRIL, A6 The large amount of parametric freedom of the scalar
)= prot potential allows to consider the following vacuum expec-
+ 13 Qi EDR)L_, A© tation value (VEV) configuration for the D4 doublets SM

0]
L\ =

3
4, : o
955 €ane 051 P2 X (EDp)1,_ A

d J— —_ o
939 €anc 031 p” X< (EDR)1,, 5 tHe

4
yfl) (LL/OER)IJr+ + Z(ll) (EL¢>)1+7 llR%

+z3) (EL®), _hr+mg(ELER)

14

gauge singlet scalars:

(€) = (v, vg,) = v (1, 1), (E) =vg(1,0),

<77> = (vm ’ Unz) ’ <(D> = (Ul’ U2)7 (7)

whereas for the VEVs of the gauge singlet scalars one has:

(@) =15, (D1) =0y, (P2) = Vg,

@ Springer



769 Page 4 of 14

Eur. Phys. J. C (2022) 82:769

(@) =vp, (£) =g, (@1) =0y, (92) = Vg,. ®)

The above given VEV pattern allows to get a predictive and
viable pattern of SM fermion masses and mixings as it will
be shown in the next sections.

3 Quark masses and mixings

From the quark Yukawa terms given in Eq. (5), it follows that
the SM mass matrices for quarks are:

a28 0 0

My=| o &% o |.
o 0 v
a%D))xS (aA(LD) + agD)) A6 (af‘D) — agD)> rA®
Mp = 0 aéD))»S aé?))»s
0 0 as?53
a](D)As al(zD)k6 a§3D)A6
= 0 aéD)AS aé?)ks ) 9
0 0 a3
where afu),afD), ... are O(1) dimensionless parameters

which are given by:

(u) (u) ()
2O — Y11 v oV — Y22 N () R Y33 v
L=, 42 —_2 Py 3 __ﬁ P>
) (d) (d)
D) _ Y11 (D) _ Y (D) _ V33
a; = > Vp, Qy = = Tvp, az; = Tvp,

/2
(d)

(o) _ Y2 o) V13

«/i P> 5 «/5 0>
vz v Vr U Vb Vo _, (10)

A A A A A A

Here v = 246 GeV is the scale of electroweak symmetry
breaking and the Wolfenstein parameter A = 0.225 is used
for characterization of the hierarchy between the parameters
defining quark mass matrix elements in Eq. (9). We find that
the experimental values for the physical quark mass spectrum
[44,45], mixing angles and CP violating phase [44,45] can
be well reproduced for the following benchmark point:

al” ~1.085, o ~1413, ol ~0.994,
a” ~2329, o ~0.554,
a$? ~1.439, a3 ~0.570,

(D)

a\Y ~ —(0.123 +0.438i), iy ~1.152. (11

In addition, Fig. 1 shows the correlation plot between the
quark mixing parameter sin 613 and the Jarlskog invariant.
As indicated by Fig. 1, sin6;3 is predicted to be in range
0.0033 < sinf13 < 0.0040 in the allowed parameter space.

@ Springer

Table 3 Model and experimental values of the quark masses and CKM
parameters

Observable Model value Experimental value
mu[MeV] 1.24 1.24 £0.22
me[GeV] 0.63 0.63 £0.02
m[GeV] 172.9 1729 £ 0.4
ma[MeV] 2.59 2.69£0.19
ms[MeV] 57.0 53.5+4.6
mp[GeV] 2.86 2.86 £ 0.03
sin 012 0.226 0.22650 = 0.00048
sin 623 0.0405 0.04053 7900083
sin 63 0.00360 0.00361 7900007
I, 0.0000309 (3.00043) x 1073
0.0039
0.0038
0.0037
=™
5 0.0036
£
o 0.0035
0.0034
0.0033

272 282 292 302 312 322 332 342
Jgx10°

Fig. 1 Correlation plot between the quark mixing parameter sin ;3
and the Jarlskog invariant

Furthermore, the quark mixing parameter sin 613 increases
when the Jarlskog invariant takes larger values.

4 Lepton masses and mixings

From the charged-lepton Yukawa interactions in Eq. (6 ) and
the VEV alignments in Eq. (8), we find the following charged
-lepton mass terms:

lir

S lr

— L =i by By Ew Ea)Mp | br
Er

Esr

+ H.c, (12)

where the charged-lepton mass matrix is given by

Cg A 000 v3v
ME:( E E)’ CE= 00 oYp
Bg XEg OOy(l) A3V2
3
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000 (m7,may — m*l‘zmzz)e_i“
6 = . 22
= {000 |2, (13) ‘( i+ mial” — o 22
0 0 C ﬁ . . . .
By comparing the obtained result in Eq. (19) with the exper-
01 .
o Vp imental values of the charged-lepton masses taken from
Ap =y (1O ]=5 Ref. [45], m, = 0.51099 MeV, m,, = 105.65837 MeV, m,
00 = 1776.86 MeV, we obtain:
() vZ )
By = (Zb) azVl Zz(lfz 0) Im33| = 1.77686 x 10° eV, A; = 5.58198 x 103 eV?,
l)
1 azv2 ~5 v 0 Ay = 5.58172 x 107 eV2. (23)
= (ZZ; —17117)12)1 (O)) , (14)  Inthe case v; = v.e!”1, vy = v.e!”2, we get:
01 Imi1| = |ma1| = 3.61324 x 10° eV,
X = (10)"“5’ Imiz| = |maa| = 7.47117 x 107 eV. (24)
nv (r (1) 0 U3 As we will see below, since the charged lepton mixing
a=zy -5, b=z, c=y3' 3. (15) : . L . o
A A matrix Uy, is non trivial, it can contribute to the leptonic mix-

Then, the SM charged lepton mass matrix takes the form:

avy PBrvy 0
avy —Bv; 0

Yo
OOcﬁ

M; = CE—G—AEXEIBE =

myy —miy 0
mp; my 0

= 16
0 0 ms33 (16)
Let us define a Hermitian matrix M; as follows
1|2+ Ima | mim3; —mpmy, 0
m = MM = (myms, —migm3,)*  may|* + [moy|? |m23|2
(17)
which can be diagonalized by Uy g satisfying Uzrml2 Urp =
diag(mg, m2 m%), where
cos) —sinf.e”i® 0
sinf.e'®  cost
UL =Ug= ¢ : (18)
0 1
= A FA 2= 2 19
mL/L_ l:F 2, m-[_|m33|’ ( )

with

22 = {Imn [ + (mai? = miaP)? + 20mai P+ maa ) ool
+2lmu P(imai | + Imiaf? — Imaaf?)
1
+ Imaa[* = 8l 1y flmai[[mal oz | cos(612 = Bio)}
Sip =01 —az, iz =1 — B, (20)
2 = Imu P+ maa* + Ima? + Iman P, e
= arg(a). p; =arg(b) (i =1,2), e2))

_ i log mnm%l —mnm?z
2 mi may — mi,mmn ’

ing matrix, defined by U = U: U, where U, being neutrino
mixing matrix.

Regarding the neutrino sector, from the lepton Yukawa
terms in Eq. (6 ) and the VEV alignments in Eq. (8), we find
the following neutrino mass terms:

VL
1
~Lhae =5 (VOGNS ) My | v |+ He  @9)
Ng
where the neutrino mass matrix reads:
03x3 My, 033
M, =|M] 03,3 M, |, (26)
03x3 M| Mg
and the submatrices are given by:
0 —a —b; 1 v 100
My,=|a 0 —bp | —2%, My=my|[010 ],
bi by 0 ) DAV2 00x
K1 kp O
Mr=| k21 0 | i, 27
0 0 k3
with
a= (l)v;“a bip = x,(()Z)Uﬂz,l = _x,(()3)vn2,1’
(L)
X = Y2X y(L) K1 = YIN, K2 = yzzv%
£ 1 £ - E)
YE;L() V2 Vg,
8
Vg, Vg Uy
K3 = =, = 7. 28
3= Y3N oo, n=—3 (28)

It is worth mentioning that the 22 block of the full neutrino
mass matrix can be generated from the Feynman diagram
of Fig. 2, which involves the virtual exchange of &,, ¢,
Z' as well as the Majorana mass terms in the internal lines
of the loop. These Majorana mass terms arise from the non

@ Springer
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/U§< ;)X 1& Uy
\ / \ /
\ / \ /
AY / \ /
N N/
"""""""" Moo
Exv C)( EX, CX 7! VA
ViR N&  Nsr V,TR ViR NG Ner VJTR

Fig. 2 Feynman diagram contributing to the 22 block of the full neutrino mass matrix. Here, 7, j, r, s = 1, 2, 3 and the cross mark ® in the internal
lines corresponds to the Majorana mass terms induced by the dimension twelve Majorana neutrino Yukawa interactions of Eq. (6)

renormalizable Majorana neutrino Yukawa interactions of
Eq. (6). Given that the non renormalizable Majorana neutrino
Yukawa terms are of dimension 12 as shown in Eq. (6), we
have that the entries of the the 22 block of the full neutrino
mass matrix are much smaller than the entries of the Mg
submatrix and thus they give very subleading corrections to
the physical neutrino mass matrices.

The light active masses arise from an inverse seesaw mech-
anism and the physical neutrino mass matrices are:

MO =M, (M){ )_ MrM;'M] (29)
1 1
2 T 3
M§>=—§(MX+MX)+§MR, M
1 N1
= 3 (M, + M) + S (30)

where Ml(,l) is the light active neutrino mass matrix whereas
M 52) and M 153) are the exotic Dirac neutrino mass matrices. It
is worth mentioning that physical neutrino spectrum consists
of three light active neutrinos and six exotic neutrinos. The
exotic neutrinos are pseudo-Dirac, with masses ~ £v, ~
O(10) TeV and a small splitting ~ .

The mass matrix for light active neutrinos takes the form:

a’k) + i S _dkko + hz“ —a(byky + b1k3)
)
M," =1 _q4 2y + b‘b"(3 a’k + g a(biky + baka) my,
—a(bak, +b1K2) a(biky + baka) (b3 + bkt + 2b1bokr
(31)
where:
s (32)
my, = —>-m3 “.
A2V

The mass matrix M 51) has three exact eigenvalues as follows:

my =0, my3 =k Fko, (33)

@ Springer

where
b? + b3
k= =2 |:2a2/<1 + (b7 + b3t + 2bibaky + (1+22)K3} :
X
m vk
kz = A T 5
2 x?2
k = (b} + b3)%k3 — 2[(b? + b3) ks
+2b1by(2a* + bi + b3k | k3x? (34)
+[(®F + b3)k} + 4b1br (2a* + b + b3k
+4(a® + b7)(a® + b33 | x4, (35

and the corresponding mixing matrix is:

Ki K K3
JERNTHL (JK3ANZHL (KRN
N N> N3

R = P, (36)

VKN (KN (K3 ANT 4
1 1 1

VKN (KN (K3 ANI 4
where P = diag(l, 1, i) and K 23, Nj 23 are defined as

b b>

Ki=—, Ni=—-——, Ky=«31 +«2,
a a

K3 = k31 — k20, No=e€y +€n, N3=e3 —en, (37)
where
Kp] = [2(512 + b%)bzmxz + b{’(/qx2 — K3)] KO,

Ky = by I:bg(quz —Kk3) + &] Ko,

K31 = k21 + [blbg(le2 - K3)] Ko, €21
= [261@ + 3?4+ b2} + B 162 = k3) ] o,
e = bovkko, €1 = {[bz(b% +b3)
K1+ 261(@® + B2 | 7 = ba(B] + bis | o,

Ko = [2a(b% - bg)xzxz]_l . (38)
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It is easy to check that K;, N; (i = 1,2, 3) satisfy the fol-
lowing relations

1+ KKy + N{N, =0,

1+ K(K3+ N N3=0, 1+ Kr,K3+ Nr,N3=0. (39)
The matrix Ms ) is diagonalized as
uimM"u,
K K iKs
00 0 VRPN KRN RN
N N, iNy
Omy 0 |, U= ‘/K|2+N|2+l VKNG [KIANT 4 for NH,
0 0 m3 1 1 i
_ VERNR L KRN JR NG
= < K iK)
my 00 R A
0 my 0, Uy= VKNI (KRN (KRN forIH,
0 00 1 1 i
VEINIHL (KRN (RPN
(40)

where my 3 and K23, N1,2,3 are respectively given in Egs.
(33) and (37).
The final leptonic mixing matrices then read:

U =UjU,
Ky cosf+Nsinf.e""®  Kpcosf+Nasinf.e"'* K3 cosf+N3sinf.e i@
VK N+ JK3 NG+ JKIENZH
Ni cosf—K| sin6.e® N cos#—Kj sinf.e'™ N3 cos#—Kj3sinf.e'™
N VKGN NG -P for NH,
1 1 1
NC Nraym ‘/K§+N§+1
- K3 cosf+N3sinf.e '  Kpcosf+Npsinf.e”'*  Kjcosf+Nsinf.e”'
VKNG VKGN VRN
N3 cos§—K3sinf.e' N3 cos§—Kj sinf.e'“ Nicos#—K| sinf.e
—5! —R2 —£L P for TH.
VKN4 K3+N3+1 JEPENE+L
1 1 1
VK NG+ N N

In the three neutrino oscillation picture [45], the leptonic
mixing angles 612, 623, 013 can be defined via the elements
of the leptonic mixing matrix as':

2 2
S13 = U131
K2 cos? 0+ K3 N3 cos(20) cos a+N2 sin? 6
3 373 2( )2 3 for NH,
_ 1+K2+N3
- Kl2 cos? 0+K1 Ny sin(20) cos a+N12 sinZ 0
> for IH,
1+K1 +Nl
2
2 |Un2
= |7
Uni

(1+K2+N2) (K2 cos? 0+K, Ny sin(20) sina+N3 sin® 0)

for NH
(14+K3+N3)(K? cos? 6+K1 Ny sin(26) sina+N7 sin? 0) or ’
T | 0K K cos? 0+ Ko Ny sin(26) cos -+ N5 sin? 6) for IH
(1+K%+N22)(K% cos2 0+K3 N3 sin(26) cos onrN32 sin2 6) ’
2 Uns |?
B |Uss
[ NZcos?6 — K3 N3 sin(26) cosa + K% sin?0  for NH,
R cos? 6 — K| N sin(20) cos o + K sin? 6 for IH.
(42)

I Here, cij = cost;j, sij = sin6;; with 012 , 63 and 6,3 being the

solar, atmospheric and reactor angle, respectively.

In fact, the neutrino mass spectrum is currently unknown and
it can have a normal or inverted ordering depending on the
sign of Am%1 (or Am%z) [45]. As will see below, the lepton
mixing matrices in Eq. (54) and neutrino masses in Eq. (33)
can fit the observed neutrino mass and mixing pattern taken
from Ref. [46] for both Normal and Inverted hierarchies.

The Jarlskog invariant Jcp associated with the Dirac
phase 8¢ p, which controls the magnitude of CP violation
effects in neutrino oscillations [45], is given by:

Jep = ImUxsUj5U12U3,)
(Ko N3—K3N») (K2 K3+NaN3)
(14+K2+N3)(1+K3+N3)
(KoN1 =K1 N2) (K1 Ko +N1 N2)
(14+K7+ND)(1+K3+N3)

sin 0 cos 6 sin afor NH,

sin @ cos 6 sin afor IH.

(43)

where Eqs. (39) and (41) were taken into account.

By comparing Eq. (43) with its corresponding expression
taken from Ref. [45], Jcp = s13c%3s12c12sz3cz3 sin 8, we
get:

(K2 N3—K3Np) (K2 K3+NoN3) _sinf cosf sina
(1+K%+N22)(]+K32+N32) s13c%3.¥12£12323623

(K2N1—K | N2)(K1K2+NiNy) sinf cosf sina for TH
(1+K12+N12)(]+K22+N22) 5130%3512012523023 !

for NH,
sind =

(44)

Combining Eqgs. (39), (41) and (42), we found that N;, K;
(i = 1,2, 3) and all the elements of leptonic mixing matrix
U depend on five parameters 07, 013, 623, 6 and «. By using

the best-fit values of leptonic mixing angles taken from Ref.
(461,

0.573 for NH,

: 2 _ - 2 _
sin“ 012 = 0.304, sin” 63 = {0.575 for TH.

0.02219 for NH,

0.02238 for IH, 45)

SiIl2 913 = {
we find out the regions of # and o which can reproduce the
recent experimental data. Indeed, in the case where sinf =
0.25(@ = 14.5°), N; and K; depend on « with sino €
(0.40, 0.50) for NH and sin @ € (0.65, 0.75) for IH which is
plotted in Fig. 3.

Next, taking the best-fit values of the solar and atmo-
spheric neutrino squared-mass differences taken form Ref.
[46],

Am3, =742 x 1073 eV?,

N { Am?, =2.517 x 1073eV?  for NH,

Am3, = —2.498 x 1073 eV? for IH, (46)

we get a solution

K = [2:94 % 1072eV for NH,
"7 1496 x 1072eV for IH,

@ Springer
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2.08 x 1072eV  for NH,
k2 = { ~3.74 x 10~*eV for IH, “7)
and three neutrino masses are explicitly given as
my =0eV, my =8.61 x 1072eV,
m3 = 5.02 x 1072eV for NH, (48)
my =492 x 107%eV, my =5.0 x 1072eV,
m3 = 0eV for IH. (49)
The sum of three neutrino masses is thus found to be
23:’”' _ [5.88x 1072V for NH, 50)
— "7 19.92 x 10~2eV for IH,
=

which are well consistent with the updated bounds from cos-
mology [47].

Furthermore, in the NH, m| ~ my < m3, som; = 0
is the lightest neutrino mass while m3 = 0 is the lightest
neutrino mass for [H. The effective neutrino mass parameters
governing the beta decay and neutrinoless double beta decay,

mg = 21‘3:1 |U1,-|2ml.2 and (mee> = ‘Z?:l Ulzimi

only on sin o with sina € (0.40, 0.50) for NH and sin« €
(0.65, 0.75) for IH which is depicted in Fig. 4.

depend

@ Springer

In the case where sina = 0.445 (¢ = 26.4°) for NH and
sina = 0.75 (o« = 48.6°) for IH, mg and (m,,) are found to
be:

(mee) = 2.61 x 1073V for NH, 51)
Meel =1 4.69 x 10~2eV  for IH,
and

_ [8.83x107%eV for NH, 52)
P =14.89 x 10-2eV for IH.

The Jarlskog invariant J¢ p, determined from Eq. (43 ), pos-
sessed the following values:

—0.0199 for NH,

—0.0323 for IH. (53)

JCP:{

The lepton mixing matrices for both normal and inverted
hierarchies take the explicit forms

—0.823 +0.0511i 0.543 4 0.0508;  0.0847 + 0.123i
(0.279 +0.0828i —0.591 — 0.0741i —0.0051 + 0.749i ) for NH,
_ 0.481 0.589 0.646i
—0.82 + 0.0863i 0.538 + 0.086i 0.143 +0.0455i
( —0.319+0.144i  —0.549 —0.119;  —0.0155 4+ 0.75i ) for TH,
0.444 0.622 0.645i

(54)
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Table 4 The model parameters in the case sinf = 0.25, and sina =
0.445 for NH and sin6 = 0.25 and sina = 0.75 for [H

Parameters The derived values (NH) The derived values (IH)

Ky —1.53 —0.128
K> 1.13 1.02
K3 —0.0767 —-1.73
Ny —0.948 1.18
N> —0.775 —0.737
N3 1.18 —1.04

which are unitary and consistent with the constraint on the
absolute values of the entries of the lepton mixing matrix
given in Ref. [46]. The other model parameters are obtained
as in Table 4.

5 Scalar potential with two SU (3), triplets

To simplify our analysis, we neglect the mixing terms
between the SU (3), scalar triplets and the gauge singlet
scalars. Then, the scalar potential for the two SU (3), scalar
triplets is given by:

V== ("0 =130+ 1m0 0
+22(0 ) (0" p)
+3( 00 ) + 1 (x ") (0T %) + Hec.,

with x and p, the SU (3) scalar triplets. Furthermore, the
global minimum conditions of the scalar potential give the
relations:

1

W= (2v)2(k1 + v§A3) , (55)
1

=3 (2U§A2 + uf(xg) . (56)

After spontaneous symmetry breaking we get the squared
mass matrices for the scalar fields:

0 0 0
1
2 2 Z
MCPeven = 0 U'D)Q ZUPUXKS
0 EUPUXM U)2()\1
000
2
Mcpoaa = | 000 ],
000
0 0 0
2 0 Sy Tuun
Mcharged = Evp 4 EU'OUX 4. (57)

2
0 EUPUX)»4 EUX)»4

This shows that the resulting physical scalar spectrum aris-
ing from the SU(3),, scalar triplets x and p is composed

of the 126 GeV SM like Higgs boson, a heavy neutral CP
even scalar H” associated with the spontaneous breaking of
the SU (3). x U(1)x symmetry and the electrically charged
scalars H*. The massless degrees of freedom in the scalar
spectrum correspond to the Goldstone boson associated with
the longitudinal components of the W*, Z, W'+, 7", K% and
K0 massive gauge bosons.

6 Higgs diphoton decay rate constraints

The decay rate for the 1 — y y process takes the form [48—
54]:

2 3
Kom My

I'(h = —
=YV = 556mm2

2

hHEHT

C
Zan/ch chFl/z(p/) +anww Fi(pw) + 272111”0(/)11&)

1 M h*

(58)

where p; are the mass ratios p; = % with M; =m g, Mw;
e 18 the fine structure constant; }Vc is the color factor
(N¢ = 1 for leptons and N¢ = 3 for quarks) and QO
is the electric charge of the fermion in the loop. From the
fermion-loop contributions we only consider the dominant
top quark term. Furthermore, Cj, g+ g+ is the trilinear cou-
pling between the SM-like Higgs and a pair of charged Higgs
bosons, whereas ay;; and ayww are the deviation factors from
the SM Higgs top quark coupling and the SM Higgs-W gauge
boson coupling, respectively (in the SM these factors are
unity). Such deviation factors are very close to unity in our
model, which is a consequence of the numerical analysis of
its scalar, Yukawa and gauge sectors. Besides, Fi,2(z) and
F1(z) are the dimensionless loop factors for spin-1/2 and
spin-1 particles running in the internal lines of the loops.
They are given by:

Fipp(2) =2z + (z = 1) f(2)z2 72, (59)
Fi(2) = 20222 +3z4302z— 1) f(2)z 2 (60)
Fo(z) = —(z — f(2)z 2, (61)

with

(arcsin ﬁ)z forz <1,
f) = (62)

_1 _AVi—ztt :
7 <ln(1—«/ﬁ—in) ) for z > 1.

In order to study the implications of our model in the
decay of the 126 GeV Higgs boson into a photon pair, one
introduces the Higgs diphoton signal strength R,,,,, which is

@ Springer
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Fig. 5 Higgs diphoton signal strength as a function of the charged
scalar mass m g+, with 600 [GeV] < my+ < 7000 [GeV]

defined as:

o(pp — WI'(h — yy)
o(pp = W)sul'(h = yy)smu
, T(h—vyy)
: ah - .
"T(h— yy)su

Yy —

(63)

That Higgs diphoton signal strength, normalizes the yy
signal predicted by our model in relation to the one given by
the SM. Here we have used the fact that in our model, single
Higgs production is also dominated by gluon fusion as in the
Standard Model.

The ratio R, has been measured by CMS and ATLAS
collaborations with the best fit signals [55,56]:

REMS = 1181017 and RTEAS =096 40.14.  (64)

The Higgs diphoton signal strength as a function of the
electrically charged scalar mass is shown in Fig. 5. This
shows that our model successfully accommodates the cur-
rent Higgs diphoton decay rate constraints.

7 Muon anomalous magnetic moment

In this section we discuss the implications of our model in
the muon anomalous magnetic moment. It is worth mention-
ing that the dominant contribution to the muon anomalous
magnetic moment arises from the one-loop diagram involv-
ing the exchange of the electrically neutral scalars & and
H and the charged exotic vector like leptons £ and E».
It is worth mentioning that there other contributions to the
muon anomalous magnetic moments like the ones arising
from the virtual exchange of heavy neutral and electrically
charged gauge bosons together with charged and neutral lep-
tons, respectively as well as contributions due to electrically
charged scalars and neutrinos. However those extra contri-

@ Springer

butions are subleading. Regarding the contribution arising
from the virtual exchange electrically charged scalars and
light active neutrinos, we have numerically checked that it
can reproduce the magnitude of the g — 2 muon anomaly for
electrically charged scalars lower than 400 GeV. However
such contribution turn out to be negative and thus not allow
to reproduce the correct sign of the g —2 muon anomaly. Con-
sequently, in our analysis of the muon anomalous magnetic
moment, we only consider the leading contribution arising
from the virtual exchange of electrically neutral scalars &
and H and the charged exotic vector like leptons E; and E».
Furthermore, in order to simplify our numerical analysis, we
restrict to the region of parameter space where the electri-
cally charged scalars are heavier than about 400 GeV, thus
implying that the contribution to the g — 2 muon anomaly
arising from the virtual exchange electrically charged scalars
and light active neutrinos is suppressed and therefore sub-
leading. The Feynman diagrams corresponding the Beyond
Standard Model contributions to the muon anomalous mag-
netic moment in the 3-3-1 model under consideration are
shown in Fig. 6.

In view of the previous discussion, the dominant contribu-
tion to the muon anomalous magnetic moment in our model
has the form:

h_{
A

Aay, >~ 82 [J (mEz,mh)—J(mEZ,mH)] sin 6 cos 6,

(65)

where, yfl) and zg) are the leptonic Yukawa couplings appear-

ing in the first line of Eq. (6). Here, in order to simplify
our analysis we have restricted to the case v; < vz, which
implies that only ¢ (the first component of the D4 scalar dou-
blet ®) mixes with the CP even neutral part of the SU(3),
scalar triplet p. Then, the neutral scalars 4 and H are defined
as: H >~ cosO Re ¢y +sin6&, ,h >~ —sinf Re ¢y +cos 0§,
and mg, is the mass of the VLL E,. Furthermore, the loop
J (mg, mg) function has the following form [57-60]:

J (mp.ms) fld (1)
mg,mg) = x .
B8 0 mlzlxz—i-(sz—mﬁ)x—l—m%(l —X)

(66)

The above given expression for the muon anomalous mag-
netic moment can be approximately rewritten as follows:

0 _ 2
nay = YL | mumey o (M
S T

m,meg m>
—%G( gz)j|sin90050, (67)
my my
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Fig. 6 Feynman diagrams corresponding to Beyond Standard Model
contributions to the muon anomalous magnetic moment in the 3-3-1
model under consideration. Notice that the second diagram involving
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Fig. 7 Muon anomalous magnetic moment as a function of the charged
exotic lepton mass mg

where the corresponding loop function as the form [61]:
3—4z4277+2Inz
2(z—1)3

Considering that the muon anomalous magnetic moment
is constrained to be in the range [62—69]

G ()=

(68)

(Aaﬂ)exp = aZXp -
We display in Fig. 7 the muon anomalous magnetic moment
as a function of the charged exotic vector like mass. As shown
in Fig. 7, we have that our model successfully accommo-
dates the experimental value of Aa,, for charged exotic lep-
ton masses at the TeV scale.

aM = (251£059) x 107, (69)

8 Meson oscillations

The non universal U(1)x charge assignments for the left
handed quark fields yield tree level Z’ mediated flavour
changing neutral processes (FCNC) which will yield K0 —
K°, BY — BY and BY — B? meson oscillations. These meson
mixings are described by the following effective Hamiltonian
interactions [70]:

the virtual exchange of charged exotic leptons E1 > and neutral scalars
®% = h, H is the one that provides the leading contribution to the muon
anomalous magnetic moment

(KO—[E'O) - M ’(V* ) (V ) }2
eff - (3 _ 45%‘/) m%/ DL)32 \VDL)31
0(K"=K?) 70)
5 42
(B)-BY) _ 4V2Grpchymy )
H — YT TWTZ |(y v
eff (G —4s3) m2, [(VHe)s1 (Vbr)ss|
0(Bi=B7), an
B 4 2
(B0-B0) _ 4W2Greymy o, )
eff (G — 42 m2, |(Vb1)3, (V)3
o(BI-B)). )

where the corresponding operators are given by:

0K"=K) = (59, PLd) (57" Prd),
o(BI-B)) — (dyuPLb) (dy" Pb), (73)

0B~B) _ (51, PLb) (5" P1b). (74)

Furthermore, the following relations have been taken into
account:

My = (My) gige = VieMsVir,

faw.ry = Viwr fiL.r),
?iL (Mf)ij fir = ?kL (V;L)ki (Mf)ij (VfR)jl
fin =T (V;LMfoR)kl fir
= ?kL (Mf)kl ﬁR
=mpfrrfir k=123 (75)
Here, f/;(L,R) and fx gy (k =1, 2, 3) are the SM fermionic
fields in the mass and interaction bases, respectively.

On the other hand, the K — K, BS — BS and B? — B?
mass splittings are given by:

Amg = (Amg)sy + Am@ P,

NP
Amp, = (Ade)SM + Am%d ),

@ Springer
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Fig. 8 The B{? — BS mass splitting as a function of the Z’ mass

Amp, = (Amp,)g, + Amly ", (76)

where (Amg)sy. (Amp,)g,, and (Amp,)

contributions, whereas Am(KNP) s Amgp)
are new physics contributions.
The new physics contributions to meson mass differences

are [70]:

(NP) _ 4\/§GFC‘1‘,szZ

g are the SM

and (AmB.;)SM

Mg G_as3)ml, |(Vor)3, (VDL)3i|
f&Bxngmg, (77)
42G pct m?

Amgp) = W (VD)3 (Vpo)ss|*
f3,BB,n8,mB, (78)
4ﬁGpc4 m>3

amy " = @—TM [(VBL)3 (Vor)s |
fl'%s BBS r)B.vas ° (79)

Using the following parameters [70-76]:

Amg = (3.484 £0.006) x 10712 MeV,
(Amg)gy = 3.483 x 10712 MeV
fx =160 MeV, By =0.85,
ng = 0.57, mg =497.614 MeV.
(Ade)eXp = (3.337 £0.033) x 107 MevV,

(Amp,),, = 3.582 x 10710 MeV,
fs, = 188 MeV, Bp, =1.26,
mp, = 5279.5MeV.

(Amp,),, = (104.19£0.8) x 10719 Mev,

(Amp,)g,, = 121.103 x 1070 MeV,
fo = 225 MeV, BB.v = 1.26,
mp, = 5366.3MeV.

nB; = 0.55,

ng, = 0.55,

We plot in Fig. 8 the Bg — l_?g mass splitting as as function
of the Z’ mass. As seen from Fig. 8, the obtained values for the

@ Springer

BY — BY mass difference are consistent with the experimental
data where the Z’ mass is larger than about 4.6 TeV and
lower than about 4.9 TeV. Regarding the K* — K°, BS -
E’g mass splittings, we have numerically checked that the
obtained values are in accordance with the meson oscillation
experimental data in the above described region of parameter
space.

9 Conclusions

We have constructed a theory based on the SU(3)¢c x
SU@B)L x U(l)x gauge symmetry, where the scalar sec-
tor is composed of two SU (3) scalar triplets and several
gauge singlet scalar fields. The theory incorporates the Dy
family symmetry, which is supplemented by several auxil-
iary cyclic symmetries, whose spontaneous breaking yield
viable and predictive fermion mass matrix textures with hier-
archical entries thus allowing a natural explanation of the
current hierarchy of SM fermion masses and mixings. The
tiny masses of the light active neutrinos are produced by an
inverse seesaw mechanism mediated by three right handed
Majorana neutrinos. The smallness of the p parameter of
the inverse seesaw, generated after the spontaneous break-
ing of the discrete symmetries of the model, is attributed to
a right-handed neutrino nonrenormalizable Yukawa terms.
Our proposed model is consistent with Higgs diphoton decay
rate constraints,with the muon anomalous magnetic moment
and the meson oscillation experimental data. The consistency
of our model with the muon anomalous magnetic moment
requires charged exotic vector like leptons at the TeV scale.
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Appendix A: The product rules for D4

The D4 group has four singlets and one doublet, 144, 14 _,
1_4,1_—, and 2, respectively. The multiplication of the sin-
glets is simply given by

Ley, X Loy, = Ly,

(AD)

where x3 = x1x2 and y3 = y;y>. While the tensor product
for two doublets, a = (aj, a2)T and b = (b1, b2)7, is

axb = (a1by +axbi)1,, + (a1bsy —azb1)1_—

+ (a1by + axbo)1,_ + (a1by — asb2)1_, . (A2)
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