PROCEEDINGS

OF SCIENCE

Fermion mass and mixing pattern in a minimal T7
flavor 331 model.

A. E. Carcamo Hernandez*'

Universidad Técnica Federico Santa Maria

and Centro Cientifico-Tecnologico de Valparaiso
Casilla 110-V, Valparaiso, Chile,

E-mail: antonio.carcamo@usm.cl

R. Martinez
Universidad Nacional de Colombia, Departamento de Fisica, Ciudad Universitaria, Bogotd
D.C., Colombia. E-mail: remartinezm@unal.edu.co

We present a model based on the SU(3)¢c @ SU(3), @ U(1)x gauge symmetry having an extra
T ®Zr ® Z3 ® Z14 flavor group, which successfully describes the observed SM fermion mass and
mixing pattern. In this framework, the light active neutrino masses arise via double seesaw mech-
anism and the observed charged fermion mass and quark mixing hierarchy is a consequence of
the Zy ® Z3 ® Z14 symmetry breaking at very high energy. In our minimal 77 flavor 331 model,
the spectrum of neutrinos includes very light active neutrinos as well as heavy and very heavy
sterile neutrinos. The obtained physical observables for both quark and lepton sectors are com-
patible with their experimental values. The model predicts the absence of CP violation in neutrino

oscillations.

18th International Conference From the Planck Scale to the Electroweak Scale
25-29 May 2015
loannina, Greece

*Speaker.
T A footnote may follow.

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/


mailto:antonio.carcamo@usm.cl
mailto:remartinezm@unal.edu.co

A minimal T7 flavor 331 model A. E. Carcamo Hernandez

1. Introduction

Despite its big experimental success, the Standard Model (SM) has several unexplained fea-
tures. Some of them are the Dark Matter problem, the fermion mass and mixing hierarchy and
the neutrino oscillations. The lack of predictivity of the Standard Model Yukawa sector, motivates
to consider extensions of the Standard Model aimed to address its flavor puzzle. Discrete flavor
symmetries are important because they generate fermion textures useful to explain the three gener-
ation flavor structure. Very recently, discrete groups such as, for example A4 [2,3], S4 [4], S5 [5-8],
T7 19, 10] and so forth, have been implemented in several extensions of the SM, to explain the
observed pattern of fermion masses and mixings.

Furthermore, another unaswered issue in particle physics is the existence of three genera-
tions of fermions at low energies. The mixing patterns of leptons and quarks are significantly dif-
ferent; while in the quark sector, the mixing angles are small, in the lepton sector two of the mixing
angles are large and one is small. Models having SU (3)¢c @ SU(3), @ U(1)x as a gauge symmetry,
are vectorlike with three fermion generations and thus do not contain anomalies [11, 12]. Defining
the electric charge as the linear combination of the 73 and T3 SU(3), generators, we have that it is
a free parameter, which does not depend on the anomalies (f3). The charge of the exotic particles is
defined by setting a value for the 8 parameter. Setting f = \f implies that the third component
of the weak lepton triplet is a neutral field v§ % allowing to build the Dirac Yukawa term with the
usual field v, of the weak doublet. The 331 models with § = —\% provide an alternative neutrino
mass generation mechanism and include in their neutrino spectrum light active sub-eV scale neu-
trinos as well as sterile neutrinos which could be dark matter candidates if they are light enough
or candidates for detection at the LHC, if they have TeV scale masses. Having TeV scale sterile
neutrinos in its neutrino spectrum, makes the 331 models very important since if these sterile neu-
trinos are detected at the LHC, these models can shed light in the understanding of the electroweak
symmetry breaking mechanism.

In this paper we formulate an extension of the minimal SU(3)¢ x SU(3). x U(1)x model
with § = f’
and very heavy extra scalar fields are added with the aim to generate viable and predictive textures

where an extra 77 ® Z; ® Zz ® Z14 discrete group extends the symmetry of the model
for the fermion sector that successfully describe the fermion mass and mixing pattern.

2. The model

We consider a SU(3)¢ ®@SU(3)L,@U(1)x ® T; ® Zr ® Z3 @ Z14 model where the full symmetry
¢ is spontaneously broken in three steps as follows:
G =SUB)c@SU3),0U (1)y @Tr ® 72 © 73 @ Zig 2
SU3)c®SU (3), ®U (1)y 58U (3)¢ ®SU (2), @U (1), 2
SUB)c®U (1), 2.1)
where the hierarchy vy, vy, < vy < Ay among the symmetry breaking scales is fullfilled.

The electric charge in our 331 model is defined as:
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where T3 and Tz are the SU(3), diagonal generators and / is the 3 x 3 identity matrix.
The anomaly cancellation requirement implies that quarks are unified in the following
(SU3)c,SU(3)1,U(1)x) left- and right-handed representations:

pl2 U3
0= |-U?| (33,0,  Q=|D"| :(33,1/3), @3)
12
), ry,
Dy (3%,1,-1/3), UM :(3%,1,2/3),
0 0 (2.4)
Jp7 1 (3%,1,-1/3), Tr: (3%,1,2/3).

Here U} and D (i = 1,2,3) are the left handed up- and down-type quarks in the flavor basis. The
right handed SM quarks U}, and D% (i = 1,2,3) and right handed exotic quarks 7 and J,le’2 are
assigned into SU (3),, singlets representations, so that their U(1)y quantum numbers correspond to
their electric charges.

Furthermore, cancellation of anomalies implies that leptons are grouped in the following
(SU3)¢,SU(3)L,U(1)x) left- and right-handed representations:

V1’2’3
L*=| et | (1,3,-1/3), 25)
1,2,3\¢
(v ),
eg:(1,1,-1), pe:(1,1,—1), tr: (1,1,—1), 2.6)
N} :(1,1,0), N3:(1,1,0), N3 :(1,1,0). ‘

where Vi and e (er,L;,7.) are the neutral and charged lepton families, respectively. Let’s note
that we assign the right-handed leptons as SU(3),, singlets.The exotic leptons of the model are:
three neutral Majorana leptons (v172>3)2 and three right-handed Majorana leptons N, ,%’2’3.

The scalar sector the 331 models includes: three 3’s irreps of SU(3),, where one triplet
gets a TeV scale vaccuum expectation value (VEV) vy, that breaks the SU(3),, x U(1)x symmetry
down to SU(2). x U(1)y, thus generating the masses of non SM fermions and non SM gauge
bosons; and two light triplets 11 and p acquiring electroweak scale VEVs vy and vy, respectively
and thus providing masses for the fermions and gauge bosons of the SM.

Regarding the scalar sector of the minimal 331 model, we assign the scalar fields in the
following [SU(3)1,U(1)x] representations:

0 +
X] pl
x= X 1(3,-1/3),  p=|z0p+E,£il,) | 1 (3,2/3),
\%(vlJréxiiCx) p;r
\%(Un‘FéniiCn)
n= n, H(3,-1/3). @.7)
0
n3

We extend the scalar sector of the minimal 331 model by adding the following eleven very heavy
SU(3), scalar singlets:

o~ (1,0), T~ (1,0), &;:(1,0), &;:(1,0), S;:(1,0), j=123. (28
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We assign the scalars into 77 triplet, 77 antitriplet and 75 singlet representions. The 77 ® Z; ® Z3z ®
Z14 assignments of the scalar fields are:

n~ (1e®1), o (lole ™ 1), g~ (Mo L1, T (-1 10),
§~<3,1,e%1), {~(3.1,1,1), s~<3,1,e—%1), G~<10,1,1,e_i7”>. (2.9)

In the concerning to the lepton sector, we have the following 77 ® Z, ® Z3z ® Z14 assignments:
2mi 2mi i 4in
LLN (371783 31)) eRN<1071563 a_l)a [.LRN<11,1,€3 )67)7
TR ~ (12,1,%,8’%), Ng ~ (3,1,%,1), (2.10)

while the 77 ® Z, ® Z3 ® Z14 assignments for the quark sector are:

Q}‘ ~ (10,1,1,€%> Q%N (10717176%[)’ Qi'\’ (1031a1>1)>

UI% (10,176 T’ )7 U% ~ (10717e7%7eg)7 Ug ~ (1071787%71)7
Dlli‘ ~ (107_1 e Ta @>a D%E ~ (105_1787%76”%)7 D;{ ~ (107_1787%71>7
Tx ~ (10,1,1,1), JL (10,1,1,e29”) T2~ (10,1,1,%’). 2.11)

Here the dimensions of the 77 irreducible representations are specified by the numbers in boldface.
With the aforementioned field content of our model, the relevant quark and lepton Yukawa
terms invariant under the group ¢, take the form:

2(7

—f)g = y“ QLP URA4 +y12 QLP URA3 +y21 QLP URA3 +y22 QLP RA2

U)ny
—|—y13 QLP UR A2 +)’31 QLnURAz +)’23 QLP URA +y32 QLnURA
3

V)~ — DAl o« )= (D)2
+y33 QLT]UI%‘F)’(T)QL%TR +)’1 QLX lee‘H’z QLX*11%+)’33 QLPD%F (2.12)
4.3 3.3 3.3 2.3
D)=l 410 T D)=l 4,020 T D=2 4+10°7T D)=2 4+, 20T
+y51)QLn D}eiN +Y§2)QLT’ D,%—M +y(21)QL77 Dzleim +)’§2)QL77 D%eiAS

o213 o213
+)713 QLT,*DR A5 +y31 QLPDR A5 ‘1')’23 QLTI*DRT +)’32 QLPDZT+HC

_ 62
AV = WD (T1p8) e T+ (T08), e T+ (TapE), s
_ 1 — . _
+h§CL) (LLXNR)IO-FE}I]N (NRN,g)3§ +h2N (NRNR)§S
+hpEabe (Z‘L‘ (Lf)b )3 pcf\ +H.c, (2.13)

where ylj (z j=1,2,3), hpe , hf,ﬁ, hf,f), hgc ), hin, hon and hy are 0'(1) dimensionless couplings.
In the following we explain the role each discrete group factors of our model. The 77 and
Z3 discrete groups reduce the number of the SU(3)¢c ® SU (3). @ U(1)x model parameters. We use
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T7 since it is the minimal non-Abelian discrete group having a complex triplet [13], where the three
fermion generations can be naturally unified. The Z; symmetry determines the allowed entries
of the neutrino mass matrix and forbids mixings between SM quarks and exotic quarks. The Z
symmetry is responsible for the mass hierarchy between SM up and SM down type quarks. The
Z14 symmetry generates the hierarchy among charged fermion masses and quark mixing angles that
yields the observed charged fermion mass and quark mixing pattern. We use Z;4 because it is the
smallest lowest cyclic symmetry, that allows to build a twelve dimensional charged lepton Yukawa
term crucial to explain the smallness of the electron mass, without tuning its corresponding Yukawa
coupling.

To get a predictive model that successfully accounts for fermion masses and mixings, we
assume that the SU(3);, singlet scalars have the following VEV pattern:

N _ _ - Y 11—
<G>—Vg€¢, <T>—V’E7 <§>_\/§(17171)7 <C>_\/§(17071)7 <S>_\/§(1717(2114)

which we have checked to be consistent with the scalar potential minimization equations.

Besides that, the SU(3), scalar singlets are assumed to acquire vacuum expectation values
at a very high energy A, > vy = O(1) TeV, excepting § ; (=1,2,3), whose vacuum expectation
value is much lower than the scale of electroweak symmetry breaking v = 246 GeV. Let’s note
that at the scale Ay, the SU3)c®@SU3)L,@U(1)x @ T ® Zr @ Z3 @ Z14 symmetry is broken to
SU(3)c®SU(3)L@U(1)x by the vacuum expectation values of the SU(3),, singlet scalar fields  ;,
S;j, 0 and 1.

Considering that the charged fermion mass and quark mixing pattern arises from the Z, ®
Z3 ® Z14 symmetry breaking, we set the VEVs of the SU(3), singlet scalars S, £, o and 7, as
follows:

Vs~ Ve = Ve =V = Ajyy = AA, (2.15)

being A = 0.225 one of the Wolfenstein parameters and A our model cutoff. Consequently, the
VEVs of the scalars in our model have the following hierarchy:

Ve << wp g v << vy << Ay (2.16)

3. Lepton masses and mixings

From Eq. (2.13), it follows that the mass matrix for charged leptons is [9]:

11 1 e 0 0 ‘
Mlz\/;LP[a’iag(me,m#,mf), V[L:\—@ lw o |, P= 0 &% 0 , a):e%,
1 0? o 0 0 &%
3.
where the charged lepton masses read:
me = h}f)kg\%, my = h,@ﬁ}ﬂ%, me = hﬁ,%-*\%. (3.2)

Taking into account that v, ~ v = 246 GeV, it follows that the charged lepton masses are related
with the electroweak symmetry breaking scale by their scalings with powers of the Wolfenstein
parameter A = 0.225, with &'(1) coefficients.
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The neutrino mass matrix is given by [9]:

03x3 Mp 0343 010 100
T hpvpve (L) vy
Moo= | Mb O My | Mp="7 | —10 -1 | M=l 2| 010,
03x3 My Mg 010 001
. 1 —xx -
5 2NVS
Mg =hiy—= | —x 1 = . 33
R 1N\/§ xx ! 316 ) X hive (3.3)

Since the SU(3), singlet scalars having Yukawa interactions with the right handed Majorana
neutrinos acquire VEVs at very high scale, these Majorana neutrinos are very heavy, so that the
active neutrinos get small masses via a double seesaw mechanism.

The neutrino mass matrices for the physical states are [14]:

2) _

-1
M —mp (My) MpMy'ME, MP = MMMy, MY =M, G4

being M&l) the mass matrix for light active neutrinos, while M\(,z) and M\(,3) are the heavy and very
heavy sterile neutrino mass matrices, respectively. Consequently, the double seesaw mechanism
gives rise to light active neutrinos as well as to heavy and very heavy sterile neutrinos.

Using Eq. (3.4), we find the following mass matrix for light active neutrinos [9]:

AOA 2.2, 2.2.2
l’llNh h5v5v
M\(,l) =|10BO |, A= P p g % = % (hinve +hanvs) . (3.5)
A0A 2v/3hy 2 A2 V3hy v A2

From Eq. (3.5) it follows that the light active neutrino mass matrix only depends on two effective
parameters: A and B, which determine the neutrino mass squared splittings. Let’s note that A and
B are supressed by their scaling with inverse powers of the high energy cutoff A. Furthermore, we
have that the smallness of the active neutrino masses arises from their scaling with inverse powers
of the high energy cutoff A as well as from their quadratic dependence on the very small VEV
of the Z, ® Z3 ® Zy4 neutral, SU(3), singlet and 77 antitriplet scalar field {. From Eq. (3.5) and
the relations vg = AA, vp ~ 100 GeV, vy ~ 1 TeV, we get that the mass scale for the light active

neutrinos satisfies my ~ 10~ 3 . Consequently, setting v, = 1 GeV, we find for the cutoff of our
model the estimate
A~ 10 TeV, (3.6)

which is of the same order of magnitude of the cutoff of our S3 lepton flavor 331 model [7].
Consequenty, we find that the heavy and very heavy sterile neutrinos have masses at the ~ MeV and
~ TeV scales, respectively. Then the MeV sterile neutrinos correspond to dark matter candidates.
Furthermore, we assume that the lightest of the very heavy sterile neutrinos, i.e., éﬁ) has a TeV
scale mass and thus corresponds to a candidate for detection at the LHC.

(1)

Moreover, we find that the mass matrix My, for light active neutrinos is diagonalized by a

rotation matrix Vy,, as follows:

m 0 O cos@ O sinB .
vIMMv, = 0 my 0 |, with V, = 0 1 0 |, 8= (3.7)
0 0 ms —sinB 0 cosO
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where 0 = +7/4 and 6 = —x /4 correspond to normal (NH) and inverted (IH) mass hierarchies,
respectively. The masses for the light active neutrinos, in the cases of normal (NH) and inverted
(IH) mass hierarchies, read:

NH : 6 = +§ : my, =0, my, = B, my, =24, (3.8)
T
IH: 6= e my, =2A, my, =B, my, = 0. (3.9
Furthermore, we find that the lepton mixing angles are given by:
1 1 1 /3sin5¢
) ) 2

Op=-—"— 013 ==(1+£cos5 0=+ —7*—. 3.10
SIC012 = 55 SN G =3(IEcosS9), it =54 m T Se (10

Then, it follows that the limit ¢ = 0 and ¢ = & for the inverted and normal neutrino mass hier-
archies, respectively, correspond to the tribimaximal mixing, which predicts a vanishing reactor
mixing angle. Let’s note that the mixing angles for the lepton sector only depend on a single pa-
rameter (¢), while the neutrino mass squared splittings are controlled by two parameters, i.e., A
and B. Furthermore, from the relation 6 = j:%, we predict J = 0 and 0 = 0, which implies that our
model predicts a vanishing leptonic Dirac CP violating phase.

The parameters A and B for the normal (NH) and inverted (IH) neutrino mass hierarchies
read:

NH: my, =0, my, =B=\/Am3, ~9meV, my, =2A = /Am}, ~50meV, (3.11)

IH : my,=B= \/Amﬁl —|—Am%3 ~50meV, my, =24 = Am%3 ~49meV, my, =0,

which follows from Egs. (3.9), (3.8) and the definition Amizj = ml2 — m? We take the best fit values
of Aml-zj from Tables 1 and 2 for the normal and inverted neutrino mass hierarchies, respectively.
To reproduce the experimental values of the leptonic mixing parameters sin” ; j given in

Tables 1, 2, we vary the ¢ parameter, finding the following result:

NH : ¢ =0.5767, sin’01,~0.34, sin?>603~0.61, sin®6;3~0.0232; (3.12)

IH : ¢= 0376m, sin’0;5~0.34, sin®6y3~0.61, sin’6;3~0.0238. (3.13)

Consequently, we find that sin® 63 is in excellent agreement with the experimental data,
for both normal and inverted neutrino mass hierarchies, whereas sin? 01> and sin® 0,3 stay in the
experimentally allowed 20 range. Thus, our predictions for the neutrino mass squared splittings
and leptonic mixing parameters, are in very good agreement with the experimental data on neutrino
oscillations, for both normal and inverted mass hierarchies.

4. Quark masses and mixing.

From Eq. (2.12), it follows that the SM quark mass matrices have the form [9]:

agllj)7L4 agg)ﬂﬁ 9(1[3])12 ag?)ﬂj a(llz))z'G ag?)AS
My = aéﬁ”?ﬁ aég)lz a(zl??t \%, Mp = a(z[l))l(’ aglz))lS ag[;)?t“ \%, 4.1)
A ap'r ey VAT d A A
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Parameter Am%1 (107%eV?) Am§1(10_3eV2) (sin2 912)exp (sin2 923)exp (sin2 913)exp
Best fit 7.60 2.48 0.323 0.567 0.0234

1o range 7.42—17.79 2.41-2.53 0.307—-0.339 | 0.439—0.599 | 0.0214 —0.0254
20 range 7.26 —7.99 2.35-2.59 0.292 —-0.357 | 0.413—-0.623 | 0.0195—-0.0274
30 range 7.11 -8.11 2.30—2.65 0.278—0.375 | 0.392 —0.643 | 0.0183 —0.0297

Table 1: Range for experimental values of neutrino mass squared splittings and leptonic mixing parameters,

taken from Ref. [17], for the case of normal hierarchy.

Parameter | Am3,(107°eV?) | Am?,(10-%eV?) | (sin® 912)exp (sin? 923)exp (sin’ 913)exp
Best fit 7.60 2.38 0.323 0.573 0.0240

1o range 7.42—-17.79 2.32—-2.43 0.307—-0.339 | 0.530—0.598 | 0.0221 —0.0259

20 range 7.26—7.99 2.26—2.48 0.292 —0.357 | 0.432—0.621 | 0.0202 —0.0278

30 range 7.11—-8.11 2.20—-2.54 0.278 —0.375 | 0.403 —0.640 | 0.0183 —0.0297

Table 2: Range for experimental values of neutrino mass squared splittings and leptonic mixing parameters,
taken from Ref. [17], for the case of inverted hierarchy.

where a (z Jj=1,2,3) are 0(1) parameters. Furthermore, the exotic quark masses read:
) )
_ (Y _ DY N HYx M
mr y \/57 =M \/E y( )mT, =Y \/~ y( )mT (42)

Since the charged fermion mass and quark mixing pattern arises from the breaking of the Z, ®
Z3 ® Z14 discrete group, we asssume an approximate universality in the dimensionless SM quark
Yukawa couplings, as follows:

dif) = e, ay) =a),  dy) =d, @3
3 3

22\ 2 A2\ 2 A

o =i (15) T =a (1-5) e -] (1-5)

D) _ (D) 22\ (D) _ D) 22\ (U.D) _ (UD)
aj; = ay (1_2> Gy =z (1_2> @ =ay, hj=12,3

To generate the up, down, strange and charm quark masses, the universality in the quark Yukawa
couplings has to be broken. Besides that, for simplicity, we assume that the complex phase re-
sponsible for CP violation in the quark sector only arises from up type quark Yukawa terms, as

indicated by Eq. (4.3). In addition, for the sake of simplicity, we fix agU) =1, which is suggested

by naturalness arguments. Let’s recall that the quark sector has 10 effective parameters, i.e, A, agu)

() (@) (D) (D) (D) (D)
ay »dy Ay, dyp, diz s dsg
pattern, which is determined by 10 observables. Nevertheless, not all these effective parameters

)

are free since the parameters A and aj

B

and the phases ¢, and ¢, to describe the quark mass and mixing

are fixed while the remaining 8 parameters are adjusted
to reproduce the physical observables in the quark sector, i.e., 6 quark masses and 4 quark mixing
parameters. The results shown in Table 3 correspond to the following values:

a\’) ~ 0.64, al’) ~0.77, ¢, ~ —9.03°, 0, ~ —4.53°,
a(zz) ~ 2.03, a(lz) ~175, dY~115 &Y ~1.40, (4.4)
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Observable | Model value Experimental value
m,(MeV') 1.59 1457928
me(MeV) 673 635486
m;(GeV) 180 172.14£0.6+0.9
ma(MeV) 2.9 2.9103
ms(MeV) 59.7 5771158
my(GeV') 2.98 2.82°009

2 0.975 0.97427+0.00015

\A 0.224 0.22534 +0.00065

Vib 0.0036 0.0035170-00015

Ve 0.224 0.22520 = 0.00065

Ve 0.9736 0.97344 -£0.00016
Ve 0.0433 0.041275.9008

Vid 0.00853 0.00867 00002

|Vis| 0.0426 0.0404 100001

Vi | 0.999057 0.999146 0000021
J 298107 | (2.967070) x 1072
S 61° 68°

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

The obtained and experimental values of the quark masses, CKM matrix elements, Jarlskog
invariant J and CP violating phase 6 are reported in Table 3. We use the experimental values of
the quark masses at the Mz scale, from Ref. ( [15]), whereas we use the experimental values of the
CKM parameters from Ref. [16]. The obtained values of the quark masses and CKM parameters
are in excellent agreement with the experimental data, as indicated by Table 3.

5. Conclusions

We presented an extension of the minimal 331 model with § = —%, based on the extended
SUBB)c®@SU3)L,@U(l)x ® T ®Zy ® Z3 ® Z14 symmetry, compatible with the experimental data
on fermion masses and mixing. The 77 and Z3 symmetries reduce the number of model parameters.
In particular, the Z3; symmetry determines the allowed entries of the neutrino mass matrix and
decouples the SM quarks from the exotic quarks. The Z, symmetry generates the hierarchy between
SM up and SM down type quark masses. We assumed that the SU(3), scalar singlets having
Yukawa interactions with the right handed Majorana neutrinos acquire VEVs at very high scale,
then providing very large masses to these Majorana neutrinos, and thus giving rise to a double
seesaw mechanism of active neutrino masses. Consequently, the neutrino spectrum includes very
light active neutrinos as well as heavy and very heavy sterile neutrinos. We find that the heavy
and very heavy sterile neutrinos have masses at the ~ MeV and ~ TeV scales, respectively. Thus,
the MeV scale sterile neutrinos of our model correspond to dark matter candidates. The smallness
of the active neutrino masses is attributed to their scaling with inverse powers of the high energy
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cutoff A ~ 10° TeV as well as well as by their quadratic dependence on the very small VEV of
the Z, ® Z3 ® Z)4 neutral, SU(3),, singlet and 75 antitriplet scalar field {. The observed hierarchy
of charged fermion masses and quark mixing matrix elements arises from the breaking of the
Z> ® Z3 ® Z14 discrete group at a very high energy. Furthermore, our model predicts a vanishing
leptonic Dirac CP violating phase.
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