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1. Introduction formulas come out distinct but their predictions are in accor-
dance with experimental data.

In spite of the fact that Standard Model (SM) works almost  pe to the last neutrino oscillations data seem to favor

perfectly, it fails to explain the neutrino e_xperimental data,ihe normal hierarchy [51], in this paper, we construct a non-

dark matter, baryon asymmetry of the universe and so forthenormalizable lepton model in the type Il see-saw scenario

[1]. Speaking about the mixings, the lepton sector exhibits §ynere thes; © Z, flavor symmetry controls the masses and

peculiar pattern which is totally different to the quark sectormixings. We stress that the scalar sector of the mentioned

where the mixing matrix is almost diagonal and this puzzlemodel keeps intact so that flavons are included to generate

remains unsolved. _ _ _ the mixings. The effective neutrino as well as the charged
In this line of thought, hierarchical quark mass matricesiepton mass matrices are hierarchical and these have (under a

as the nearest neighbor interaction (NNI) textures [2-5] angyenchmark in the charged sector) a kind of Fritzsch textures

those that possess the generalized Fritzsch textures [6], #at accommodate the mixing angles in good agreement with

quite well the CKM matrix. In the lepton sector, according 10 he |ast experimental data. The model predicts consistent val-

the experimental data, the PMNS matrix has large values ifyes for the CP-violating phase and the..| effective Majo-

its entries which can be explained by the presence of a SyMuna neutrino mass rate. Along with this, the branching ratio

metry behind the neutrino mass matrix. Currently, we cang, the lepton flavor violation process, — e, is below the

find in the literature elegant proposals (and their respective ,rrent bound.

breaking) as the: « 7 symmetry [7] (see reference therein), e paper is organized as follows. The theoretical frame-

p — T reflection symmetry [8-13], Tri-Bimaximal [14-19], \york and matter content of the model are reviewed in section
Cobimaximal mixing matrices [20—-25]. Moreover, hierarchi- || the flavored model is also described: we construct, in the
cal mass matrices as the Fritzsch [26] and the ge”eral_'zeé’:sction 11, the PMNS mixing matrix and relevant features are
Fritzsch textures [6] also accommodate the PMNS mixing,inted out. An analytical study is performed on the mixing
matrix. _ _angles expressions to find out the parameter space that fits the
The flavor symmetries [27-30] have been useful to obtain,pseraples, this together with a numerical analysis in section

textures in the fermion mass matrices and the correspongy, | section V. we give some model predictions and some
ing mixing patterns. For example, t$3 discrete group has interesting conclusions are shown in section VI.
been studied in great detail in different scenarios [31-48]. In

the mentioned literature there are few models [49, 50] where

the Fritzsch textures have been implemented. Hence, th2. The framework

main purpose that we pursuit is to realize those textures by

means thé&; flavor symmetry however we obtain a modified We make a scalar extension of the SM that is based on the
Fritzsch textures which are different to previous studies irgauge grouU(3) ., ® SU(2), ® U(1)y,, however we will

the sense that there is an extra parameter in the lepton ma§$us in the lepton sector so that the matter content is given
matrices. As a result of that, the theoretical mixing angley
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L= (:i) ~ (1723_1)7 ER ™~ (1713_2)' (1)
In the scalar sector, we have
4
H+ AT AFF
H—(HO>~(1,2,1), A—(\A/% A | ~(1,3,2), )
V2

where the Higgs triplet provides mass to the active neutrinos by means of the type Il see-saw mechanism. In addition, three
flavons,¢(; 2,3), which are singlets under the gauge group, will generate the lepton mixings.
In this appealing framework, the Lagrangian can be read as

1 - .
L= ﬁSJW — §YVL(ZO'2)A (L)L — Vv(lf7 A, (b) + h.C, (3)
where the most general scalar potential, which is gauge invariant, is given by

V(H,A, ¢)=m3H'H+ %)\H (HTH)? + maTr(ATA) + %AA (Tr(ATA))? + Aga (HTH) Tr(ATA)

, 1
+ NyaHTAVH + md |6 + §A¢\¢|4 + A (HTH) |6 + AapTr (ATA) 4] (4)

We ought to remark that the flavor invariant scalar potential is not written explicitly because we are only interested in study-
ing the masses and mixings. Nonetheless, let us address a brief comment for the flavons sector, according to the assignation
given in Table |, the flavored invariant scalar potential can be mimicked by that one with three Higgs doublets as we can see
in Refs. [33,39,48]. In here, we will just assume a vacuum expectation value (vev) alignment of the flayprsv,(1,0)
and(¢s) = vy,, that provide the mixings and this also reduce the free parameters in the lepton mass matrices. We emphasize
that the mentioned vev’s alignment was obtained in a model $4tsymmetry and four Higgs doublets [49]; two of them
(the other two) belong to a doublet (singlets)Saf in fact the scalar potential for three and four Higgs doublets shares similar
structures and features. Then, we would expect to obtain the same pattern for flavons if a detailed study of the scalar potential
was made but this will leave out.

Let us speak briefly on the flavor symmetry. As is well known, $3€§27] has three dimensional real representation that
can be decomposed 8 = 2@ 15 0r3,4 = 2@ 14 (the reader might see the Appendix A for details). This is key for getting
hierarchical mass matrices. In addition, #hgdiscrete symmetry can be used to forbid some Yukawa couplings.

2.1. The model

As we already commented, in the present model, the scalar sector contains one Higgs dbuétet ¢ne triplet A) so that
some flavons will be added to the matter content in order to generate the mass textures that provide the mixings. The full
assignation, under tH&; ® Z, for the matter fields, is given in Table I.

As one can notice, due to ttfs, symmetry there are no-renormalizable Yukawa mass term, then, at the next leading order
in the cutoff scale we have

Ly =4 [L1H (¢re2r + d2e1r) + LoH (d1re1r — ¢oear)] + % [LiH¢seig + LaHosear)
+ ¥ [LiH¢y + LaHo) esp + %Es [Hpreir + Hozear] + %E3H¢363PL

+ Li4 [l_quQA (¢1La + ¢p2L1) + LaioaA (1 Ly — ¢2L2)] + Y2 [E1i02A¢3L1 + E2i02A¢3L2]

A A
+ ng [LiioaA¢y + LaioaAgs| Ly + yX“Eg licoA¢1 Ly + ioa Ada L] + %E3¢U2A¢3L3 + h.c., (5)

TABLE |. Assignation under thB3 ® Z». Here, I = 1, 2.

Matter Ly Ls eIRr €3R o1 03 A H
Sg 2 15 2 15 2 15 1S 1S
Zo 1 1 1 1 -1 -1 -1 -1
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A NON-RENORMALIZABLE NEUTRINO MASS MODEL WITHS3 ® Z2> SYMMETRY 3

as a consequence the lepton mass matrices have the following structure

ae + b, be Ce a, + b, b, c,
Me = be Qe — bé Cé y Ml/ = bl/ Ay — bi/ Ci/ ’ (6)
fe fé Je Cy CL 9v
with
¢3 P2 $1 $1
a,€:y2 <A>7 b:a:ylv<A>7 be:y1U<A>, ce:y3U<A>7
e (¢2) e (¢1) e (¢2) e (¢3)
C/ _ZJ3UT7 fe _U4UT, fé:waa Ge _95UT,
14 ¢ / v d) v ¢
Gy = Yav A<A7>7 bu: 1”A%7 bu:y1UA<A71>a
—ygvA<(il>, ¢, = Y3ua «f\ﬁ gyzysmwi‘3> (7)

Since that neutrino mass matrix, that comes from the type |l see-saw mechanism, is symmetyic thefj allows to
understand the form @¥1,,. On the other hand; andva stand for the vacuum expectation values (vev’s) of the Higgs doublet
and triplet, respectively. To reduce free parameters in the lepton mass matrices, we assume the following vev’s pattern for the
flavon doublet and singlet &5, respectively(¢) = v4(1,0) and({¢s) = véfs. At the same time, we set the magnitudes of the
vev’s as follows:vy ~ AA andvg, ~ AA wherel = 0.225 is the Wolfenstein parameter. Before finishing this section, we
would like to remark that the flavor symmetry is broken by the vev's of the flavons and the Aigoffle satisfies the hierarchy
A > v > va. Therefore, the main role that the flavons play is to provide the mixings as was already commented.

3. PMNS MIXING MATRIX

Due to the alignment, the mass matrices read as

ae be ce a, b, ¢
M= (b a. 0], M,=1|b, a, 0. (8)
fe 0 g Cy 0 g

As one can notice, ifi. (a,) was zero, the charged lepton (neutrino) mass matrix would possess implicitly the NNI
(Fritzsch?) textures. In general, the charged lepton mass matrix has five complex free parameters that can be reduced a little
bit more by adopting the benchmatk ~ f.. As a result, the lepton mass matrices have the Fritzsch textures but the entry
a,e) Will modify slightly those textures, as we will show next.

The mixing matrices that take place in the PMNS matrix are obtained as foldiy&ndM,, are diagonalized respectively
by Ue(L,R) andU, such thatUZLMeUeR = Me and UZMVUZ = M,, Wherel\A/I(w) = Diag.(m(CJ),m(u,g),m(ﬂg)))
contains the physical lepton masses. Then, we Wiitg, r) = Si2u.(z,r) andU, = S;ou, so thatu,; meucr = M, and
ulm,u = M,,. Here,m, andS;, can be read as

ag by 0 010
my= (b a c|, Si2=1(|1 0 0}, 9
0 Co  Ge 0 0 1

wherel = v, e.
We can observe thah, can be written as

0 b 0
my = aplsyz+ [ by O cy . (10)
0 ¢ ge—ae
Notice that the second mass matrix has the Fritzsch texture but the there is a shift due,tparemeter. Consequently,

we expect a deviation to the Fritzsch prediction on the mixings. To see this, let us diagonalize the massinatrdere the
CP violating phases are factorizedrag = P,m,P, where

eine 40 0 |az| |bg‘ 0
Po=| 0 e 0 |, my=/|][b lae [eof]- (11)
0 0 e 0 leel gl

Rev. Mex. Fis68 040801



4 J. D. GARGA-AGUILAR AND J. C. GOMEZ-IZQUIERDO

The above matrixiny, is obtained with the following conditions

arg(ag arg(ay arg(ge
Ne, = # Ney = % Nes = g; ), Ne, + ne, = argdbe), e, +ne; = arg(ce). (12)
The CP violating phase can be absorbed in the lepton fields by choosing properly the following matiicesP.O.,
U.p = PZOE andu, = P, 0,. Here,Oy is an orthogonal matrix that diagonalizesiig, this isM, = O{rmOg, then we
will obtain O, and there are two cases for the neutrino sector, this is, the normal and inverted hierarchy.

3.0.1. Normal Hierarchy (NH)

For this case, the diagonalization procedure is valid for charged lepton and the active nedtrines4. Then considering
M, = OF'm,0, three free parameters af, can be fixed in terms of the physical masses and unfixed one free parameter,
las|, by means of the invariants of tha,: tr(m,), tr(m?) and detfn,). Explicitly, we get

lgel = My — |, | + e, — 2[agl,

byl = \/(mtzg ;I|aé|)(\mezl + Jae]) (mer — |ae|)

— |me,| + me, — 3|acl

b

o = (M, +my, — 2|agl) (me, — [mu,| — 2|ae])([me,| — me, + 2]a|) (13)
Meg — |m52|+m€1 _3‘a€| ’
wherem,, = —|my,| in order to obtain real parameters. In addition, those must satisfy the constrgint |mg,| > myg, >
lag| > 0. Having fixed some matrix elements, the eigenvectotsipfire given by
[be] |ce
X, = — (me, — |ae) |ee] , with  XTXx;=1. (14)

N;
(e, — |ag)® — |be?

Here, N; andm,, are normalization factors and the physical masses, respectively. Along with this, the normalization
factorsN; can be fixed by the conditioRN X; = 1 that has to satisfy the eigenvectors. Consequently, the coluns afe
given bye the eigenvectors aiy, this mean®, = (X1, —X», X3).

After a lengthy task, we obtain

(’fh52+&g)(17&g)./\/12 _\/ m;l —ayg (1 ag)M \/(m.g2+a[)(7nglfa5)./\/lg

_ (g —ae) M2D (mz2+az)/\/l] (1—ag)Ms3D
(e —ag) MaMs (Mg tag) MaMs (1—ag)MiMa
D, Do D3

with

My =1+ 1y, — 2, Mo=1—1ny, —2a,, Ms=r1y, —iy, +2a, D=1—r1ng+ g, — 3,

D1 = (1 — g, ) (g, +114,)D, Do = (1 + 1y, ) (1, + e, )D, D3 = (1 +12g,)(1 — 124, )D, (16)
wheremye, = |myg,|/me,, Mg, = mye, /me, anda, = |ag|/me,. For simplicity, the mixing matrix elements have been

normalized by the heaviest mass. Therefore, the constraint is repladed by,, > my, > a, > 0.
3.0.2. Inverted Hierarchy (IH)

We want to remind you that this ordering is only valid for neutrinos, this méaasy so thatM, = Ol'm,0,. Then,
similarity to the normal case, one obtains

‘gu| =m2 — |m1| +mg — 2‘au|7

Iby| = \/(m3 — lay)(fma | + lav[)(m2 — |a, |)

b

maz — |mq| + ms — 3|a,|

ol wml = ma + 2lay ) (ma + m; — 2Jau])(mz — ]~ 2Ja,]) )

ma — |mq| + mg — 3|a,|

Rev. Mex. Fis68 040801



A NON-RENORMALIZABLE NEUTRINO MASS MODEL WITHS3 ® Z2> SYMMETRY 5

in this case, we choose; = —|m; | for getting real parameters. On the other hand, the eigenvectors have the same form as in
Eq. (14) however the orthogonal matri®,, is a little bit different due to the fagh; = —|m;| so thatO, = (— X3, X, X3).
Therefore, the orthogonal real matrix is given by

_[(=ay)(ms—a,)N2 (M1+a, ) (Mms—a, )Ny (1—ay)(mi4a,)Ns
v Dy, va
o (mi14a,)N2D, (1—a,)N1D, (m3—a,)N3D, (18)
v =

D., D, D, ’
_ [(haita, ) NN (1—a,)NaN3 _ [(hz—a, ) NN,
D,, D, D,y
where

N =mq —mz +2a,, No=1+mg—2a,, Ns=1-m3—2a, D,=1—ms+mg—3a,,
Dy, = (1+m1)(m1 +m3)D,, D, =(14+m1)(1 —m3)D,, D,, =(1—m3)(ms+ m3)D,, (19)

with 7y = |mq|/ma, M3 = msz/ms anda, = |a,|/me. Additionally, the neutrino masses and the free paranigtérave to
satisfyl > my > m3z > a, > 0.

Hence, the PMNS mixing matrix is given By' = U! U’ = OTP,O/, with i = NH,IH. Along with this, P, =
P!P, = Diag(1, 1, e") with , = 1,,, — 7.

Finally, the reactor, atmospheric and solar angles might be obtained by means the following expressions

sinfiz = [(V)13] = [(0)11(0})13 + (0e)21(0} )23 + (0¢ )31 (03, )z3e™™ |,

i1 Oz — [(V?)a2s3] _ (0c)12(0})13 + (0 )22(0}, )23 + (O )32(0% )33¢"™ |
V1 —sin® 63 V1 —sin® 0q3 7
sin 615 = [(VD12|  _ 1(06)11(01)12 + (0c)21(0y )22 + (Oc)31(O) )soe™ | (20)

V 1-— sin2 913 \V4 1-— Sil’l2 913

Let us remark thalz.|, |a,,| andn, are free parameters to be constrained. Along with this, the lightest neutrino mass is also
a free parameter. As a result of this, we end up having four unknown parameters.

Before closing this section, a brief comment on the Majorana phases will be added. We have considered the CP parities
for the complex neutrino masses which means that these can beCegher Thus, for the normal and inverted ordering we
have(ms, ma, m1) = (+,—,+) and(ms, me, m1) = (4, +, —), respectively. Those CP parities values ensure that the fixed
parameters given in Eql8) and Eq./L7) are reals.

4. Results
4.1. Analytical study

The purpose of this analytical study is to find out the free parameter values that fit the mixing angles. To do so, two neutrino

masses can be fixed in terms of the squared mass skalds = m3 — m? andAm3, = m3 — m? (Am?; = m? — m3) for

the normal (inverted) hierarchy, and the lightest neutrino mass. This means explicitly

ms = \/Am32; +m?, |ma| = \/Am3, + m?, NH,
my = \/Am%3 + Am3; +m3, |mi| = \/Am3, + m3, H. (21)

In addition, the experimental data, that will be used in this analytical and numerical study, is given in the Table Il

Rev. Mex. Fis68 040801



6 J. D. GARGA-AGUILAR AND J. C. GOMEZ-IZQUIERDO

TABLE Il. Leptonic data [51,52].

Observable Experimental value
me (MeV) 0.5109989461 £ 0.0000000031
m, (MeV) 105.6583745 + 0.0000024
m, (MeV) 1776.86 & 0.12
A1 (=5 g\ 7.507022
1 . —0.

Amiig=3 e 2555002 (2.4570:92)

22
sin? 012 0.318 £ 0.16
sin? 03 0.574 +0.14 (0.57810 19
sin? 013 0.0220010 589 (0.0222519-055
Scp/° 1941275 (284735

In the current analysis, central values will be used for the normalized masses and there is a hierarchy among those, this is,
My, > Me /My > Me, Mo > My /e > my (for normal ordering) andn, > ms3/my 2 mg (for inverted ordering); actually,
for the last hierarchy we have, ~ m1(1 + Am2,/2m?), thenms ~ m3/m;. Consequently, we get the following values
Mme & 2.9 x 1074, e /m,, ~ 4.8 x 1073 andrm, ~ 5.9 x 1072, At the same time, for the neutrinos one obtains

e NH

iy~ 2x10°2% L0115, s ~ 0.173, (22)
ma

where the particulam, ~ 0.001 has been taken for this case.

o |H

g ~ 0.195; % ~0.198, 1y~ (23)
1

with mg ~ 0.01. This value is consistent with the current mass ordering.

Notice that particular values for the lightest neutrino mass have been considered for the normal and inverted hierarchy.
Thus, we will obtain approximately the matric®s andO,, for the normal and inverted ordering, then the mixing angles must
be calculated in analytical way for different scenarios.

NH (1 > g, > g, > ag > 0).

e Case lia, ~ 0. In this limit, the Fritzsch textures are recovered and the orthogonal matrix is given by

ey (1—1e,) . ey (14, ) 0y Mgy (Mg —Mgy )
(1=mgy ) (Mpy+mpy ) (1—=1005 +1100, ) (14+mey) (Mg +mey ) (1—1mpy +1100, ) (1—=mmey) 1+m/2)(1 My +100, )
O, ~ e, (1=, ) g, (1+mg, ) (i, —1e,) . (24)
(I=mmey ) (Mey +mey ) (Mg +mey ) (1+me,) (I=mgy ) (1+me,)
_ My (Mg —mey ) (14Mg; ) . My (Mg —1pq ) (1—17,) (1 Mg, ) (1+1,)
(IT—mey ) (Mgy +1gy ) (1 =10y +17207) (T4+mey ) (Mg, +1ey ) (1—1py +100y ) (I—mgy ) (1+me, ) (1—1py +100 )

o Case ll:ay ~ 1y, .

1 0 0
1777121 77Lg2+’ﬁ’bgl
O,~ |0 \/1+m,32 T+me, . (25)
My, +Mey 1—1mng,
1—0—1’71[2 1+’ﬁ’Lg2

Rev. Mex. Fis68 040801
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IH (1 >my >mg>a, >0).

e Case lia, = 0.

. Th3(1+ﬁl3) ﬁ’ll’ﬁlg(lf’fhg) o 77”11(177711)
(I4+mq)(m1+ms)(1—m1+m3) (I+m1)(1—m3)(1—m1+m3) (I1—m3)(mi1+ms)(1—mi+m3)
mz(l—mq) ) (26)

O ~ mq(1+ms) mi—ms
v (141m1) (M1 +ms) V (I+m)(1—m3) (1—mn3)(m1+ms)

,\/ iy (e, —1hg) (1—my) \/ (1ma)(1—my 7\/ s (1 — i) (L g)
(14m1)(m1+ms)(1—m1+m3) (I14m1)(1—m3)(1—m1+m3)

(1—mgz)(m1+ms)(1—m1+m3)

e Case ll:a, ~ ms.

0 0 1
1—ri; oy
0, ~ | [0-5em] \/ Y el 27)
_[mai+tmg 1—1ng 0
1+m1 1+m1

Having obtained the above approximated matrices, let us obtain the mixing angles for two scenarios (both for the normal

hierarchy) that seem to accommodate the observables.
e Scenario A: IfO. andO,, were like Eq.24), then the mixing angles would be

$in 61 ~ [y |1 (1 - Tf“) + o 22 iy (1= 1g) — v/1e/1 — g €| |
mo my

| B g i (1= 22) 4 i (T = z) = e/ T= g €
i Vi, |

2 (1-22) + /2 VT= 0 + Vi /iy (1= g) €7
(28)

2

sin 5 &~
12 —
1 —sin 913

where the notable hierarchy in the charged lepton has been taken into account. In the above expressions, the reacto

atmospheric and solar angles are controlled by the r@%’” e/My = 0.069, vVmge ~ 0.41 and /11 /me ~ 0.34,

respectively. In order to enhance the angle values, the phasrist be near ta. In this way, we have thatin 6,3 ~
0.06, sin #>3 ~ 0.6 andsin 615 =~ 0.25. As result of this, the reactor and solar angle are not in the allowed experimental

3

region with the neutrino masses values given in 28).(
e Scenario B: IfO, andO, were like Eqgs.24) and 25) respectively, then the mixing angles would be

. . my
S 913 X Moy | My 1-— -
ma
1—m, = = - My +Me — = iy
] \ T, (1 — 1my) \ +m, V L=mye
sin O3 ~ = ,
vV 1 —sin 913

: <1 _ %) : (29)

sin012 ~ —2
V1 —sin” 3

31

51

Rev. Mex. Fis68 040801



8 J. D. GARGA-AGUILAR AND J. C. GOMEZ-IZQUIERDO

As one can notice, the reactor angle is tiny in comparison to the scenario A, the atmospheric and solar angle are handled
by the/my &~ 0.41 and+/m; /mq = 0.34; the atmospheric angle value can be increased by allowing that the phase
must ber. Therefore, we obtaisin 13 =~ 0.016, sin >3 =~ 0.58 andsin 6,2 = 0.32.

To finish this section, let us add that one would expect changes in the mentioned scenarios when the lightest neutrino mass
varies in its allowed region. Therefore, the numerical study will help us to discard one scenario.

4.2. Numerical study
To do the numerical analysis, we will be working with the following expressions

sin® 013 = sin® 013 (|acl, |av |, m, m;),
sin? fo3 = sin? a3 (|a|, lay|, v, m;j),

Sin2 012 = SiHQ 012 (‘ae|a |au|a Uz mj) s (30)

wherem; with j = 1, 3 represents the lightest neutrino mass for normal and inverted hierarchy, respectively.

Notice that the mixing angle expressions depend on the unknown parameters so that we will vary them in such a way that
those satisfy their respective constraints. Taking into account the lightest neutrino mass, in the normal (inverted) ordering, we
havel > mqe > my > a, > 0 (1 > my > 3 > a, > 0). Additionally, for each hierarchy, the lightest mass varies in the
region0 — 0.9 eV, the effective phaser > 7, > 0 and the charged lepton parameter m, > m. > a. > 0. Having
commented this, we request that our theoretical expressions satisfy the experimental boungts, wipisaallows us to scan
the allowed regions for the free parameters that fit with great accuracy the experimental results.

At the end of the day, we will obtain scattered plots for each observable as function of each unknown parameter. Subse-
guently, the Diradcp CP-violating phase and the effective Majorana neutrino mass are fitted and these are model predictions.
In the Fig. 1, we observe that there is a regidi{ — 0.014 eV) for the lightest neutrino mass where the observables are

in great according to the experimental results.

According to the Fig. 2, the,, (a,) prefers small values for fitting the mixing angles. This means the Fritzsch textures are

favored but a small deviation is necessary to accommodate the observablesap to

03—

0.025 ™
0.024 0.36 T
0.023 . 0341 1
= E ]
é 0.022 = 032 e
- -
= =
@ w
0.021 030} ..,,
. . ® 1 1. .
¥ e ]
0.020 Tt ] 0.28) T ey NP i
R Jw!;‘.?a & ]
0,099 — P Y S | P I S O T T W | i 0.26 &y P, | . T . | TR . i I PO P
0.010 0.011 0.012 0.013 0.014 B 0.010 0.011 0.012 0.013 0.014
a) my (eV) ) my (eV)
e - - ; as0| AR T Tt
|
0.60| i 300 |
3 0.55/ < om0f
— & I
o s |
= }
® 050} ] [
[ ., ] 200
: Lo 2t ] 5
= AR ‘ ‘
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FIGURE 1. The reactor, solar, atmospheric angles and the Dirac CP phase as function of the lightest neutrino mass. The thick line stands for
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In the charged lepton sector, the (a.) parameter region is close to the electron mass as can be seen in Fig. 3, this is,

a. =~ me, SO that the observables are well accommodated in the scenario C. Let us focus,ipkizse which lies in a region
aroundr value, the full region is shown in the Fig. 4.
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To summarize, a set of free parameters has been found in which the reactor, solar and the atmospheric angles can accom-
modate quite well but this latter lies in the allowed low regi8rr§. In addition, the model predicts large values for the Dirac
CP-violating phase which is close to the up region according to the experimental data.

5. Model Predictions

5.1. Effective Majorana neutrino mass rate

Going back to the comment about CP parities for the complex neutrino masses, we want to perform the effective Majorana
mass of the electron neutrino, which is defined by

[Mee| = M1 VA 4+ maVi + msVil, (31)

wherem; andV,; (i = 1,2, 3) are the complex neutrino masses and PMNS matrix elements. As it is well known, the lowest
upper bound ofm..| < 0.22 eV was provided by GERDA phase-| data [53] and this value has been significantly reduced by
GERDA phase-Il data [54].
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FIGURE 5. |m..| as function ofm; and|a,|. These scattered plots correspond to the normal ordering where the CP parities for the complex
neutrino masses aftens, ma2,m1) = (4, —, +).
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In the previous section, we found a set of values for the free parameters (see Figs. 1 to 4 which fit the mixing angles. As
a result, those values were used to find the regions for the effective Majorana mass of the electron neutrino, as shown in the
Fig. 5.

For this observable, two scattered plots have been only shown since that paramedeida, are more restrictive for the
allowed region.

5.2. Lepton violation process:;u — ey

As an immediate result, the branching ratio for the lepton flavor violation pracessey [55,56] may be performed. As is
well known, the doubly £ 1) and singly AT) charged scalars, that come from the Higgs triplet (see/®}. hediate this
process. The theoretical formula for the branching ratio [55] can be written as
2 4
2
( 00 GeV) ’ (32)

ma++

1 4 “
~ -3 * T T
BR(i — e7) ~ 4.5 x 10 (ﬂm)\> (V MM,V )

where we have assumed that the scalar massgs, = ma++ = ma, are degenerated. In her¥, represents the PMNS
mixing matrix.

In the previous section, we constrained the free parameters that fit the mixing angles, in good approximation, we obtained
the following regions:0.01 < m; < 0.014 eV, 0.35 Me\K |a.| < me, 0.004 < |a,| < 0.006 eV andnw < n, < 67/5.
Having done that, the branching ratio for the lepton flavor violation progess ey can be calculated by using the values
80 GeWx ma andva < 5 GeV [57] for the single and doubly charged scalar masses and the vev of the Higgs triplet,
respectively.

The allowed region for the branching ratio, as function of the vev of the Higgs triplet and the mass of the singly and doubly
charged scalars, is exhibited in the Fig. 6. As one can realize, the model predicts a region that is too much below of the
experimental bound BR — e) ~ 4.2 x 10713,

ep

6. Conclusions

We have built an economical non-renormalizable lepton model for getting the mixings where the type Il see-saw mechanism
is responsible to explain tiny neutrino masses. Under a particular benchmark, in the charged lepton sector, the mass matrice
have the Fritzsch textures with a shift parameter which makes different to the previous studies. Our main finding is: a set of
values for the relevant parameters was found to be consistent fup)tavith the last experimental data on lepton observables

for the normal neutrino mass ordering.

To finish, we would like to add that th®; ® Z, symmetry is an excellent candidate to be the flavor symmetry at low
energy. However, one has to look for the best framework where the flavor symmetry solve the majority of open questions on
the flavor problem and related issues. In this direction, the quark mixings and the scalar potential analysis will be included to
have a complete study but this is a working progress.

Appendix
A. S; flavour symmetry

Several discrete flavor symmetries have been used in particle physics to face the flavor problem. In this line of thought, the non-
Abelian groupS; [27-30] has been explored in great detail with different purposes. In our case, due to its three dimensional
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representation can be decompose8as- 2 ® 15 0r3,4 = 2 @ 14, this allows us to get hierarchical mass matrices.

A complete study of the mentioned symmetry can be found in Refs. [27-30], so that we just write multiplication rule

between two doublets.

a1 b1 o
Be ), wnren
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.. The following Weinberg operato&3 (LYH?Ly + L5H? L) 9.

and %EgHQLg are invariant under flavor and gauge symme-
tries nevertheless they are ignored and not included in the La-
grangian in Eq.8) because their contributions are very small
compared tai,, andg, due to the assumftion of vevis, <«

v << Aandvg ~ vg; = (¢3) ~ A e, K ’UA<¢;\73>.

In fact, one might consider two different vev’s alignments: (a)
(¢) = v4(0,1) and{¢s) = vy, but this does not provide the
right mixings; (b)(¢) = vs(1,1) and{¢s) = vs, in this case,
the free parameters increase.
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