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Escuela Superior de Fı́sica y Mateḿaticas, Instituto Polit́ecnico Nacional,
Edificio 9, 07738, Ciudad de Ḿexico, Ḿexico,
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Cobimaximal mixing predictsπ/4 and3π/2 for the atmospheric angle and the Dirac CP-violating phase, respectively. These values are in
tension with the neutrino global fits. If this pattern was behind the lepton mixings, then it would have to be broken. In that case, in this paper,
we explore theS3 flavor symmetry within theB − L gauge model where the aforementioned scheme comes from the neutrino sector but
the charged lepton contribution breaks the well known predictions so the mixing observables as well as themee mass can be accommodated
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in future experiments.
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1. Introduction

The experimental evidence has shown neutrinos have mass,
there is more matter than antimatter and dark matter undoubt-
edly exists. These observations have motivated us to look for
answers beyond the Standard Model (SM) since it is not the
last theory, even though its tremendous success, and extra
ingredients should be added to explain the aforementioned
subtle issues.

The Higgs physics, which is currently in developing, will
reveal many properties of the discovered Higgs boson at LHC
in 2012 [1,2]. All of this will play an important role to
have a complete understanding of the Higgs sector that might
be linked with fundamental problems [3,4]. In this line of
thought, the Higgs and neutrino sector could be related indi-
rectly by the type I see-saw mechanism [5-11] which utilizes
a Dirac mass that comes from the Higgs mechanism. Addi-
tional connection might have to do with the peculiar pattern
that exhibits the PMNS mixing matrix [12,13], in which con-
sidering the scheme of three species of neutrinos, it is possi-
ble to observe large entry values, as well as|Uµi| ≈ |Uτi|
(i = 1, 2, 3) [14,15]. The latter fact seems to indicate us the
presence of a symmetry, for instanceµ−τ reflection symme-
try [16] that can be identified with Cobimaximal pattern [17-
33] whose predictions on the Dirac phase, atmospheric and
reactor angles are3π/2, π/4 andθ13 6= 0, respectively. From
the model building point of view, this kind of pattern may
be achieved by means of non-abelian discrete groups [34-41]
but one may require extra scalar, fermion or exotic fields. Up
to now, there is one Higgs doublet, so that a well motivated

framework is to include many Higgses, that transform in a
non-trivial way under the discrete group, to shape the fermion
mass matrices and therefore their mixings. This kind of ex-
tensions possess a rich phenomenology [42-50] such that fla-
vored leptogenesis is a viable way to explain the excess of
matter over antimatter. These theoretical ideas can be tested
in the current or future experiments [51].

Once the neutrino masses and mixing angles are added
to the well established quark ones, the flavor puzzle [52-54]
is awaiting for a compelling solution. In this sense, the fla-
vor symmetries might be a route to find out the underlaying
physics in the flavor sector and a lot of progress has been
made in this direction. For example, appealing patterns [34-
41] have been proposed to accommodate the available exper-
imental data. Nonetheless, there is too much work to realize
in order to embed the ideal discrete symmetry in the adequate
theoretical framework to describe all the observables.

With this in mind, we will recover the well knownS3 [34]
symmetry, the permutation of the three objects, which has
been implemented in different frameworks [55-75] for study-
ing masses and mixings. There are still strong motivations
to study on this symmetry, for instance, the hierarchy among
the fermion masses is understood by its irreducible represen-
tations and it may come from string theories [54,76]. On the
other hand, theB − L gauge model [77-81] is a minimal ex-
tension of the SM where the type I see-saw mechanism [5-11]
is realized by the inclusion of three right-handed neutrinos
(N ), which are required by the SM⊗U(1)B−L gauge group
to cancel anomalies. These neutral fermions acquire their
mass similarly to the quarks and charged leptons do in the
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SM, this is, a Higgs mechanism is realized by the presence
of B − L charged singlet field (φ) which develops a vacuum
expectation value (vev). Eventually, the light neutrinos, that
take place in the oscillations, get tiny masses. In addition to
neutrino masses and mixings, a rich phenomenology as lep-
togenesis, dark matter and inflation can be found in theB−L
model [82-86].

Motivated by the above issues, we embed theS3 symme-
try in theB−L model so that the family number is extended
to the scalar sector. Then, three Higgs doublets and singlets
(charged underB − L) are included to generate the mixings.
Nonetheless, the scalar ((H1, H2) ∼ 2, H3 ∼ 1S) and lepton
(l1 ∼ 1S, (l2, l3) ∼ 2) families are not treated in the same
footing under the irreducible representation of theS3 symme-
try. The main purpose to realize it, in the scalar sector, is to
use the results on the allowed alignments that scalar potential
with three Higgs doublets together withS3 permits [87-91].
Although many scalar fields have been added, the number of
Yukawa couplings are reduced substantially by imposing an
extra symmetry (Z2). Along with this, the assignation makes
it possible to identify the Cobimaximal pattern, in the effec-
tive neutrino sector, by assuming real Dirac and Majorana
Yukawa couplings. Whereas the charged lepton mass matrix
ends up being complex due to the charged Yukawa couplings
are assumed to be complex. In this benchmark, we calculate
explicitly the PMNS matrix that is mainly controlled by the
Cobimaximal one while the charged lepton breaks the well
known predictions on the atmospheric angle (θ23) and Dirac
CP-violating phase (δCP ). Notably, the PMNS mixing ma-
trix, and consequently, the aforementioned observables de-
pend on two free parameters, this feature makes the model
completely different from other flavored ones [92-96]. An
analytical and numerical study on the atmospheric angle and
Dirac CP-violating phase allows to constrain the allowed re-
gion of values for the free parameters. In consequence, our
findings are as follows: the former observable can be on the
upper or lower octant for the normal and inverted hierarchy.
Besides this, for theδCP phase, the predicted region is more
constrained for the inverted hierarchy in comparison to the
normal case, these facts would allow to test the model by con-
fronting our results with future experiments [97-99]. Taking
into account the|mee| effective neutrino mass, this is con-
trolled totally by the reactor and solar angle, so this is consis-
tent with the experimental data.

The letter is organized as follows. TheB−L model is re-
visited briefly in Sec. 2. TheS3 discrete symmetry is embed-
ded in theB−L model, the masses and mixings are obtained
in Sec. 3. In Sec. 4, we perform explicitly the PMNS mixing
matrix as well as the deviation to the atmospheric angle and
the Dirac CP-violating phase. The findings are highlighted
through some scattered plots. In addition, in Sec. 5, the|mee|
effective neutrino is calculated numerically. Finally, we end
up giving concluding remarks in Sec. 6.

2. B-L Model

One of the gauge models, that takes into account the missing
neutrino mass term, is the well known Baryon minus Lepton
(B-L) one [77-81] where the inclusion of three right-handed
neutrinos (N ) are required by the gauge group. These neu-
tral fermions acquire their mass similarly to the quarks and
charged leptons do in the SM framework, this is, a Higgs
mechanism is realized by the presence of singlet field (φ)
which develops a vacuum expectation value (vev). Eventu-
ally, the light (active) neutrinos, that take place in the oscilla-
tions, get tiny mass due to the type I see-saw mechanism [5-
11].

In the minimal version, under theSU(3)c ⊗ SU(2)L ⊗
U(1)Y gauge group, the matter content has the usual quan-
tum numbers. In Table I, we just show the quantum numbers
under theU(1)B−L group.

Hence, apart from the SM Lagrangian, one has to add ex-
tra terms. This is

LBL = LSM − yDL̄H̃N − 1
2
yN N̄ cφN − V (H, φ) , (1)

with

V (H,φ) = µ2
BLφ†φ

+
λBL

2
(
φ†φ

)2 − λHφ

(
H†H

) (
φ†φ

)
, (2)

whereH̃i = iσ2H
∗
i andσ2 is the second Pauli matrix.

In this framework, there are two scales of the sponta-
neous symmetry breaking, the first one is associated to the
U(1)B−L group and the breaking scale is larger than the
electroweak scale,φ0 À v. The latter associates toSU(2)L.

〈H〉 =
1√
2

(
0
v

)
, 〈φ〉 =

φ0√
2
. (3)

In the standard basis, the fermion mass term is given by

−LY = ¯̀
iL (M`)ij `jR +

1
2
ν̄iL (Mν)ij νc

jL

+
1
2
N̄ c

i (MR)ij Nj + h.c., (4)

where the type I see-saw was realized.
In general, the above mass matrices are complex, and they

do not possess any pattern which help us find out the mixing
matrices that take place in PMNS mixings one. Therefore,
we have the need to use discrete symmetries as guidance to
explain the peculiar patterns.

TABLE I. Minimal B − L model.

Matter Quarks Leptons Higgs φ

B-L 1/3 1 0 −2
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3. Lepton sector

As we already commented, the scalar sector of theB − L
model is augmented such that three Higgs doublets (Hi) and
singlets (φi) are considered. Then, for leptons the assignation
under the flavor symmetry is given as follows: the first family
is put in a1S singlet; the second and third families live in a2
doublet. On the other side, the scalar sector is assigned as the
usual studios have realized this is, the first and second family
are put together within a2 and the third one belongs to1S .
The main reason to keep the typical assignation in the scalar
sector is to take into account the results on theS3 scalar po-
tential with three Higgs where the aforementioned assigna-
tion was utilized and an exhaustive classification about the
vev’s alignments was released in Refs. [88-91].

TABLE II. FlavoredB − L model. Here,I = 1, 2 andJ = 2, 3.

Matter HI , LJ , eJR, NJ L1, e1R, N1 H3, φ3 φI

S3 2 1S 1S 2

Z2 1 −1 1 −1

On the other hand, some Yukawa couplings are forbidden
by imposing theZ2 symmetry. In this manner, the Dirac and
charged lepton mass matrices end up being almost diagonal,
then the right-handed neutrino mass matrix will provide the
mixings.

Table II shows explicitly the full assignment for the mat-
ter in the current model.

The Yukawa mass term that respects theS3 ⊗ Z2 flavor symmetry and the gauge group, is given by

−LY = ye
1L̄1H3e1R + ye

2

[
(L̄2H2 + L̄3H1)e2R + (L̄2H1 − L̄3H2)e3R

]
+ ye

3

[
L̄2H3e2R + L̄3H3e3R

]
+ yD

1 L̄1H̃3N1

+ yD
1 L̄1H̃3N1 + yN

2

[
(L̄2H̃2 + L̄3H̃1)N2 + (L̄2H̃1 − L̄3H̃2)N3

]
+ yN

1 N̄ c
1φ3N1 + yN

2

[
N̄ c

1 (φ1N2 + φ2N3)

+
(
N̄ c

2φ1 + N̄ c
3φ2

)
N1

]
+ yN

3

[
N̄ c

2φ3N2 + N̄ c
3φ3N3

]
+ h.c. (5)

From Eq. (5), the mass matrices have the following form

Me =




ye
1〈H3〉 0 0

0 ye
3〈H3〉+ ye

2〈H2〉 ye
2〈H1〉

0 ye
2〈H1〉 ye

3〈H3〉 − ye
2〈H2〉


 ;

MD =




yD
1 〈H̃3〉 0 0

0 yD
3 〈H̃3〉+ yD

2 〈H̃2〉 yD
2 〈H̃1〉

0 yD
2 〈H̃1〉 yD

3 〈H̃3〉 − yD
2 〈H̃2〉


 ;

MR =




yN
1 〈φ3〉 yN

2 〈φ1〉 yN
2 〈φ2〉

yN
2 〈φ1〉 yN

3 〈φ3〉 0
yN
2 〈φ2〉 0 yN

3 〈φ3〉


 . (6)

Before finishing this section, we would like to add a com-
ment about the scalar potential in the scenario of three Higgs
doublets withS3 symmetry (3HD-S3). As it is well known,
the scalar potential study becomes mandatory to get a realis-
tic scenario that intents to explain the mixing patterns. In this
direction, works on the minimization of the scalar potential,
vev’s alignments, mass spectrum and phenomenology can be
found in Refs. [87,100-106]. Besides this, exhaustive studios
have released significant results on the minimization of the
scalar potential and alignments that are allowed [88-91] in
the 3HD-S3 framework. Remarkably, those have provided a
larger list of alignments which must have great impact on the
gauge sector, fermion and scalar masses. Having commented
that, in our model, we will take advantage of the previous
results, so it is not necessary to analyze again the potential.
The reason is the following: the full potential is given by
VB−L = V (H) + V (φ) + V (H, φ), then we make a strong

assumption, this is, the Higgses and singlets do not inter-
act between them so one can treat them separately in conse-
quenceV (H) andV (φ) share the same structure under the
flavor symmetry as a result of this we can use the analysis re-
alized in Ref. [88-91]. A partial study on theVB−L potential
was carried out in Ref. [107].

3.1. Masses and mixings

One of the allowed alignments for the vev’s is given by
〈H1〉 = v1, 〈H2〉 = iv2 and 〈H3〉 = v3 [88-91]. Hence,
we will utilize those in the Dirac neutrinos and charged lep-
ton. It is worth mention that it has not been yet explored in
the quark sector and this is a work in progress. In the Majo-
rana sector, the right-handed neutrinos get their mass through
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the φ scalars so that we will also consider the alignment
〈φ2〉 = 〈φ1〉 which is also a solution of the scalar potential
as was shown in Ref. [87].

Having chosen the alignments, we have

Me =




ae 0 0
0 ce + ibe de

0 de ce − ibe


 ,

MD =




aD 0 0
0 cD − ibD dD

0 dD cD + ibD


 ,

MR =




aR bR bR

bR cR 0
bR 0 cR


 , (7)

where

ae = ye
1v3, ce = ye

3v3, be = ye
2v2, de = ye

2v1,

aD = yD
1 v3, cD = yD

3 v3, bD = yD
2 v2, dD = yD

2 v1,

aR = yN
1 〈φ3〉, bR = yN

2 〈φ1〉, cR = yN
3 〈φ3〉. (8)

3.1.1. Charged lepton mixings

In this brief section, let us obtain the mixing matrix that takes
place in the PMNS one. To do this, we assume that the
charged Yukawa couplings are complex. Then,Me mass ma-
trix is written as

Me =




ae 0 0
0 Ae de

0 de Be


 , (9)

with Ae = ce + ibe andBe = ce − ibe. The above matrix is
diagonalized byUeL = PeOe andUeR = P†eOe such that

M̂e = Diag.(me,mµ,mτ ) = U†
eLMeUeR. Explicitly, we

obtain

Oe =




1 0 0
0 cos θe sin θe

0 − sin θe cos θe


 ,

Pe = Diag.
(
eiηe , eiηµ , eiητ

)
. (10)

Along with this, ηe = arg.(ae)/2, ηµ = arg.(Ae)/2, ητ =
arg.(Be)/2 andηµ + ητ = arg.(be). At the same time, we
have

cos θe =

√
mτ − |Ae|
mτ −mµ

, sin θe =

√
|Ae| −mµ

mτ −mµ
. (11)

Notice that there is a free parameter,|Ae|, which has to
satisfy the following constraintmτ > |Ae| > mµ.

3.1.2. Neutrino mixings

According to the previous section, we considered〈φ1〉 =
〈φ2〉. For this reason, in the Majorana sector, the free
parameters are reduced inMR, and the inverse matrix is
parametrized as

M−1
R =



X −Y −Y
−Y W Z
−Y Z W


 , (12)

where we have definedX = c2
R/|MR|, Y = bRcR/|MR|,

W =
(
aRcR − b2

R

)
/|MR| andZ = b2

R/|MR|. Here,|MR|
denotes the determinant ofMR. With all of this, the effective
neutrino mass matrix,Mν = −MDM−1

R MT
D, is given by

Mν=




Xa2
D −YaD [cD+dD−ibD] −YaD [cD+dD + ibD]

−YaD [cD+dD−ibD] W [
(cD−ibD)2 +d2

D

]
+2ZdD [cD−ibD] 2WdDcD+Z [

b2
D+c2

D+d2
D

]
−YaD [cD+dD + ibD] 2WdDcD+Z [

b2
D+c2

D+d2
D

] W [
(cD+ibD)2 +d2

D

]
+2ZdD [cD+ibD]


 , (13)

which can be parametrized as

Mν ≡



Aν Bν B∗
ν

Bν C∗ν Dν

B∗
ν Dν Cν


 . (14)

We ought to stress that one can identify the above mass matrix with the Cobimaximal one if the Dirac Yukawa couplings
and the vev’s values are real. In this benchmark, the PMNS mixings are governed mainly by the neutrino sector. It is well
known thatMν is diagonalized byUν = UαO23O13O12Uβ such thatM̂ν = Diag.(|m1|, |m2|, |m3|) = U†

νMνU∗
ν where

the diagonal mass matrices are given asUα = Diag.
(
eiα1 , eiα2 , eiα3

)
andUβ = Diag.

(
1, eiβ1 , eiβ2

)
[20]. These stand for

unphysical and Majorana phases, respectively. In addition, we have

O23 =




1 0 0
0 cos ρ23 sin ρ23

0 − sin ρ23 cos ρ23


 , O13 =




cos ρ13 0 sin ρ13e
−iδ

0 1 0
− sin ρ13e

iδ 0 cos ρ13


 ,

O12 =




cos ρ12 sin ρ12 0
− sin ρ12 cos ρ12 0

0 0 1


 . (15)
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With ρ23 = π/4, δ = −π/2, α1 = 0 = α3 andα2 = π; also,β1 = 0 andβ2 = π/2. Thus, we reconstruct the neutrino
mass matrix,Mν = UνM̂νUT

ν , whose elements are

Aν = |m3| sin2 ρ13 + cos2 ρ13

[|m1| cos2 ρ12 + |m2| sin2 ρ12

]
,

Bν =
cos ρ13√

2

[
(|m1| − |m2|) cos ρ12 sin ρ12 + i sin ρ13

(|m3| − |m1| cos2 ρ12 − |m2| sin2 ρ12

)]
,

Cν =
1
2

[
|m2| (cos ρ12 − i sin ρ13 sin ρ12)

2 + |m1| (sin ρ12 + i cos ρ12 sin ρ13)
2 − |m3| cos2 ρ13

]
,

Dν =
1
2

[|m2|
(
cos2 ρ12 + sin2 ρ13 sin2 ρ12

)
+ |m1|

(
sin2 ρ12 + cos2 ρ12 sin2 ρ13

)
+ |m3| cos2 ρ13

]
. (16)

Finally, we obtain

Uν =




cos ρ13 cos ρ12 cos ρ13 sin ρ12 − sin ρ13
1√
2

(sin ρ12 − i cos ρ12 sin ρ13) − 1√
2

(cos ρ12 + i sin ρ12 sin ρ13) −i cos ρ13√
2

1√
2

(sin ρ12 + i cos ρ12 sin ρ13) − 1√
2

(cos ρ12 − i sin ρ12 sin ρ13) i cos ρ13√
2


 . (17)

As one can realize, ifρ13 = 0, it would imply the pres-
ence ofµ ↔ τ symmetry inMν or a2 ↔ 3 exchange due to
the charged lepton mass matrix is not diagonal. As a result,
one expects a deviation to atmospheric angle and the Dirac
phase.

4. Results

Once the relevant mixing matrices were performed, the
PMNS one is defined asU = U†

eUν and the theoretical ma-
trix elements are given explicitly as

U11 = (Uν)11 e−iηe ,

U12 = (Uν)12 e−iηe ,

U13 = (Uν)13 e−iηe ,

U21 =
[
cos θe(Uν)21 − sin θe(Uν)31 e−iην

]
e−iηµ ,

U22 =
[
cos θe(Uν)22 − sin θe(Uν)32 e−iην

]
e−iηµ ,

U23 =
[
cos θe(Uν)23 − sin θe(Uν)33 e−iην

]
e−iηµ ,

U31 =
[
sin θe(Uν)21 + cos θe(Uν)31 e−iην

]
e−iηµ ,

U32 =
[
sin θe(Uν)22 + cos θe(Uν)32 e−iην

]
e−iηµ ,

U33 =
[
sin θe(Uν)23 + cos θe(Uν)33 e−iην

]
e−iηµ , (18)

with ην ≡ ητ − ηµ being a relative phase.
In consequence, the expressions for the mixing angles are

obtained by comparing our theoretical formula with the stan-
dard parametrization of the PMNS.

sin2 θ13 = |(U)13|2 = sin2 ρ13,

sin2 θ23 =
|(U)23|2

1− |U13|2 =
1
2

[1 + sin 2θe cos ην ] ,

sin2 θ12 =
|(U)12|2

1− |U13|2 = sin2 ρ12. (19)

In addition, the Jarlskog invariant can be performed analyt-
ically. As one can verify straightforward, using Eqs. (17)-
(19), we obtain

sin δCP =
Im [(U)23(U)∗13(U)12(U)∗22]

1
8 sin 2θ12 sin 2θ23 sin 2θ13 cos θ13

;

sin δCP = −1
2

cos ρ12 sin ρ12 sin ρ13 cos2 ρ13 cos 2θe

cos θ12 sin θ12 cos θ23 sin θ23 sin θ13 cos2 θ13
;

sin δCP = − cos 2θe√
1− sin2 2θe cos2 ην

. (20)

Having obtained the above expressions, some comments
are added in order. The reactor and solar angles are con-
trolled mainly by the neutrino sector. What is more these
are associated directly to theρ13 andρ12 parameters, respec-
tively. Also, the atmospheric angle is deviated fromπ/4 and
the source of such deviation is the charged lepton sector as
one would expect. Also, strictly speaking the magnitude of
the PMNS depends on four free parameters namelyρ12, ρ13,
θe (or |Ae|) and theην relative phase. Nevertheless, as it
was already remarked,ρ13 = θ13 andρ12 = θ12 so we end
up having two free parameters, this is,|Ae| andην . These
must be fixed by numerical study to get the PMNS values.
Before making this, it is worthy pointing out extreme values
for the mentioned parameters and their implications on the
atmospheric angle and the Dirac CP-violating phase:

• If the ην effective phase is zero (orπ), the atmospheric
angle would lie on the upper (lower) octant and the
δCP = −π/2.

• If the ην effective phase isπ/2, the atmospheric angle
would beπ/4 exactly and theδCP would be deviated
from−π/2.

• If |Ae| u mµ, θ23 would beπ/4 andδCP = −π/2.
Whereas, if|Ae| u mτ then theθ23 would beπ/4 and
δCP = π/2.

Rev. Mex. Fis.70040801
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• If |Ae| = (mµ + mτ )/2 (θe = π/4), thenθ23 would
lie on the upper or lower octant andδCP = π or 2π.

In short, the atmospheric angle and the Dirac phase are
totally different ofπ/4 and3π/2, respectively. Hence, scat-
tered plots will be performed to find out the full set of allowed
values for the free parameters (|Ae| andην) that accommo-
dates the observables up to3σ. To make this, the charged
lepton masses [16] will be considered like inputs as well as
the atmospheric angle and Dirac phase. At the electroweak
scale, we have

me = 0.48307± 0.00045 MeV,

mµ = 101.766± 0.023 MeV,

mτ = 1728.56± 0.28 MeV. (21)

Along with this, the experimental neutrino data are given at
3σ as follows [14]

sin2 θ13 = 0.02000− 0.02405, sin2 θ23 = 0.434− 0.610,

δCP /◦ = 128− 359; Normal ordering

sin2 θ13 = 0.02018− 0.02424, sin2 θ23 = 0.433− 0.608,

δCP /◦ = 200− 353, Inverted ordering. (22)

In addition, sin2 θ12 = 0.271 − 0.369 for the normal and
inverted hierarchy.

From Eqs. (20) and (19), we vary arbitrarily the free pa-
rameters in their allowed range such that these fit the observ-
ables at3σ.

δCP (|Ae|(θe), ην)= arcsin

[
− cos 2θe√

1− sin2 2θe cos2 ην

]
,

sin2 θ23 (|Ae|(θe), ην) =
1
2

[1 + sin 2θe cos ην ] . (23)

Having commented on that, let us show the relevant plots. In
Fig. 1, we observe the set of values for theην relative phase
that fits the atmospheric angle. There are two regions where
the angle lies on the upper and lower octant so there is a clear
deviation aroundπ/4. In addition, the allowed regions are
similar for the normal and inverted hierarchy.

The |Ae| parameter is constrained by the Dirac phase
such that its allowed region is reduced substantially in the
inverted ordering as we observe in Fig. 2. On the contrary,
the region is large for the normal hierarchy and the main rea-
son has to do with the experimental data [see Eq. (22)]. Also,
we realize a large value for|Ae| is needed to reach the best
fit (194◦).

FIGURE 1. Atmospheric angle as function of theην relative phase for the normal and inverted hierarchy, respectively. The solid gray line
stands for the experimental data at3σ.

FIGURE 2. Dirac CP-violating phase as function of the|Ae| parameter for the normal and inverted hierarchy, respectively. The solid gray
line stands for the experimental data at3σ.
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FIGURE 3. Dirac CP-violating phase as function of theην parameter for the normal and inverted hierarchy, respectively. The solid gray line
stands for the experimental data at3σ.

In Fig. 3, the Dirac phase is also show as function of the
ην relative phase. In the inverted ordering the allowed region
is smaller than the normal case and the explanation resides
on the experimental data at3σ for the Dirac phase.

5. The neutrinoless double beta decay

As it is well known, the nature of neutrinos is not well estab-
lished yet so those can be Dirac or Majorana fermions. The
latter can be tested by means of the neutrinoless double beta
decay [108-111] which occurs if and only if the neutrinos are
Majorana fermions. In general, the decay width of0νββ is
written as

Γ0ν =
∑

j

Gj (Q,Z) |MjFj |2, (24)

where the above expression includes all the possible mecha-
nisms whose matrix element is denoted byMj andFj stands
for a dimensionless particle physics parameter;G (Q,Z) is
a phase space factor that can also depend on the particle
physics [108-111]. In the scenario where light active neu-
trinos are involved the main contribution is provided byFν

the parameter and decay width are written as

Γ0ν = G0ν
01 |M0ν

ν |2|Fν |2, (25)

with

Fν =
1

me

mee︷ ︸︸ ︷∑

i=1

(U)2ei mi, (26)

whereU stands for the PMNS matrix,mi is the active neu-
trino masses andme the electron mass. So far, there is an
upper limit|mee| < 0.06− 0.2 eV given by GERDA collab-
oration [112].

In our model,mee is not affected by the contribution of
the charged lepton sector. Indeed, this is given by

∣∣mee

∣∣ =
∣∣∣∣ cos2 θ13

(|m1| cos2 θ12

+ |m2| sin2 θ12

)
+ |m3| sin2 θ13

∣∣∣∣. (27)

From the neutrino oscillation data [14,15], the avail-
able information on the neutrino masses is given by the
squared mass difference∆m2

21 = |m2|2 − |m1|2 and
∆m2

31 = |m3|2 − |m1|2 (∆m2
13 = |m1|2 − |m3|2)

for the normal (inverted) ordering. At3σ, we have
∆m2

21[10−5 eV2] = 6.94 − 8.14 and∆m2
31[10−3 eV2] =

2.47 − 2.63 (∆m2
13[10−3 eV2] = 2.37 − 2.53). Then, fix-

ing two neutrino masses in terms of the lightest one and the
squared mass scale, we get for the normal and inverted order-
ing

|m3|2 = ∆m2
31 + |m1|2, |m2|2 = ∆m2

21 + |m1|2,
|m2|2 = ∆m2

21 + ∆m2
13 + |m3|2,

|m1|2 = ∆m2
13 + |m3|2. (28)

Up to now, the absolute neutrino masses are still unknown
however there is a bound,

∑
i=1 mi < 0.12 eV, given by

Planck collaboration that can be useful to determine them.
In order to scan the allowed regions of values for the|mee|
mass, we varyθ12 andθ13 according to Eq. (22) as well as the
|m1,3| lightest neutrino mass varies up to 0.1 eV. Our findings
are shown in Fig. 4.

As one notices, the allowed regions are compatible with
the GERDA phase-I data [112].

FIGURE 4. Allowed regions for|mee| as function of the lightest
neutrino mass.
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6. Concluding remarks

Discrete symmetries have been an option to understand the
peculiar lepton pattern. Too much effort has been made in or-
der to build the model, with the ideal flavor symmetry within
the suitable framework, that matches the experimental data.
Nonetheless, there is no such model so far.

In this letter, we just addressed the lepton masses and
mixings by implementing theS3 ⊗ Z2 in theB − L gauge
model with enlarged scalar sector. A particular choice is real-
ized on the scalar and lepton families under theS3 irreducible
representations, and if the Dirac, Majorana and charged lep-
ton Yukawa couplings are real and complex, respectively.
This leads to a deviation from Cobimaximal mixing pattern
due to the charged leptons. According to our findings, the
PMNS mixing matrix does depend on two free parameters
(|Ae| andην) which were constrained by analyzing their ef-
fect on the atmospheric angle and the Dirac CP-violating
phase that end up being deviated fromπ/4 and 3π/2, re-
spectively. For normal and inverted hierarchy, we found a
set of values for the free parameters that accommodates the
atmospheric angle with great accuracy (up to3σ) and it can
be on the lower and upper octant. We stress that there is not
a clear difference between both regions of values for theην

free parameter. Taking into account the Dirac CP-violating
phase, the numerical study allows to distinguish two regions

of values for each free parameter, this can be relevant to test
the model in future experiments [97-99]. Additionally, the
|mee| effective neutrino mass is completely independent of
the charged lepton contribution so that it was well fixed by
the reactor and solar angles. As a result, the allowed regions
are consistent with the available data.

Certainly, this model can be considered like one more to
the market with all its limitations. In our opinion, there are
still many ideas to explore by utilizing theS3 symmetry in the
context of three Higgs doublets where a rich phenomenology
has not been explored with detail. For instance, an exhaus-
tive study on the scalar and gauge sectori and its effect on
the charged lepton flavor violation and leptogenesis. Conse-
quently, we pretend to be more ambitious so that the quark
sector and the above issues will be addressed in the model to
have a complete study.
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Projects 20230568 and PAPIIT IN109321.

i. A partial study was realized in Ref. [106].

1. G. Aad et al. (ATLAS), Observation of a new particle in the
search for the Standard Model Higgs boson with the ATLAS
detector at the LHC,Phys. Lett. B716 (2012) 11,https:
//doi.org/10.1016/j.physletb.2012.08.020 .

2. S. Chatrchyanet al. (CMS), Observation of a New Boson at a
Mass of 125 GeV with the CMS Experiment at the LHC,Phys.
Lett. B 716 (2012) 30,https://doi.org/10.1016/j.
physletb.2012.08.021 .

3. G. P. Salam, L.-T.Wang and G. Zanderighi, The Higgs boson
turns ten,Nature607 (2022) 41,https://doi.org/10.
1038/s41586-022-04899-4 .

4. M. E. Peskin, Elementary Particle Physics Vision for EPP2024
(2023), arXiv:2302.05472 [hep-ph]

5. P. Minkowski, µ → e gamma at a Rate of One Out of 1-
Billion Muon Decays?,Phys. Lett. B67 (1977) 421,https:
//doi.org/10.1016/0370-2693(77)90435-X .

6. T. Yanagida, Horizontal gauge symmetry and masses of neu-
trinos In Proceedings of the Workshop on the Baryon Number
of the Universe and Unified Theories, Tsukuba, Japan, 13-14
(1979).

7. M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors
and Unified Theories,Conf. Proc. C 790927 (1979) 315,
https://doi.org/10.1142/97898128368540018 .

8. R. N. Mohapatra and G. Senjanovic, Neutrino Masses and
Mixings in Gauge Models with Spontaneous Parity Viola-

tion, Phys. Rev. D23 (1981) 165,https://doi.org/10.
1103/PhysRevD.23.165 .

9. R. N. Mohapatra and G. Senjanovic, Neutrino Mass and Spon-
taneous Parity Nonconservation,Phys. Rev. Lett.44 (1980)
912, https://doi.org/10.1103/PhysRevLett.
44.912 .

10. J. Schechter and J. W. F. Valle, Neutrino Masses inSU(2) ×
U(1) Theories,Phys. Rev. D22(1980) 2227,https://doi.
org/10.1103/PhysRevD.22.2227 .

11. J. Schechter and J. W. F. Valle, Neutrino Decay and Sponta-
neous Violation of Lepton Number,Phys. Rev. D25(1982) 774,
https://doi.org/10.1103/PhysRevD.25.774 .

12. Z. Maki, M. Nakagawa and S. Sakata, Remarks on the unified
model of elementary particles,Prog. Theor. Phys. 28 (1962)
870,https://doi.org/10.1143/PTP.28.870 .

13. B. Pontecorvo, Neutrino experiments and the question of
leptonic-charge conservation,Sov. Phys. JETP26 (1968) 984.

14. P. F. de Salaset al., 2020 global reassessment of the neutrino os-
cillation picture,JHEP02 (2021) 071,https://doi.org/
10.1007/JHEP02(2021)071 .

15. I. Estebanet al., The fate of hints: updated global analy-
sis of three- avor neutrino oscillations,JHEP 09 (2020) 178,
https://doi.org/10.1007/JHEP09(2020)178 .

16. Z.-Z. Xing, Theµ − τ reflection symmetry of Majorana neu-
trinos,Rept. Prog. Phys.86 (2023) 076201,https://doi.
org/10.1088/1361-6633/acd8ce .

Rev. Mex. Fis.70040801

https://doi.org/10.1016/j.physletb.2012.08.020�
https://doi.org/10.1016/j.physletb.2012.08.020�
https://doi.org/10.1016/j.physletb.2012.08.021�
https://doi.org/10.1016/j.physletb.2012.08.021�
https://doi.org/10.1038/s41586-022-04899-4�
https://doi.org/10.1038/s41586-022-04899-4�
https://doi.org/10.1016/0370-2693(77)90435-X�
https://doi.org/10.1016/0370-2693(77)90435-X�
https://doi.org/10.1142/9789812836854 0018�
https://doi.org/10.1103/PhysRevD.23.165�
https://doi.org/10.1103/PhysRevD.23.165�
https://doi.org/10.1103/PhysRevLett.44.912�
https://doi.org/10.1103/PhysRevLett.44.912�
https://doi.org/10.1103/PhysRevD.22.2227�
https://doi.org/10.1103/PhysRevD.22.2227�
https://doi.org/10.1103/PhysRevD.25.774�
https://doi.org/10.1143/PTP.28.870�
https://doi.org/10.1007/JHEP02(2021)071�
https://doi.org/10.1007/JHEP02(2021)071�
https://doi.org/10.1007/JHEP09(2020)178�
https://doi.org/10.1088/1361-6633/acd8ce�
https://doi.org/10.1088/1361-6633/acd8ce�


A LEPTON MODEL WITH NEARLY COBIMAXIMAL MIXING 9

17. K. Fukuura, T. Miura, E. Takasugi and M. Yoshimura, Maximal
CP violation, large mixings of neutrinos and democratic type
neutrino mass matrix,Phys. Rev. D61(2000) 073002,https:
//doi.org/10.1103/PhysRevD.61.073002 .

18. T. Miura, E. Takasugi and M. Yoshimura, Large CP viola-
tion, large mixings of neutrinos and the Z(3) symmetry,Phys.
Rev. D63 (2001) 013001,https://doi.org/10.1103/
PhysRevD.63.013001 .

19. E. Ma, The All purpose neutrino mass matrix,Phys. Rev.
D 66 (2002) 117301, https://doi.org/10.1103/
PhysRevD.66.117301 .

20. W. Grimus and L. Lavoura, A Nonstandard CP transforma-
tion leading to maximal atmospheric neutrino mixing,Phys.
Lett. B579(2004) 113,https://doi.org/10.1016/j.
physletb.2003.10.075 .

21. P. Chen, C.-C. Li and G.-J. Ding, Lepton Flavor Mixing and CP
Symmetry,Phys. Rev. D91 (2015) 033003,https://doi.
org/10.1103/PhysRevD.91.033003 .

22. E. Ma, Neutrino mixing: A4 variations, Phys. Lett.
B 752 (2016) 198, https://doi.org/10.1016/j.
physletb.2015.11.049 .

23. A. S. Joshipura and K. M. Patel, Generalizedµ-τ symmetry
and discrete subgroups of O(3),Phys. Lett. B749 (2015) 159,
https://doi.org/10.1016/j.physletb.2015.
07.062 .

24. G.-N. Li and X.-G. He, CP violation in neutrino mix-
ing with δ = −π/2 in A4 Type-II seesaw model,Phys.
Lett. B750(2015) 620,https://doi.org/10.1016/j.
physletb.2015.09.061 .

25. H.-J. He, W. Rodejohann and X.-J. Xu, Origin of Con-
strained Maximal CP Violation in Flavor Symmetry,Phys.
Lett. B751(2015) 586,https://doi.org/10.1016/j.
physletb.2015.10.066 .

26. P. Chen, G.-J. Ding, F. Gonzalez-Canales and J. W. F. Valle,
Generalizedµ − τ reflection symmetry and leptonic CP vio-
lation, Phys. Lett. B753 (2016) 644,https://doi.org/
10.1016/j.physletb.2015.12.069 .

27. E. Ma, Soft A4 → Z3 symmetry breaking and cobimaxi-
mal neutrino mixing,Phys. Lett. B755 (2016) 348,https:
//doi.org/10.1016/j.physletb.2016.02.032 .

28. A. Damanik, Neutrino masses from a cobimaximal neutrino
mixing matrix (2017), arXiv:1702.03214

29. E. Ma, Cobimaximal neutrino mixing fromS3 × Z2, Phys.
Lett. B777(2018) 332,https://doi.org/10.1016/j.
physletb.2017.12.049 .

30. W. Grimus and L. Lavoura, Cobimaximal lepton mixing from
soft symmetry breaking,Phys. Lett. B774(2017) 325,https:
//doi.org/10.1016/j.physletb.2017.09.082 .
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75. E. A. Garćes, J. C. Ǵomez-Izquierdo and F. Gonzalez-Canales,
Flavored non-minimal left-right symmetric model fermion
masses and mixings,Eur. Phys. J. C78 (2018) 812,https:
//doi.org/10.1140/epjc/s10052-018-6271-5 .

76. M. Fischer, S. Ramos-Sanchez and P. K. S. Vaudrevange, Het-
erotic non-Abelian orbifolds,JHEP 07 (2013) 080,https:
//doi.org/10.1007/JHEP07(2013)080 .

77. A. Davidson, SAKATA LIKE ELECTROWEAK MODEL,
Phys. Lett. B83(1979) 73,https://doi.org/10.1016/
0370-2693(79)90892-X .

78. R. E. Marshak and R. N. Mohapatra, Quark-Lepton Symmetry
and B-L as the U(1) Generator of the Electroweak Symmetry
Group, Phys. Lett. B91 (1980) 222,https://doi.org/
10.1016/0370-2693(80)90436-0 .

79. C. Wetterich, Neutrino Masses and the Scale of B-L Viola-
tion, Nucl. Phys. B187 (1981) 343,https://doi.org/
10.1016/0550-3213(81)90279-0 .

Rev. Mex. Fis.70040801

https://doi.org/10.1007/JHEP11(2010)075�
https://doi.org/10.1007/JHEP11(2010)075�
https://doi.org/10.1016/j.nuclphysb.2016.10.018�
https://doi.org/10.1016/j.nuclphysb.2016.10.018�
https://doi.org/10.1140/epjc/s10052-015-3576-5�
https://doi.org/10.1140/epjc/s10052-015-3576-5�
https://doi.org/10.1088/1742-6596/18/1/013�
https://doi.org/10.1088/1742-6596/18/1/013�
https://doi.org/10.1103/PhysRevD.76.076003�
https://doi.org/10.1103/PhysRevD.76.076003�
https://doi.org/10.1088/1751-8113/41/30/304035�
https://doi.org/10.1088/1751-8113/41/30/304035�
https://doi.org/10.1103/PhysRevD.82.073010�
https://doi.org/10.1103/PhysRevD.82.073010�
https://doi.org/10.1088/0954-3899/38/1/015003�
https://doi.org/10.1088/0954-3899/38/1/015003�
https://doi.org/10.1002/prop.201200119�
https://doi.org/10.1002/prop.201200119�
https://doi.org/10.1002/prop.201200121�
https://doi.org/10.1002/prop.201200121�
https://doi.org/10.1103/PhysRevD.88.096004�
https://doi.org/10.1103/PhysRevD.88.096004�
https://doi.org/10.1103/PhysRevD.90.073001�
https://doi.org/10.1103/PhysRevD.90.073001�
https://doi.org/10.1140/epjc/s10052-015-3278-z�
https://doi.org/10.1140/epjc/s10052-015-3278-z�
https://doi.org/10.1103/PhysRevD.93.016003�
https://doi.org/10.1103/PhysRevD.93.016003�
https://doi.org/10.1103/PhysRevD.94.033011�
https://doi.org/10.1103/PhysRevD.94.033011�
https://doi.org/10.1140/epjc/s10052-016-4351-y�
https://doi.org/10.1140/epjc/s10052-016-4351-y�
https://doi.org/10.1140/epjc/s10052-016-4480-3�
https://doi.org/10.1140/epjc/s10052-016-4480-3�
https://doi.org/10.1016/j.physletb.2014.12.049�
https://doi.org/10.1016/j.physletb.2014.12.049�
https://doi.org/10.1140/epjc/s10052-017-5094-0�
https://doi.org/10.1140/epjc/s10052-017-5094-0�
https://doi.org/10.1016/j.physletb.2018.04.040�
https://doi.org/10.1016/j.physletb.2018.04.040�
https://doi.org/10.1103/PhysRevD.82.033005�
https://doi.org/10.1103/PhysRevD.82.033005�
https://doi.org/10.1016/j.physletb.2015.12.038�
https://doi.org/10.1016/j.physletb.2015.12.038�
https://doi.org/10.1103/PhysRevD.94.115028�
https://doi.org/10.1103/PhysRevD.94.115028�
https://doi.org/10.1140/epjc/s10052-018-6271-5�
https://doi.org/10.1140/epjc/s10052-018-6271-5�
https://doi.org/10.1007/JHEP07(2013)080�
https://doi.org/10.1007/JHEP07(2013)080�
https://doi.org/10.1016/0370-2693(79)90892-X�
https://doi.org/10.1016/0370-2693(79)90892-X�
https://doi.org/10.1016/0370-2693(80)90436-0�
https://doi.org/10.1016/0370-2693(80)90436-0�
https://doi.org/10.1016/0550-3213(81)90279-0�
https://doi.org/10.1016/0550-3213(81)90279-0�


A LEPTON MODEL WITH NEARLY COBIMAXIMAL MIXING 11

80. A. Masiero, J. F. Nieves and T. Yanagida, B−l Violating Pro-
ton Decay and Late Cosmological Baryon Production,Phys.
Lett. B 116 (1982) 11, https://doi.org/10.1016/
0370-2693(82)90024-7 .

81. W. Buchmuller, C. Greub and P. Minkowski, Neutrino masses,
neutral vector bosons and the scale of B-L breaking,Phys.
Lett. B 267 (1991) 395,https://doi.org/10.1016/
0370-2693(91)90952-M .

82. S. Khalil, Low scale B-L extension of the Standard Model at
the LHC,J. Phys. G35(2008) 055001,https://doi.org/
10.1088/0954-3899/35/5/055001 .

83. W. Emam and S. Khalil, Higgs and Z-prime phenomenology
in B-L extension of the standard model at LHC,Eur. Phys. J.
C 52 (2007) 625,https://doi.org/10.1140/epjc/
s10052-007-0411-7 .

84. S. Khalil and H. Okada, Dark Matter in B-L Extended MSSM
Models, Phys. Rev. D79 (2009) 083510,https://doi.
org/10.1103/PhysRevD.79.083510 .

85. T. Higaki, R. Kitano and R. Sato, Neutrinoful Universe,
JHEP 07 (2014) 044, https://doi.org/10.1007/
JHEP07(2014)044 .

86. W. Rodejohann and C. E. Yaguna, Scalar dark matter in the
B-L model,JCAP12 (2015) 032,https://doi.org/10.
1088/1475-7516/2015/12/032 .

87. O. F. Beltran, M. Mondragon and E. Rodriguez-Jauregui, Con-
ditions for vacuum stability in an S(3) extension of the stan-
dard model,J. Phys. Conf. Ser.171 (2009) 012028.https:
//doi.org/10.1088/1742-6596/171/1/012028 .

88. D. Emmanuel-Costa, O. M. Ogreid, P. Osland and M.
N. Rebelo, Spontaneous symmetry breaking in the S3-
symmetric scalar sector,JHEP 02 (2016) 154, [Erratum:
JHEP 08 (2016) 169], https://doi.org/10.1007/
JHEP02(2016)154 .
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