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A lepton model with nearly Cobimaximal mixing
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Cobimaximal mixing predicts /4 and3x/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 theSs 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 welbasrtiess can be accommodated

quite well according to the available data. Notably, the predicted regions for the Dirac CP-violating phase would allow us to test the model
in future experiments.
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1. Introduction framework is to include many Higgses, that transform in a
non-trivial way under the discrete group, to shape the fermion
The experimental evidence has shown neutrinos have massass matrices and therefore their mixings. This kind of ex-
there is more matter than antimatter and dark matter undoubtensions possess a rich phenomenology [42-50] such that fla-
edly exists. These observations have motivated us to look forored leptogenesis is a viable way to explain the excess of
answers beyond the Standard Model (SM) since it is not thenatter over antimatter. These theoretical ideas can be tested
last theory, even though its tremendous success, and extiathe current or future experiments [51].
ingredients should be added to explain the aforementioned Once the neutrino masses and mixing angles are added
subtle issues. to the well established quark ones, the flavor puzzle [52-54]
The Higgs physics, which is currently in developing, will is awaiting for a compelling solution. In this sense, the fla-
reveal many properties of the discovered Higgs boson at LH®or symmetries might be a route to find out the underlaying
in 2012 [1,2]. All of this will play an important role to physics in the flavor sector and a lot of progress has been
have a complete understanding of the Higgs sector that mighnade in this direction. For example, appealing patterns [34-
be linked with fundamental problems [3,4]. In this line of 41] have been proposed to accommodate the available exper-
thought, the Higgs and neutrino sector could be related indiimental data. Nonetheless, there is too much work to realize
rectly by the type | see-saw mechanism [5-11] which utilizesin order to embed the ideal discrete symmetry in the adequate
a Dirac mass that comes from the Higgs mechanism. Additheoretical framework to describe all the observables.
tional connection might have to do with the peculiar pattern ~ With this in mind, we will recover the well know8; [34]
that exhibits the PMNS mixing matrix [12,13], in which con- symmetry, the permutation of the three objects, which has
sidering the scheme of three species of neutrinos, it is possbeen implemented in different frameworks [55-75] for study-
ble to observe large entry values, as well8s,;| ~ |U,| ing masses and mixings. There are still strong motivations
(i = 1,2,3) [14,15]. The latter fact seems to indicate us theto study on this symmetry, for instance, the hierarchy among
presence of a symmetry, for instance 7 reflection symme- the fermion masses is understood by its irreducible represen-
try [16] that can be identified with Cobimaximal pattern [17- tations and it may come from string theories [54,76]. On the
33] whose predictions on the Dirac phase, atmospheric andther hand, thé3 — L gauge model [77-81] is a minimal ex-
reactor angles arer/2, w/4 andd, 3 # 0, respectively. From tension of the SM where the type | see-saw mechanism [5-11]
the model building point of view, this kind of pattern may is realized by the inclusion of three right-handed neutrinos
be achieved by means of non-abelian discrete groups [34-41]V), which are required by the SMU(1) 5_ 1, gauge group
but one may require extra scalar, fermion or exotic fields. Ugo cancel anomalies. These neutral fermions acquire their
to now, there is one Higgs doublet, so that a well motivatednass similarly to the quarks and charged leptons do in the
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SM, this is, a Higgs mechanism is realized by the presenc2. B-L Model

of B — L charged singlet field#) which develops a vacuum

expectation value (vev). Eventually, the light neutrinos, thatOne of the gauge models, that takes into account the missing

take place in the oscillations, get tiny masses. In addition t&eutrino mass term, is the well known Baryon minus Lepton

neutrino masses and mixings, a rich phenomenology as lefiB-L) one [77-81] where the inclusion of three right-handed

togenesis, dark matter and inflation can be found inlBkel. ~ neutrinos (V) are required by the gauge group. These neu-

model [82-86]. 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 fiéld (

Motivated by the above issues, we embedShsymme-  \yhich develops a vacuum expectation value (vev). Eventu-

try in the B — L. model so that the family number is extended 5 the light (active) neutrinos, that take place in the oscilla-

to the scalar sector. Then, three Higgs doublets and single{ﬁmsl get tiny mass due to the type | see-saw mechanism [5-
(charged undeB — L) are included to generate the mixings. 11]

Nonetheless, the scaldif{;, H>) ~ 2, H; ~ 1g) and lepton

(lh ~ 1s, (I2,I5) ~ 2) families are not treated in the same U(1), gauge group, the matter content has the usual quan-
footing under the irreducible representation of$iesymme- tum numbers. In Table |, we just show the quantum numbers
try. The main purpose to realize it, in the scalar sector, is t%Pder theU (1) groub

B—-L .

use the results on the allowed alignments that scalar potential Hence, apart from the SM Lagrangian, one has to add ex-
with three Higgs doublets together wiliy permits [87-91]. tra terms ,This i '

Although many scalar fields have been added, the number of '
Yukawa couplings are reduced substantially by imposing an
extra symmetryZ-). Along with this, the assignation makes

it possible to identify the Cobimaximal pattern, in the effec-
tive neutrino sector, by assuming real Dirac and MajorandVith

Yukawa couplings. Whereas the charged lepton mass matrix

ends up being complex due to the charged Yukawa couplings vV (H,¢) = i5,6¢

are assumed to be complex. In this benchmark, we calculate ABL [ 4 \2 : ;

explicitly the PMNS matrix that is mainly controlled by the + (07¢)" — Ao (H'H) (¢70), (2)
Cobimaximal one while the charged lepton breaks the well

known predictions on the atmospheric andlg;] and Dirac  whereH; = i, H; andos, is the second Pauli matrix.
CP-violating phasedtp). Notably, the PMNS mixing ma- In this framework, there are two scales of the sponta-
trix, and consequently, the aforementioned observables derous symmetry breaking, the first one is associated to the
pend on two free parameters, this feature makes the mOdﬂ(l)B,L group and the breaking scale is larger than the

analytical and numerical study on the atmospheric angle and

Dirac CP-violating phase allows to constrain the allowed re- 1 /0 b0
gion of values for the free parameters. In consequence, our (H) = \ﬁ ( ) o (0) = ﬁ
findings are as follows: the former observable can be on the
upper or lower octant for the normal and inverted hierarchy.  |n the standard basis, the fermion mass term is given by
Besides this, for thécp phase, the predicted region is more
constrained for the inverted hierarchy in comparison to the Ly =B (M)
normal case, these facts would allow to test the model by con- !
fronting our results with future experiments [97-99]. Taking
into account thgm,.| effective neutrino mass, this is con-
trolled totally by the reactor and solar angle, so this is consis-
tent with the experimental data. where the type | 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
The letter is organized as follows. Tie— I, modelisre-  magrices that take place in PMNS mixings one. Therefore,

visited briefly in Sec. 2. Th8; discrete symmetry is embed- ;e haye the need to use discrete symmetries as guidance to
ded in theB — L model, the masses and mixings are Obta'”e%xplain the peculiar patterns.

in Sec. 3. In Sec. 4, we perform explicitly the PMNS mixing
matrix as well as the deviation to the atmospheric angle an(%‘ABLE | Minimal B — L model
the Dirac CP-violating phase. The findings are highlighted ' '

through some scattered plots. In addition, in Sec. 5jithe| Matter Quarks Leptons Higgs )
effective neutrino is calculated numerically. Finally, we end B-L 1/3 1 0 9
up giving concluding remarks in Sec. 6.

In the minimal version, under tHeU(3), ® SU(2), ®

-~ 1 —c
Lpr, = Lsyu —y LHN — §yNNC¢N —V(H,9), (1)

3

v

1* C
lir + YL (MV)ij VirL

(]

1 \TC
+5 N (Mg),; N;j + h.c., (4)
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3. Lepton sector

As we already commented, the scalar sector of Bhe L
model is augmented such that three Higgs doublgt3 &nd
singlets (;) are considered. Then, for leptons the assignation matter H;,Ly,esr,N;  Li,eirn, N1  Hs, ¢35  ér
under the flavor symmetry is given as follows: the first family S 5 1 1 5
. . . . .- . . 3 S S

is put in alg singlet; the second and third families live iRa z ) ) 1 .
doublet. On the other side, the scalar sector is assigned as the 2 _ _

usual studios have realized this is, the first and second family ) )
are put together within 2 and the third one belongs ths. On the other hand, some Yukawa couplings are forbidden

The main reason to keep the typical assignation in the scaldly imposing theZ,; symmetry. In this manner, the Dirac and
sector is to take into account the results on$hescalar po- ~ charged lepton mass matrices end up being almost diagonal,
tential with three Higgs where the aforementioned assignall€n the right-handed neutrino mass matrix will provide the
tion was utilized and an exhaustive classification about thé"XINgs.

vev's a|ignments was released in Refs. [88-91] Table Il shows explicitly the full assignment for the mat-
|  terinthe current model.

TABLE Il. FlavoredB — L model. Here] = 1,2 andJ = 2, 3.

The Yukawa mass term that respects$3ex Z, flavor symmetry and the gauge group, is given by

—Ly = yiL1Hse1r + ¥ [(LoHa + LyHy )ear + (LoHy — LyHo)esr) + y§ [LaHsear + LyHsesr) + yL LiH3z Ny
+yPLiHs Ny + ) {(Eﬂ;’z + L3Hy)Ny + (Lo Hy — E3H2)N3} +yr NiosNy +y5' | NY (¢1.N2 + ¢2N3)
+ (N5¢1 + N5¢o) N1] + y [N5¢3No + N§¢3 N3] + h.c. )]

From Eg. B), the mass matrices have the following form

Yy (Hs) 0 0
M, = 0 ys(Hs) + ys5(Hz) ys(Hz) ;
0 y5(H1) ys(Hz) — y5(Hz)
yP (Hs) 0 3 0
Mp = 0 y{(Hs) +y5 (Ha) ' (H)
0 y3 (H1) yx (Hs) — y3’ (Hz)
yt (¢3) w5 (d1) 3 (d2)
Mg = (45 (¢1) v3 (#3) 0 . (6)
Y3 (p2) 0 y3 (ps)

Before finishing this section, we would like to add a com-
ment about the scalar potential in the scenario of three Higglsassumption, this is, the Higgses and singlets do not inter-
doublets withS3; symmetry (3HD-S3). As it is well known, act between them so one can treat them separately in conse-
the scalar potential study becomes mandatory to get a realiguencel’ (H) andV (¢) share the same structure under the
tic scenario that intents to explain the mixing patterns. In thislavor symmetry as a result of this we can use the analysis re-
direction, works on the minimization of the scalar potential,alized in Ref. [88-91]. A partial study on tHé&_;, potential
vev’'s alignments, mass spectrum and phenomenology can lgas carried out in Ref. [107].
found in Refs. [87,100-106]. Besides this, exhaustive studios
have released significant results on the minimization of th(?3 1
scalar potential and alignments that are allowed [88-91] in"" ™"
the 3HD-S3 framework. Remarkably, those have provided zb . e

. . ) . ne of the allowed alignments for the vev's is given by
larger list of alignments which must have great impact on the )
. . éfa{1> = V1, <H2> = jvy and <H3> = V3 [88'91] Hence,
gauge sector, fermion and scalar masses. Having comment gl . ) ; i
: ! . We will utilize those in the Dirac neutrinos and charged lep
that, in our model, we will take advantage of the previous

. . . ton. It is worth mention that it has not been yet explored in
results, so it is not necessary to analyze again the poten'uat.e quark sector and this is a work in progress. In the Majo-
The reason is the following: the full potential is given by :

Vo1 = V(H) + V(6) + V(H, ), then we make a strong rana sector, the right-handed neutrinos get their mass through

Masses and mixings
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the ¢ scalars so that we will also consider the alignment M, = Diag.(me, my, m;) = UZLMEUER. Explicitly, we
(¢2) = (¢1) which is also a solution of the scalar potential obtain
as was shown in Ref. [87].

Having chosen the alignments, we have o (1) 09 ) 00
e = cosf, sinb, |,

Qe 0 _ 0 0 —sinf, cosf,

]_\/_[e = O Ce + Zbe d€ 5 i X )
0 d. co—ib. P, = Diag. (¢, e, &) . (10)
ap 0 0 Along with this,n. = arg(a.)/2, n, = arg(A.)/2, n. =

Mp={ 0 ep—ibp dp ’ arg(B,.)/2 andn,, + n, = arg(b.). Atthe same time, we
0 dp cp +ibp have
ar br br

_ [ms — |Ae ) Al —

MR = bR CR 0 5 (7) CcoS 96 = 7777/ | | , sin 96 = 7| | m'u . (11)

br 0 cp mr —my mr —my

where ) ) )
Notice that there is a free parametgt,|, which has to

_ e _ e _ e _ e . . .
Qe = Y1V3, Ce =Y3V3, be=1yyv2, de=1yyv1, satisfy the following constraint, > |A.| > m,,.

D D D D
ap =Yy V3, Cp=Y3v3, bp =1yy'v2, dp =1y5 v,

ag =y (¢s), br=1ys (1), cr=uy3 (Ps). (8)

o According to the previous section, we consideKed) =
3.1.1.  Charged lepton mixings (¢2). For this reason, in the Majorana sector, the free
parameters are reduced My, and the inverse matrix is
arametrized as

3.1.2. Neutrino mixings

In this brief section, let us obtain the mixing matrix that takes
place in the PMNS one. To do this, we assume that thé
charged Yukawa couplings are complex. ThHeh, mass ma- X

trix is written as M= [~y ;\3}} _Zy (12)
a 0 0 Y oz ow)]
Me=|0 A de |, )
0 de Be where we have defined = ¢%/|Mg|, Y = brcr/|Mg|,

with A, = ¢, + ib. andB, = ¢, — ib.. The above matrixis W = (agcg — b%) /|Mg| andZ = b%/|Mg|. Here,|Mg|
diagonalized byU.;, = P.O. andU,.r = P{O, such that  denotes the determinantM . With all of this, the effective
| neutrino mass matrixyl, = —MDM?M[T), is given by

Xa} —Yap [cp+dp—ibp) —Yap [cp+dp + ibp]
M,= | —Yap [cp+dp—ibp] W [(ep—ibp)® +db]| +2Zdp [cp—ibp] 2Wdpep+Z [bh+ch+dp] . (13)
—Yap [ep+dp + ibp) 2Wdpcep+2Z [b%-ﬁ-c%-‘rd%} w [(CD+ibD)2 —|—d2D] +2Zdp [ep+ibp]

which can be parametrized as

A, B, B
M,=|B, C: D,]|. (14)
B: D, C,

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 thatM,, is diagonalized byU, = U,0230130:2Ugs such thafvl, = Diag.(|m1], |mz|, |ms|) = UM, U% where

the diagonal mass matrices are giverlas = Diag. (¢, e’*2,¢'*s) andUg = Diag. (1, e, e72) [20]. These stand for
unphysical and Majorana phases, respectively. In addition, we have

1 0 0 CoS P13 0 sinpyze™™
O3 =0 cospas sinpas |, O3= 0 1 0 )
0 —sinpes cospa3 — sin plge“S 0 COS P13

cospiz sinpia O
O = [ —sinpia cospiz 0]. (15)
0 0 1

Rev. Mex. Fis70040801
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With po3 = 7/4,0 = —m/2, 01 = 0 = a3 andaz = 7; also,; = 0 andfz = /2. Thus, we reconstruct the neutrino
mass matrixM,, = U, M, U, whose elements are

A, = |ms|sin® p13 + cos? pi3 [[m1] cos® p1a + |ma|sin® pro]

cos . .. .
B, = \/%13 [(Im1] — |ma|) cos p12 sin p12 + isin pr3 (Jms| — |m1| cos® p12 — [ma|sin® p12)]
1 . . . . .
C, = 3 [|m2| (cos p12 — isin p13 sin p12)2 + |ma| (sin p12 + @ cos p12 sin p13)2 — |mgs] cos? p13:| ,
1 . . . .
D, = 3 [Ima| (cos® p12 + sin® p13 sin® p1a) + |ma| (sin® p12 + cos? p1asin® pi3) + |ms3| cos® p1s] - (16)

Finally, we obtain

COS P13 COS P12 €os p13 sin pi2 —sin p13
1 . o . ! .. . _ ;cospis
U, = —\{i (sin p12 — 7 cos p12 sin p13) —\@ (cos p12 + isin p1o sin p13) vl 9 (17)
£ cos pig

7 (sin p12 + i cos p1asinp1z) ——= (cospia —isinpiasinpys) 4 e

S

As one can realize, if13 = 0, it would imply the pres-
ence ofu «— 7 symmetry inM,, or a2 < 3 exchange due to IIn addition, the Jarlskog invariant can be performed analyt-
the charged lepton mass matrix is not diagonal. As a resulically. As one can verify straightforward, using Eq&7)-
one expects a deviation to atmospheric angle and the Dirgd.9), we obtain

phase. . .
SN S — Im [(U)23(U)73(U)12(U)3,]
mocp = 1 . . ’
3 S 2912 S 2923 S111 2913 COS 913
4. Results
o _ D S 1 €os p12 sin py2 sin p13 cos? P13 cos 20, )
Once the relevant mixing matrices were performed, thé'™CP =75 g G0 cos fyg sin Oy sin f15 cos? fr5
PMNS one is defined & = UIU, and the theoretical ma-
. ) . .e . cos 20,
trix elements are given explicitly as sindcp = — . (20)
' V/1—sin® 26, cos? 1,
U = Ul/ ”757 . . .
n=(U)ue . Having obtained the above expressions, some comments
Uip =(U,)10 e e, are added in order. The reactor and solar angles are con-
ine trolled mainly by the neutrino sector. What is more these
Uiz = (Uy)iz e, are associated directly to thes andp,, parameters, respec-
Ua; = [c080, (U, )21 —sinf, (U, )z e ] =, tively. Also, the atmospheric angle is deviated fraphi and
. 4 the source of such deviation is the charged lepton sector as
Uy = [c0s0.(Uy)22 — sin (U, )32 €] "M, one would expect. Also, strictly speaking the magnitude of
. i i the PMNS depends on four free parameters namglyps,
Uy = 0.(U,)23 —sinb.(U, M | ek . .
23 = [0080e(Uy )23 —sine(Uy)aa ™ ¢ 0. (or |A.|) and then, relative phase. Nevertheless, as it
U; = [sin 0.(U, )21 + cos0.(U, )31 e‘”’"} e Ve, was already remarke@;3 = 6,3 andp;> = 0,2 SO we end
) imu1 —in up having two free parameters, this jgl.| andn,. These
Usy = [sin0e(Uy )22 + cos0c(Uy )32 €] e must be fixed by numerical study to get the PMNS values.
Uss = [sin 0.(U, )23 + cos 0. (U, )3 e*”’”} e~ (18) Before making this, it is worthy pointing out extreme values

for the mentioned parameters and their implications on the
with n,, = 7, — 7, being a relative phase. atmospheric angle and the Dirac CP-violating phase:

In consequence, the expressions for the mixing angles are ] ] )
obtained by comparing our theoretical formula with the stan- ~ ® If the,, effective phase is zero (af), the atmospheric
dard parametrization of the PMNS. 6angle wou/ld lie on the upper (lower) octant and the

cp = —T 2.

2 2 2
sin® 013 = |(U = sin , . . .
13 = (U3 P13 o Ifthe 1, effective phase is /2, the atmospheric angle

o, (U 1 . would ber /4 exactly and thédcp would be deviated
sin® g3 = W =3 [1+ sin 26, cosn,], from —/2.
o, (O o If |A.| = m,, 023 would berr/4 anddcp = —/2.
sin” 012 = 7 U2~ " e (19) Whereas, if A.| = m, then thef,3 would ber /4 and
dop =m/2.

Rev. Mex. Fis70040801
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o If |A| = (my +m,)/2 (B = m/4), thenfoz would  In addition, sin® f;, = 0.271 — 0.369 for the normal and
lie on the upper or lower octant andpr = 7 or 2. inverted hierarchy.

. . From Egs.20) and (L9), we vary arbitrarily the free pa-
In short, the atmospheric angle ano_l the Dirac phase A meters in their allowed range such that these fit the observ-
totally different of /4 and3r /2, respectively. Hence, scat-

tered plots will be performed to find out the full set of allowed ables ao.
values for the free parameteisi(| andn,) that accommo-

dates the observables up3e. To make this, the charged  §.p (|A.|(6.), n, )= arcsin | — cos 20 7

lepton masses [16] will be considered like inputs as well as V/1—sin? 20, cos? 7,

the atmospheric angle and Dirac phase. At the electroweak 1

scale, we have sin® O3 (| Ael(0e),70) = 5 [1 +sin 20 cos ] (23)
me = 0.48307 £ 0.00045 MeV, Having commented on that, let us show the relevant plots. In
m,, = 101.766 & 0.023 MeV, Fig. 1, we observe the set of values for therelative phase

that fits the atmospheric angle. There are two regions where

my = 1728.56 £ 0.28 MeV. (1) the angle lies on the upper and lower octant so there is a clear

Along with this, the experimental neutrino data are given atd_ev_latlon aroundr/4. In agdltlon, th_e allowed regions are
30 as follows [14] similar for the normal and inverted hierarchy.
The |A.| parameter is constrained by the Dirac phase
sin® 013 = 0.02000 — 0.02405, sin” o3 = 0.434 — 0.610,  such that its allowed region is reduced substantially in the
o . inverted ordering as we observe in Fig. 2. On the contrary,
dcp/® =128 = 359;  Normal ordering the region is large for the normal hierarchy and the main rea-
sin® 015 = 0.02018 — 0.02424,  sin® fo5 = 0.433 — 0.608, son has to do with the experimental data [see E2)]( Also,
we realize a large value fdrd. | is needed to reach the best

dcp/° =200 — 353, Inverted ordering. (22) it (194°).
0.70 T T T T T T 0.70
0.65 0.65
0.60 |,
~ 0. ~ 055}
& Sosol
£ =
“ o ? 045
040
035+ 3 0351
0.3?).0 D:S 1.‘0 1:5 2.‘0 2:5 3:0 0.3%.0 015 1:0 1:5 2:0 2.‘5 3:0
a) ny b) v

FIGURE 1. Atmospheric angle as function of thg relative phase for the normal and inverted hierarchy, respectively. The solid gray line
stands for the experimental data3at

350}
350
300}
300 |
250
o
o
(&)
o S 250 |
200}
-, 200
100 ‘ : : 150 : : ‘ :
0 500 1000 1500 200 400 600 800 1000
a) 1Ag [(MeV) b) 1Ag |(MeV)

FIGURE 2. Dirac CP-violating phase as function of thé.| parameter for the normal and inverted hierarchy, respectively. The solid gray
line stands for the experimental datsBat
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350 3sol
300|
300 |
g 250 5
< ‘o 250 -
200]
200 |
150
100 . . ‘ . . ‘ 50 ; ; i j i ;
0.0 05 1.0 15 2.0 25 3.0 0.0 05 1.0 15 2.0 25 3.0
a) ny b) ny

FIGURE 3. Dirac CP-violating phase as function of the parameter for the normal and inverted hierarchy, respectively. The solid gray line
stands for the experimental data3at

In Fig. 3, the Dirac phase is also show as function of the  From the neutrino oscillation data [14,15], the avail-
n, relative phase. In the inverted ordering the allowed regiorable information on the neutrino masses is given by the
is smaller than the normal case and the explanation residegjuared mass differencAm?, |ma|? — |m4|* and
on the experimental data 2t for the Dirac phase. Am3, Ims|? — |m1|* (Am3, Imi|?> — |ms|?)
for the normal (inverted) ordering. ABo, we have
Am3,[107° eV?] = 6.94 — 8.14 and Am3,[1073 eV?] =
2.47 — 2.63 (Am%3[10_3 e\/2] = 2.37 — 2.53). Then, fix-
As it is well known, the nature of neutrinos is not well estab-iNg two neutrino masses in terms of the lightest one and the
lished yet so those can be Dirac or Majorana fermions. Théquared mass scale, we get for the normal and inverted order-
latter can be tested by means of the neutrinoless double belf2d
decay [108-111] which occurs if and only if the neutrinos are
Majorana fermions. In general, the decay widthDof3s is
written as

5. The neutrinoless double beta decay

Ims|® = Am3, + [ma]?,  [ma|® = Am3, + |my |,

Ima|* = Am3, + Amis + [ms|?,

% =%"G;(Q 2)|M;F;|, (24) (28)
J

| = Amiy + ms .
where the above expression includes all the possible mecha- Up to now, the absolute neutrino masses are still unknown
nisms whose matrix element is denoted/bl; andF; stands | 5\vever there is a bound,._, m; < 0.12 eV, given by

. . . . . v si=1 (] . ’
for a dimensionless particle physics paramet((2. Z) i pjanck collaboration that can be useful to determine them.
a phase space factor that can also depend on the partiglg oger to scan the allowed regions of values for [the, |
physics [108-111]. In the scenario where light active NeU ass, we varg,» andé, ; according to Eq/22) as well as the

trinos are involved the main contribution is provided by |m1 3| lightest neutrino mass varies up to 0.1 eV. Our findings
the parameter and decay width are written as are shown in Fig. 4.

o — G8§|MS”|2\F,,|2, (25) As one notices, the allowed regions are compatible with
, the GERDA phase-| data [112].
with
Mee 0.10
F, = LZ(U)Q m; (26)
v Me i—1 e 0.08-

whereU stands for the PMNS matrixy; is the active neu-
trino masses andh. the electron mass. So far, there is an
upper limit|m..| < 0.06 — 0.2 eV given by GERDA collab-
oration [112].

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

|mee| COS2 913 (|m1| COS2 912

+ \m2| Sil’l2 012) + \m3| Sil’l2 013 . (27)

| Mee 1(eV)

°
8

=]
=3
>

0.02

0.00

0.00

0.04 0.06 0.08

{Imy], |m3|}eV)

0.02

0.10

FIGURE 4. Allowed regions for|m..| as function of the lightest
neutrino mass.
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6. Concluding remarks of values for each free parameter, this can be relevant to test
the model in future experiments [97-99]. Additionally, the
Discrete symmetries have been an option to understand tHex..| effective neutrino mass is completely independent of
peculiar lepton pattern. Too much effort has been made in otthe charged lepton contribution so that it was well fixed by
der to build the model, with the ideal flavor symmetry within the reactor and solar angles. As a result, the allowed regions
the suitable framework, that matches the experimental datare consistent with the available data.
Nonetheless, there is no such model so far. Certainly, this model can be considered like one more to
In this letter, we just addressed the lepton masses an#l€ market with all its limitations. In our opinion, there are
mixings by implementing th&; ® Z, in the B — L gauge still many ideas to_explore by utilizing tg; §ymmetryinthe
model with enlarged scalar sector. A particular choice is realcontext of three Higgs doublets where a rich phenomenology
ized on the scalar and lepton families underSgérreducible ~ has not been explored with detail. For instance, an exhaus-
representations, and if the Dirac, Majorana and charged legive study on the scalar and gauge sectord its effect on
ton Yukawa couplings are real and complex, respectively?he charged lepton flavor violation and leptogenesis. Conse-
This leads to a deviation from Cobimaximal mixing patternduently, we pretend to be more ambitious so that the quark
due to the charged leptons. According to our findings, thes€Ctor and the above issues will be addressed in the model to
PMNS mixing matrix does depend on two free parameterdlave a complete study.
(|A¢| andn,) which were constrained by analyzing their ef-

fect on the atmospheric angle and the Dirac CP-violatingacknowledgements
phase that end up being deviated fran¥ and 37 /2, re-
spectively. For normal and inverted hierarchy, we found alCGI thanks Alma Leticia @ves Mendoza for its valuable

set of values for the free parameters that accommodates tiseipport at CECyT No.
atmospheric angle with great accuracy (uB#g and it can
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be on the lower and upper octant. We stress that there is nédr preparing the early spanish version of the manuscript.
a clear difference between both regions of values fonthe This work was partially financed by Secretaria de Investi-
free parameter. Taking into account the Dirac CP-violatinggacibn y Posgrado del Instituto Pditnico Nacional under
phase, the numerical study allows to distinguish two region$rojects 20230568 and PAPIIT IN109321.
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