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Abstract

A modified neutrino mass model with five
extra SU2); x U(l)y singlet scalars is
constructed using A, discrete symmetry
group. The resultant mass matrix is able
to reproduce the current neutrino masses
and mixing data with good accuracy. Our
model predicts the relation between the
neutrinoless double-beta decay parameter
Imgg| and oscillation parameters.
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1 Introduction

The neutrino experiments have confirmed
neutrino oscillations and mixing through the
observation of solar and atmospheric neutri-
nos indicating its mass thereby providing an
important solid clue for a new physics beyond
Standard Model(SM) of particle physics. At
present, the neutrino oscillation experiments
[1, 2, 3, 4] have measured the oscillation pa-
rameters viz: mass squared difference(Am%l
and Amgl) and mixing angle(f;,,6,3 and
013) to a good accuracy. The bounds on the

absolute neutrino masses scale are also greatly
reduced by direct and cosmological neutrino
mass search experiments [5, 6]. However, the
current data is still unable to explain several
key issues such as the octant of 63, the
neutrino mass ordering, CP violating phase
etc.

The oscillation data reveals certain pattern
of neutrino mixing matrix .Out of the several
approaches to explain the observed pattern,
the Tribimaximal(TBM) mixing[7, 8] used
to be very favourable. And, it yields some
interesting results like trivial value of 613 and
CP violating phase ¢ and maximal 6,3 etc.

The A4 flavour symmetry model proposed
by Altarelli and Feruglio[9] was the first at-
tempt to accommodate TBM mixing scheme
in a neutrino mass model. Following this
example, many other neutrino mass models
are constructed using different non-Abelian
discrete symmetry groups[10]. However, the
recently observed non-zero 63 disfavours
Tribimaximal (TBM) and leads to the modi-
fication of several mass models constructed
with TBM [11, 12, 13]. As a result, the
neutrino mixing pattern like TM1[14] and
TM?2 mixings[15] which are proposed with
slight deviation from TBM gain momentum.
Currently, they can predict the observed pat-
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tern and mixing angles with good consistency.

In this present work, we proposed a model
with five extra SM singlet scalars to explain
neutrino mixing angles in their experimental
range. The present model is constructed in T-
diagonal basis. The non-zero value of ;3 is
obtained as a consequences of specific Dirac
mass matrix which is constructed using anti-
symmetric part and its projection matrix arises
from the product of two A4 triplets. Here, we
present a detailed analysis on the neutrino os-
cillation parameters and its correlation among
themselves and with neutrinoless double-beta
decay parameter |mpgpg|.

2 Description of the model

In this work, we extended SM by adding five
extra SU(2); X U(1)y singlet scalars namely
&1, & and &3 which are singlet under A4 and
the field ¢7 and ¢s which are transformed as
triplet. The standard model lepton doublets
are assigned to triplet representation under A4,
right handed charge lepton €€, u¢, ¢ and right
handed neutrino field v“ are assigned to 1,17,
1" and 3 representation respectively. The right
handed neutrino field v¢ contributes to the ef-
fective neutrino mass matrix through type-I
seesaw mechanism[16]. The transformation
properties of the fields use in the model under
Ay X Z3 discrete group are given in the Tablel

Fields 1 e I 7 v Hua | ¢s o7 & & &

Ay 3 1 1 1 3 1 3 3 1 1 1
Z3 w w w w 1 1 w 1 w w w
SM ehlan an|an|ao (2.—%) (1,0) | (1,0) | (1,0) | (1,0) | (1,0)

Table 1: Transformation properties of various
fields under A4 X Z3 group.

The Yukawa Lagrangian term for the lepton
sector which are invariant under A4 transfor-
mation are given in the equation:

Fields Vacuum Expectation Value(VEV)
< ¢S > (Vs: VS,VS)
<¢r> (vr,0,0)
<H,><Hg;> Vus Vd
<& >, <EH >, <85> u, up, U3

Table 2: Vacuum Expectation Values of the
scelar fields used in the model.

Y, Y, . Yr . y .
~Ly = @rDiHy+ “u @rDy Ha + 57 @rDy H+ &)y
) s V: - Ya - hJ s
PR+ REN V) + ZBs (N + X5 UH, )5 +
1 e
EM(V‘ V) + h.c.

ey

In A4 symmetry model, the contraction
of the two A4 triplets 1 and »¢ into an-
other triplet are specified by tensor product
rules in two different ways. Each tensor
product combination corresponds to certain
form of projection matrix. Therefore, the
mass terms % ¢s (IH,v°)4 and £ ¢s (IH, )5 of
Eq.(1) could have two independent new terms
with different coupling constant [17]. For our
model, the projection matrix P in T-diagonal
basis are as follows:

0 0 0)(0 1 0)(0 0 -1
Py=|l0 0 1],|]-1 0 of,J0 0 ©
0 -1 0o/lo -1 01 -1 0
2
2 0 0)(0 -1 0y(0 0 -1
Ps=|l0 0 -1|.|-1 0 of]|0 2 o]
0o -1 oJlo o 2)\-1 0 0
3

The Yukawa mass matrices can be derived
by using the vacuum expectation value given
in Table2 in Eq.(1). The obtained charged lep-
ton mass matrix is diagonal and has the form

Lo (Ye 00
MZ:—T 0 Y, 0 “)
0 0 Y,
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The Majorana neutrino mass matrix has the 3 ~Numerical Analysis and Re-

structure

M 0 O
Mg=|0 0 M|. Q)
0O M O
For the Dirac neutrino mass matrix, the

projection matrix given in Eq.(2) and (3)are
utilised.Therefore, the resultant Dirac mass
matrix is in the form

2a + ¢ —-a+b+d —-a-b+e

Mp=|-a-b+d 2a +e —a+b+c]|.
—-a+b+e —-a-b+c 2a+d

(6)

— YpVu-vs — YaVu-VS _YiVu Ui

where a = =%—, b = “X— and ¢, d, e="3—,

1i=1,2 and 3.

The effective neutrino mass matrix is ob-
tained by using Type-I seesaw mechanism.

T as—1
my = (MpMg Mp) )
mip mjipp mp3
=|mpy myp myal. ®)
mi3 mp3 msz

where

1
my = M((2a+(:)2 +2(a+b—-d)a-b-e))
1
mpp = myp| = M(—3a2 +b% +2cd + €&
+b(—d+e)+a(6b —2c +d + e))
1
mi3 = m3| = M(—3a2 +b* +d* + 2ce

+ b(—d + e) + a(—6b — 2c + d + ¢))

my = 1‘1—4((—61 +b+d)? —2a+b-c)2a+e)

1
my3 = mzy = M(6a2 — 2% + % + 2de

+ b(—d + e) + a(—2c + d + e)))

1
ma3 = MZ(—a +b+0)2a+d) +(a+b—-e)?).

sults

As the light neutrino mass matrix m, obtained
in eq.(8) is in the basis where charge lepton
mass matrix is diagonal. The Pontecorvo-
Maki-Nakagawa-Sakata leptonic  mixing
matrix Upynys which is necessary for the
diagonalization of m, becomes a unitary
matrix U. Therefore, the light neutrino mass
matrix m, is diagonalized as:

€))

m, = U*mdiag UT

where myi,e = diag(my,my,m3) is the
light neutrino mass matrix in diagonal
form. The three mass eigenvalues of
the neutrino can be written as mgj,, =

\/m% + Am%l)
in normal hierarchy(NH) and myj,e =

diag(m, \/m% + Am%l,

diag( \/m§ + Am%l + Am%l, \/m§ + Am%y ms3)
in inverted hierarchy(IH). The upper
bound on the sum of neutrino masses
(3, my, = my +my +m3) obtained by the Planck
1s 0.12 eV [6].

The PMNS matrix U can be parametrised in
terms of neutrino mixing angles and Dirac CP
phase ¢. Following PDG convention, U can
takes the form

S12Ci3 Sz
Ci2Cos =S 1S5S 136 SnCis|. P,
—C12823 = $12C238 13¢°  C3C13

(10)

Ci2Ci3 )
Upuns = Py|=S12C23 — 13'12523513€‘fS
S12823 = C12Ca38 13¢°

where 6;; (for ij= 12,13,23) are the
mixing angles (with C;; = cos6;; and
Sij = sin6;;) and 6 is the Dirac CP
phase. P = Diag(e®, P 1) contains
two Majorana CP phases «@ and (3, while
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Py = Diag(e', e, e'3) consists of three
unphysical phases ¢;23 that can be removed
via the charged-lepton field rephasing[18].
The neutrino mixing angles 87, 8>3 and 03 in
terms of the elements of U are given below:

[Uns[?
1-|U 3%

U1 2 _

2 _
St = -luP 023~

S2. = Uil .
(11)

In order to show that the present model is in
consistent with the present neutrino oscillation
data. We solve the free parameters by gen-
erating sufficiently large number of random
points. The points in parameters space need
to satisfy Egs.(8) and the accuracy level is de-
termined by the experimental error on the neu-
trino oscillation parameters. The experimental
values of the observables are given in Table3.
The model predictions of the neutrino oscil-
lations parameters in 30~ confidence level are
shown in Fig. 1 and Fig. 2. One of the impor-
tant prediction of model is that solar neutrino
mixing angle 6, lies around 35.7° in both NH
and IH cases.

Parameters Best fit+ 1o 20 30
012/° 34310 323364 314374
013/°(NO) 8537013 8.27-879  8.20-8.97
613/°(10) 8.58+012 8.30-8.83  8.17-8.96
63/°(NO) 4926 £0.79 47.35-50.67 41.20-51.33
63/°(10) 49.4670%0  47.35-50.67 41.16-51.25
Am3,[107%eV?] 750022 712793 6.94-8.14
|Am2,[[102eV2I(NO)  2.55+002 249-2.60  2.47-2.63
|Am2,|[102eV2(10) 245092 239250  2.37-2.53
§/°(NO) 194+24 152-255 128-359
§/°(10) 284+26 226-332 200-353

Table 3: The global-fit result for neutrino os-
cillation parameters [19].

In normal hierarchy, the Dirac CP violating
phase ¢ is obtained in 1o range as shown

in Fig. la-1b. While the predicted value
of 013 and 6,3 are just outside 1o range but
well within 30 range. Fig.2 shows that the
prediction of 9, 6,3 and 63 for IH are well
within 30 range. Therefore, the present model
slightly prefers normal hierarchy(NH).

The effective neutrino mass |mgg| is charac-
terized by

mgg = U mjl, (12)
where m; are the Majorana masses of three
light neutrinos. The upper limits of the ef-
fective neutrino mass are obtained by: Gerda
[5] as |mggl < 104 — 228 meV corresponds
to *°Ge(T}), > 9 x 10%), CUORE [20]
as |mggl < 75 — 350 meV corresponds to
POTe(TY), > 3.2 10%) and KamLAND-Zen
[21] as |mggl < 61 — 165 meV corresponds
to °Xe(T}, > 1.07 x 10%). The model
prediction of the effective Majorana mass
Imgg| vs Jarlskog invariant J in 30 range for
both NH and IH are shown in Fig.3a and
Fig.[4b] respectively. The correlation between
6 and |mgg| are depicted in Fig. 3b for NH and
Fig. 4a for [H.

4 Conclusion

In conclusion, we have presented a neutrino
mass model that can accommodate current
neutrino oscillation data. The model has some
characteristic prediction for neutrino oscilla-
tion parameters. The solar neutrino angle 61,
centred around 35.7° for both mass ordering.
The predicted range of 6 and atmospheric neu-
trino mixing angle 6,3 for NH are in good
agreement with their respective experimental
range. The present model also predicted the
correlation between ¢ and mgg. The presented
model slightly preferred NH data.
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A APPENDIX: A, GROUP

Ay is the even permutation group of 4 objects
with % elements. It has four irreducible rep-
resentations, namely 1, 1/, 1” and 3. All the
elements of the group can be generated by two
elements S and T. The generators S and T sat-
isfy the relation

§2=TY’=1>=1. (A.1)

The multiplication rules of any two irre-
ducible representations under A4 are given by

303=101 @1 &35 @34

11 =1 'l =1”
Al 1’17 =1 'el” =
3@1/17/1” =3 1/1"/]1”"®3 =3

(A2)

The contractions of any two particle fields
x and under A4 are specified by the tensor
product rules. In our case we considered the
contragfion of Majorana fields:
X"P =n (A3)
where P is the projgction matrix and 7 is
result of the contraction. P is specified for
each tensor product combination and it is also
different in S-diagonal or T-diagonal basis.
Then, the form of P for all triplet contractions
in T diagonal basis for Eq.(A.3) are given

below:
1 00
Pr=|0 0 1
010

(A4)

3x3=1:

010
3x3=1": Pr=|l 100
00 1
(A.5)
00 1
3x3=1": Pr=[0 10
100
(A.6)
2 0 0 0 -1 0y(0 0 -1
3x3=3g: PS:[O 0 —1],[—1 0 0],[0 2 0]‘
0 -1 0 0 0 2/J{-1 0 0
(A.7)
0O 0 0)(0 1 0y(0 0 -1
3x3=34: PAz[O 0 1],[—1 0 0],[0 0 0]]
o -1 0\0 -1 0\l -1 O
(A.8)

The detailed studied on the contractions of
fields under A4 symmetry can be found in the
appendix of Ref.[17].

References

[1] K. Eguchi et al, “First results from
KamLAND: Evidence for reactor anti-
neutrino disappearance,” Phys. Rev.
Lett., vol. 90, p. 021802, 2003.

[2] Q. R. Ahmad et al., “Direct evidence for
neutrino flavor transformation from neu-
tral current interactions in the Sudbury
Neutrino Observatory,” Phys. Rev. Lett.,
vol. 89, p. 011301, 2002.

[3] Y. Fukuda et al., “Evidence for oscil-
lation of atmospheric neutrinos,” Phys.
Rev. Lett., vol. 81, pp. 1562-1567, 1998.

Volume 10, | ssue 07

Published by, www.ijert.org


www.ijert.org

Special Issue - 2022

International Journal of Engineering Research & Technology (IJERT)

I SSN: 2278-0181
PANE - 2021 Conference Proceedings

[4]

[10]

[11]

[12]

[13]

Y. Abe et al., “Indication of Reactor
v, Disappearance in the Double Chooz
Experiment,” Phys. Rev. Lett., vol. 108,
p. 131801, 2012.

M. Agostini et al., “Probing Majorana
neutrinos with double-§ decay,” Science,
vol. 365, p. 1445, 2019.

N. Aghanim et al., “Planck 2018 results.
I. Overview and the cosmological legacy
of Planck,” Astron. Astrophys., vol. 641,
p- Al, 2020.

P. F. Harrison, D. H. Perkins, and W. G.
Scott, “Tri-bimaximal mixing and the
neutrino oscillation data,” Phys. Lett. B,
vol. 530, p. 167, 2002.

Z.-z. Xing, “Nearly tri bimaximal neu-
trino mixing and CP violation,” Phys.
Lett. B, vol. 533, pp. 85-93, 2002.

G. Altarelli and F. Feruglio, “Discrete
Flavor Symmetries and Models of Neu-
trino Mixing,” Rev. Mod. Phys., vol. 82,
pp- 2701-2729, 2010.

E. Ma and G. Rajasekaran, “Softly bro-
ken A(4) symmetry for nearly degen-
erate neutrino masses,” Phys. Rev. D,
vol. 64, p. 113012, 2001.

J. D. Bjorken, P. F. Harrison, and W. G.
Scott, “Simplified unitarity triangles for
the lepton sector,” Phys. Rev. D, vol. 74,
p. 073012, 2006.

X.-G. He and A. Zee, “Minimal modifi-
cation to the tri-bimaximal neutrino mix-
ing,” Phys. Lett. B, vol. 645, pp. 427—
431, 2007.

S. Gupta, A. S. Joshipura, and K. M. Pa-
tel, “Minimal extension of tri-bimaximal
mixing and generalized Z, — Z;
symmetries,” Phys. Rev. D, vol. 85,
p- 031903, 2012.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

W. Rodejohann and H. Zhang, “Sim-
ple two Parameter Description of Lep-
ton Mixing,” Phys. Rev. D, vol. 86,
p. 093008, 2012.

C. H. Albright and W. Rodejohann,
“Comparing Trimaximal Mixing and
Its Variants with Deviations from Tri-
bimaximal Mixing,” Eur Phys. J. C,
vol. 62, pp. 599-608, 2009.

R.R. Gautam and S. Kumar, “A new tex-
ture of neutrino mass matrix with three
constraints,” Phys. Lett. B, vol. 820,
p. 136504, 2021.

M. Lei and J. D. Wells, “Minimally
modified A4 Altarelli-Feruglio model for
neutrino masses and mixings and its ex-

perimental consequences,” Phys. Rev. D,
vol. 102, no. 1, p. 016023, 2020.

Z.-z. Xing and Z.-h. Zhao, “A re-
view of u-t flavor symmetry in neu-
trino physics,” Rept. Prog. Phys., vol. 79,
no. 7, p. 076201, 2016.

P. FE. de Salas, D. V. Forero, S. Gariazzo,
P. Martinez-Miravé, O. Mena, C. A.
Ternes, M. Tértola, and J. W. F. Valle,
“2020 global reassessment of the neu-
trino oscillation picture,” JHEP, vol. 02,
p. 071, 2021.

D. Q. Adams et al., “Improved Limit
on Neutrinoless Double-Beta Decay in
130Te with CUORE,” Phys. Rev. Lett.,
vol. 124, no. 12, p. 122501, 2020.

A. Gando et al., “Search for Majo-
rana Neutrinos near the Inverted Mass
Hierarchy Region with KamLAND-
Zen,” Phys. Rev. Lett.,, vol. 117,
no. 8, p. 082503, 2016. [Addendum:
Phys.Rev.Lett. 117, 109903 (2016)].

Volume 10, | ssue 07

Published by, www.ijert.org


www.ijert.org

