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Introduction

e Non-zero neutrino masses and large leptonic mixing have now become a well
established fact, thanks to a series of results from several experiments over the last
twenty years.

e While the solar and atmospheric mixing angles plus mass squared difference
measurements have become more precise with time, the evidence for a non-zero
reactor mixing angle emerged with the relatively recent experiments like MINOS, T2K,
NOvA, Double ChooZ, Daya-Bay and RENO.

e Apart from the currently unknown parameters in the neutrino sector, like mass
hierarchy, Dirac CP violating phase etc, another interesting question in the neutrino
sector is the possibility of additional neutrino species with eV scale mass.

e We adopt a minimal framework known as the minimal extended seesaw and study
different possible realisations within the framework of non-abelian discrete flavour
symmetry Aj.



Our Model
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where A is the cut-off scale, ye, yu, Y=, Y1, ¥2,¥3, ¥4, ¥5, A1, A2, A3, p are the
dimensionless Yukawa couplings.

e The particle content of the model along with their transformations under the
symmetries of the model are shown in table.

I er pr ™ H|¢ ¢ ¢ £ ¢ X | YvR1 VR Rz S

SU(2). 2 1 1 1 2 1 1 1 1 1 1 1 1 1 1
Ag 3 1 1 1 1 3 3 3 1 1 1 1 1 1 1
Zy 1 1 1 1 1 1 i -1 1 -1 —i 1 —i -1 i

Table 1 : Fields and their transformations under the chosen symmetries.

e We denote a generic vacuum alignment of the flavon fields as follows
(#) = v(ni, 2, n3), (') =v(na,ns,ne), (¢") = v(n7,ng, no),

©=E)=v, ()=u ()
where n; i =1 — 9 are the dimensionless numbers

e We have chosen to take values as n; € (1,0, —1) which are the natural choices for
alignment.



The charged lepton mass matrix can be written as

H>V niye myu
n3ye Mmyp
nye nN3yu

The neutral fermion mass matrix in the basis (v, vg, S) can be written as

myr
myr
nyr

0 Mp
M= MI Mg MI
0 Ms

where Mp, the Dirac neutrino mass matrix is

(H) v [ n yans
= yin3  ya2ns
yinz2  ya2he

Mp

The right-handed neutrino mass matrix takes the diagonal form

y3ny
y3ng
y3ng

Av 0
MR = 0 )\2‘/ )
0 0 A3v

and Ms in the basis (S, vgr) is given by

Ms = (pu, yav, ysu).
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The effective 4 X 4 light neutrino mass matrix in the basis (v, vs) can be written as

Iy 7( MpMgM]
v Ms(Mz1)TM]

MpMgMmI
MsMz*MI

The 4 X 4 active-sterile mass matrix can be written as

Aay Aag Aag VAa;
X _ Aaio Aan Aaip VAa,
v Aalg A214 Aals \/Zag
VAa, Aas VAas ao
where s 2
o — (p2u2 Yiv o ysu )
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Classification of Textures

Disallowed cases:

© Texture zero in entire second row and column. Total number of such textures is
71.

@ Texture zero in entire third row and column. Total number of such textures is 73.

© Texture zero in entire second and third rows and columns. Total number of such
textures is 9.

Q 1 — 7 symmetry in the entire 4 X 4 block. Total number of such textures is 72.
Allowed cases:

© 1 — 7 symmetry in 3 X 3 active neutrino block. Total number of such textures is
40.

One zero texture mass matrix. Total number of such textures is 96.
Two zero texture mass matrix. Total number of such textures is 64.

Three zero texture mass matrix. Total number of such textures is 8.

©© 00

Hybrid texture mass matrix with no zeros but some constraints relating different
elements. Total number of such textures is 296.

Total number of such allowed mass matrices is 504.



Classification of Allowed Textures

[ — T symmetric textures

(i) 16 matrices with 5 complex constraints: Mey, =0, Mer =0, Myy = Mrr, Myr = —Mr7, Mys = —Mgs
en =1y =0n3=0n =1n =0n =—1n =0ng=1ng=—L
H22
H2vy? 0 o u T/\V py1
" 28
2 2 2
22( %2 Y3 2,2 yz ¥3
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(if) 8 matrices with 3 complex constraints: Mgy, = 0, Mer =0, My, = Myr

en =1np =0 n3=0n =1n5 =0 ng=1n7 =0;ng =1 ng=—1;

_ HAw? 0 0 _
Xy
2 2 2 2
22 Y2 Y3 22( Y2 3
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o B 2 3 B 2 3 H2,2 _ uy3ys
A2 A2 A2 23]
2 2 2 2
H2V2( Y2 )3 ) H2V2( Y2 .3 )
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(i) 8 matrices with 3 complex constraints: Mgy, = Mer, My = Mrr, Mrr + Myr = 2Mer
en =1np =0 n3=0n =1n5 =0 ng=—1ny =1ng=1 ng=1;
2 2
szz(—y1+y3) 2.2 2,2
_ GO _Hws vy _ [HEZ (uoyy | wa)
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2.2 WA (= S 8 H2( 08408
H w3 VA2 VA3 VA2 VA3 12,2 yova | uy:
e - A o Vo TR P
2 2
_ [HA2 (upyr | uysys _ [HA2 (vova |, uys _ [HA2 (_yva | ways w22 wg oty
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(iv) 8 matrices with 3 complex constraints: Mey, = Mer, My = Mrr, Mrr + Myr = —2Mer
en =1 =0 n3=0n =1n =0 ng=—1n;=1ng=—1 ng=—1
2 2
2,21 Y3
H?V? [ T+
_ (Ml 3 w3 H w3 _ [H22 (upn uy
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HvE | S+ o3 HevE [ — 22—+
w3 _ (“2 ”3) _ ( ) V’\3) _ [H22 (yzm uy
A2X3 A2 A2 A2 x> V.
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Texture 1 zero case
(i) 8 matrices with 3 complex constraints: Me,, = 0,

My = —=Mur, Mer +Myz = —Mrr
en =1np=0n3 =0n =0;n5 =1ng =—1n7 =0ng=1ng=—1
2 2
2,2( 11 2
H2v + > o
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(i1) 8 matrices with 3 complex constraints: Mer =0, Mrr = —Myr, Mey + Myzr = —My,
en =1;n =03=0n =1n =0ng = —1nz =1ng =0;ng = —1;
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(iii) 8 matrices with 3 complex constraints:
Mey =0, Muy = Myz, Mer + Myz = Myr
en =1;n =0 n3=0n =0;n5 =1 ng =1,n7 =0;ng =1 ng =1,

2
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(iv) 8 matrices with 3 complex constraints:
Mep =0, Myy = —Mpr, Mer — Myr = Mrr
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(v) 8 matrices with 3 complex constraints:

Meu =0, MMM = MMT) Mer — MMT = —Mrr
en =1np =0 n3 =0n =0;n5 =1 ng =—1,n7 =0;ng =1; ng=1;
H2,2 y12 y22
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(vi) 8 matrices with 3 complex constraints:
Mer =0, Mrr =Myur, Mey +Mur = Muy
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(vii) 7 matrices with 3 complex constraints:

Mer =0, Mrr = Myr, Mey — Myur = —Mpy
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(viii) 8 matrices with 3 complex constraints: Mer =0, Mrr = =Mz, Mey — Myr = My,
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(ix) 8 matrices with 3 complex constraints: My =0, Mey = —Muy, Mer = —Mqrr
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(x) 8 matrices with 3 complex constraints: My, 7 = 0,
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(i) 9 matrices with 3 complex constraints: My =0, Mey = —Myy, Mer = Mrr

eny =10 =0; n3_0n4_0n5=1; ng =1;n7 =1,ng =0; ng = —1;

2
22 .V1 .Vg 3
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(xii) 8 matrices with 3 complex constraints: My, + =0, Mey = Mpy, Mer = —Mrr

en =1np =0 n370;n4:0;n5:1; ng =

—lin; =1ling=0; ng=1;

2
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Texture 2 zero case
(i) 8 matrices with 3 complex constraints: Me;, = 0, Mer =0, My = Myr

eny =1np =0 n3=0n =0;n5 =0; ng=1,n7 =0;ng =1; ng =1;
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(i) 8 matrices with 3 complex constraints: Me;, =0, Mer =0, My, = —M;+
eny =1np =0 n3=0n =0;n5 =0; ng=1n7 =0,ng =1 ng=—1;
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(iii) 8 matrices with 3 complex constraints: M = 0,

eny =1,n =0; n3_0n4:0;n5:0; ng =1;n7 =1, ng =0; ng =
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(iv) 8 matrices with 3 complex constraints: M = 0,
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Mz) H2 w2 0
A2 X3
_ HAw2 0
A3
o H2vy2
X,
22 2.2
uyays Ay A i S
Vi3 VX3 X2
Mur =0, Mep = My
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(v) 8 matrices with 3 complex constraints: Mey, = 0, Myr =0, Mer = Mrr

eny =10 =0; n3 _02n4 =0;n5 =1; ng =1iny =0;ng =0; ng=—1;
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(vi) 8 matrices with 3 complex constraints: Mgy, =0, My =0, Me'r = —Mrr
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(vii) 9 matrices with 3 complex constraints: Mey, = 0, Mer =0, Myr = Mrr

eny =1;np =0 n3 =0n =1n5 =0 ng =0,n7 =0,ng =1 ng =1,
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(viii) 7 matrices with 3 complex constraints: Mey, = 0, Mer =0, My = —Mrr
eny =1in =0; ng=0ing =1ing=0; ng=0n;=0ng=—1 ng=1;
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Texture 3 zero case

(i) 8 matrices with 3 complex constraints: Mey, =0, Mer =0, Myr =0

en; =1,n =0;, n3 =0;n3 =0;n5 =0; ng =1,n7 =0;ng =0; vg = —1;
1 2 3 4 5 6 7 8 9
H2y2
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umerical analysis

® We present the method adopted for numerical analysis for (1« — 7) symmetric textures, texture 1, 2, 3 zero cases, in order to check
their consistency with 3 4+ 1 neutrino data. It is well known that 4 X 4 unitary mixing matrix can be parametrised as

U = R3gRoqRi4Ro3R13R12P (20)
where
1 0 0 0
0 1 0 0
Raa=1o0 o o s34 (21)
0 0  —s3 c3
c1a 0 0 spue 014
~ 0 1 0 0
R4 = 0 0 1 0 (22)
—5146/614 0o 0 c14
with cjj = cos 9;], sij = sin eij . é(j being the Dirac CP phases, and
—ia B —i(2—
P —disg(l,e ' e (7 =013) ~il3 514))
® Using the above form of mixing matrix, the 4 X 4 complex symmetric Majorana light neutrino mass matrix can be written as
My, = umdeeyT (23)
Mee Mep met Mmes
— Mpe My muT Mpus | (24)
mre mr mrr mrs
Mmse Msyy mst Mss

where M38 — diag(my , my, m3, my)
@ For normal hierarchy (NH) of active neutrinos i.e., my
the lightest neutrino mass my as

my = \/m%JrAm%l, m3 = \/mgﬁ»Amgl,nm = \/m%+Am%1.

> m3 > my > my, the neutrino mass eigenvalues can be written in terms of




esults and Discussio

Results for ;1 — T symmetric textures.
® Only three out of four different classes of 1 — 7 symmetric textures are allowed for NH of active neutrino masses, namely subclasses

(i), (iii) . (iv)-

® Figure 1 shows the correlations between active-sterile mixing angles 634 — 614 and between Majorana CP phases o — .
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Figure 1 : Neutrino oscillation parameters in active-sterile sector for case (ii) from p — 7
symmetric category for NH.
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Figure 2 :  Neutrino oscillation parameters in active-sterile sector for case (iii) from pu — 7
symmetric category for NH.
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Figure 3 : Neutrino oscillation parameters in active-sterile sector for case (iv) from pu — 7
symmetric category for NH



Results for texture 1 zero symmetric cases.
© Among the one zero texture category, only two subclasses namely (ix), (x) with NH are allowed.
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Figure 4 :  Neutrino oscillation parameters in active-sterile sector for case (ix) from texture 1 zero

category for NH.
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Figure 5 :  Neutrino oscillation parameters in active-sterile sector for case (x) from texture 1 zero

category for NH.
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Results for texture 2 zero symmetric cases.
® Among the two zero texture category, only two subclasses namely (i), (i) with NH are allowed.

Singi,

Sinsus

Figure 6 :  Neutrino oscillation parameters in active-sterile sector for case (i) from texture 2 zero
category for NH.
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Figure 7 :

category for NH.

Neutrino oscillation parameters in active-sterile sector for case (

i) from texture 2 zero




Results for texture 3 zero symmetric cases.
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Figure 8 : Neutrino oscillation parameters in active-sterile sector for texture 3 zero case for NH.



Conclusio

® To summarise, we have studied the viability of different possible textures in light neutrino mass matrix within the framework of 3 + 1
light neutrino scenario by considering a A flavour symmetric minimal extended seesaw mechanism.

e Considering generic A4 flavon alignments where a triplet flavon acquires VEV like (¢) = v(ny, ny, n3), nj € (—1,0, 1), we first
consider all possible combinations of such alignments and find the analytical form of the light neutrino mass matrix for each such case.

® We discarded the disallowed textures i.e. 225 mass matrices out of the total 729 mass matrices from our analysis. From the remaining
cases, we classified 96 of them as one zero texture, 64 as two zero texture, 8 as three zero texture and 296 of them as hybrid textures
(which do not contain any zeros). The remaining 40 mass matrices correspond to an interesting category where the 3 X 3 active neutrino
block of the 3 + 1 light neutrino mass matrix possess ;1 — 7 symmetry whereas the active-sterile block breaks it explicitly.

® We then analyse the mass matrices with texture zeros and 1 — T symmetry by numerically solving the constraint equations in each
case and comparing the resulting solution with the 3 + 1 neutrino data for consistency.

® We therefore numerically solved the constraint equations for these 25 cases in total. We found that only 8 out of 25 subclasses are
allowed by the 3 + 1 global fit data and all of them have normal hierarchical pattern of light neutrino masses.

@ For Inverted hierarchy of active neutrino masses, none of textures are allowed.

® While the fate of an additional light neutrino having mass around the eV scale is yet to be confirmed by other neutrino experiments, our
analysis show how difficult it is to realise such a scenario in the minimal extended seesaw if A4 flavour symmetry with generic vacuum
alignment is present.

o If the existence of such light sterile neutrino gets well established later, the predictions for unknown neutrino parameters obtained in our
analysis can be tested for further scrutiny of the model, in a way similar to Ref [3] where the possibility of probing texture zeros in three
neutrino scenarios at neutrino oscillation experiments was studied.
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