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Introduction

m Neutrino physics originated from -decay when it was
established that the average energy of the electrons
produced in the 5-decay is significantly smaller than the
total energy released.
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Introduction

Introduction

m Pauli suggested that some of the energy has been taken
away by a new particle neutrino which is emitted in the
decay process, which carries energy and have spin 1 |
but which is massless, neutral and weak interacting.

m From the standard model of particle physics, we find that
the neutrinos v., v, and v, are massless.

m In 1956, Frederick Reines and Clyde L. Cowan, Jr. first
discovered electron neutrino in a nuclear fission reactor.
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Introduction

Introduction

Neutrino Oscillation

m However Super-Kamiokande experiment carried out in
— 1996 confirmed that neutrinos undergo oscillation giving
- the concept of neutrino mass.

N

N
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Introduction

Introduction

m Masses and mixing of three flavors of neutrino (v, , v,
v; ) can be described by a (3 x 3) mass matrix M,,.

Mee Meu Mer
M]/ == Mey, M,u,u M,u,T (1)

Mre Mrp M.~

m We can rewrite the neutrino mass matrix as

m1 0 0
M,=V |0 mg 0 |VT 2)
0 0 ms

m V is the diagonalizing PMNS matrix, parametrized as
V =UP, and (m1, mo, m3) are the neutrino mass
eigenvalues.
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Introduction

Introduction

c12€13 ; C13512 ; s13e” "0
U= | —s12c23 — c12513523€°  ciacas — s12s13523€°  ci3s03 ()
s23812 — C12¢c23813€"0  —c12823 — ca3s12513€"0  cizcas

P, = diag(1,e*®, ei(BJ”S))

m M, is parametrized by a total of nine parameters
(m1, ma2,mg3, 012,013,093, 9, a, B).

m Out of these nine parameters only five of them are
measured by neutrino oscillation experiments. They are
the three mixing angles (612, 613, 623) and two mass
squared differences (Am3,, Am3,).
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Motivation

m Inspite of the tremendous effort and progress, the
neutrino mass matrix has not been fully determined, by
any of the conceivable set of feasible experiments.

m Although there is increasing information on the numerical
values of these parameters, the origin of leptonic flavor
structure is still a mystery.

m The smallness of the neutrino mass, mass hierarchy,
origin of CP violation are some of the striking questions
whose answers are still lacking in the standard model of
particle physics.
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Framework of neutrino mass matrix

m At first we reconstructed the neutrino mass matrix M, as

mi 0 0
M,=V |0 mg 0 |VT (4)
3

0 0 ms:

Here (m1, mo, m3) are the neutrino mass eigenvalues
and V is the diagonalising PMNS matrix.

M 0 0
M,=Ul0 X 0]|U", (5)
0 0 A

m where \; = my, Ay = m9e?@, A3 = mge2i(F+9),
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Framework of neutrino mass matrix

m We have six cases of one vanishing minor.
m The minors of the off-diagonal elements can be given by:

mn = (_1)m+n((MV)(m+l,n71)(MV)(m+2,n+1)

6)
Framework of neutino —(Mv) (m41,n+1) (M) (m42,n+2))
mass matrix
and for diagonal elements:
Cmm = (_1)2m((MV)(m+l,m+1)(MV)(m+2,m+2) (7)

_(MV)(m+1,m+2) (MV)(m+2,m+l))

m Form + 1, n+1> 3, we have to take the values
(m+1)—3, (n+1)— 3. Here m, n can take values (1, 2,
3Yand i =1,2.
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Framework of neutrino mass matrix

m The condition for vanishing minor

Con =0, Cpym =0 (8)

ot e e m Solving Eq(8) we get

ml’ITLQEQiaAg + m2m362i(a+ﬁ+6)A1 + mgmlezi(6+5)A2 =0

©)

A; = (UpjUgiUpriUsi, — Ui UyjUpiUp) + (5 <— k) (10)

here (i,j,K) is a cyclic permutation of (1,2,3). Therefore the
two constraint equations becomes
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Framework of neutrino
mass matrix

Framework of neutrino mass matrix

MA2Az + AoAgAr + A3\ As =0 (1)
AM+A2+A3=0 (12)

m Considering A; > 0 and defining X = 32 and ¥ = 32
XA3+ XY A +YAy =0 (13)
1+X+Y =0 (14)
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Framework of neutrino mass matrix

On solving Egs.13 and 14 we have

X, — (A3 — A1 — Ag) £ /(A3 — A1 — A9)?2 —4A1 Ay
Framework of neutrino 4+ =
s malf 24,

(15)

(A2 — A — A3) + \/(Ag — A — A2)2 —4A1As 6_215

= 24,

(16)
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Introduction

Framework of neutrino
mass matrix

m For the solution pairs (X;,Y_) and (X_,Y,) we get the

Majorana phases as

— — A Az — A — A3)2 —4A,1A
o lArg[(As Ay 2):|:\/(212 1 2) 1Az
1

5 17

1 (Ao — Ay — A3) /(A3 — A2 — A1)2 —4A, As o—2i6

B = SArg oA 1 (18)
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m The solution pairs (X, Y} ) and (X_, Y_) satisfy the
constraint equations under the condition
(A3 — A} — Ap)2 — 44 A5 = 0.

Framework of neutrino
mass matrix

1 (A3 — A1 — Ag)

a= 5147“9[ 54, I (19)
_ 1, (A2 — A —As) g
B = §A1"g[ oA, e . (20)
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Framework of neutrino mass matrix

m The ratios of the neutrino masses are
Introduction

p= |@€2m| and o= \m3e2w| (21)
mi

my
m We have checked the viability of the model by calculating
Frameviork of neutrino the ratio of the solar and atmospheric mass squared
difference (R,).

dm? 2(p? — 1)

N R Y B R |

(22)

where 6m? = m% — m? is the solar mass splitting and
Am? = |m3 — 1(m3 + m?)| the atmospheric mass
splitting. For NH, R, = 25, if we consider p = 1 + ¢ for m;
and mg being very close to each other with the values

0.013 < € < 0.017 on 30 [nufit2021]. For IH, R, = 2;22;1”.
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Framework of neutrino mass matrix

m The range of ¢ is further checked by plotting the
atmospheric mixing angle 623 against 4.
m Finally we have calculated the allowed range of the
Majorana Phases for the allowed cases for the viable
oirene | 1ANGEOF G
m We have studied the Neutrinoless double beta decay and
Jarlskog Invariant for all the viable cases.

[Mee| = [miciycls + mosiyclse®™ + mysize®”| (23)

1
Jop = 3 sin 2615 sin 26093 sin 2013 cos 013 sin § (24)
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Framework of neutrino mass matrix

TABLE I. Neutrino oscillation parameters from global fits
[nufit2021]. Am3, = Am#, > 0 for normal hierarchy and

Am3, = Am#, < 0 for inverted hierarchy.

Framework of neutrino
rase matx Parameter Normal Ordering Inverted Ordering
best fit £1o 30 range best fit £1c 30 range
015 33457070 31.27 - 35.86 | 33.45707% 31.27 — 35.87
055 421758 39.7 - 50.9 49.0779 39.8 — 51.6
015 8.627012  8.25-8.98 | 8.61701a 8.24 —9.02
dep 230758 144 — 350 27873 194 — 345
Am3,/107%eV? | 7427020 6.82-8.04 | 742758 6.82 — 8.04
[Am2|/1073eV? | 2.51070027 2.430 — 2.593 | 2.4907002C  —2.574 — —2.410
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Introduction

rk of neutrino
trix

Texture Analysis

2 2 2 2
Ay = ciacty, Az = sipci3, Az = size

m Now we consider the pair (X, Y_

NH and IH.
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6(°)

(@)

o 50

2 2i0 (25)

) and plot R, for both
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>
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6(°)

(b)

FIG. 1. R, plots (a) for NH and (b) for IH.
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Introduction

k of neutrino

m Plot for a and g for this solution pair for the allowed
ranges of §.

A
90 ¢& 7/

_a0 -a0
"o s0 100 150 200 250 300 "o s0 100 150 200 250 300
(%) 6(7)
(a) (b)

FIG. 2. « and g plots for NH for the pair (X, Y_) with
§=(50",150") @ (220°,320°).
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m Similar procedure is followed for the solution pairs
(X_,Y,),(X4,Y,) and (X_,Y_) of the texture but plots
show that R, acquires values far beyond the
experimental range. Hence all these solutions of the

case Oy texture are ruled out.

m Now to explore further phenomenology of the texture,
|Mee| - Miightest aNd |mec |-G are plotted for neutrinoless
double beta decay where the mass of the lightest
neutrino is bound within 0.037 eV and 0.042 eV for NH
and IH respectively at 95% confidence.
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Case ('
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FIG. 3. |mee| plots for (X, Y_) for NH versus my;gntest and 5.

m From Fig.3 we observe that |m..| lies within the
experimental bounds.
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Case ('

m Now we plot J.,,-6 for CP violation.

0.05
B .si 3

Gase Oy 0 50 100 150 200 250 300
5(%)

Framework of neutrino

FIG. 4. J., plot for NH for the solution pair (X, Y_).

m In Fig.4, we find J,, within the range (0.018 — 0.04). Thus
case (11 = 0 is viable under the phenomenological study
for normal mass ordering in case of the solution pair
(X4, Y_) of the texture.
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Framework of neutrino

Case Cy;

m All the remaining textures C1o = 0, C13 = 0, Cy2 = 0,
Cs3 = 0 and (33 = 0 have been examined following our
procedure of analysis.

TABLE II. Viable cases under normal hierarchy, inverted
hierarchy and neutrinoless double beta decay.

Case | (X4,Y.) | (X_,Yy) | (X4,Y4)/(X-,Y_) | Neutrinoless Double
Beta Decay
NH H | NH [H | NH IH
Ch1 v X X X X X All the viable
Cha v X X v v X cases are allowed
Ci3 X X X X v X
Ca v X v X X X
Cos X X X X X X
Css v X X X X X
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of neutrino

TABLE lII. Allowed ranges of CP phases §, a, 3, |me.| and J,
for the viable cases.

[mee| = (0,0.02) eV
Jep = (0.01,0.04)

®(35°,45°)
[mee| = (0.03,0.035) eV
Jep = (0.023,0.04)

Case (X4,Y0) (X_,Y5) (X, YOI(XZ,YD)
NH IH | NH H NH H
§=(50",150") @ (220°,320°7) - | - - - -
C a=(-25,25") - - - - -
B =(-45",45") - - - - -
[Mee| = (0,0.02) eV - - - - -
Jop = (0.018,0.04) -] - - - -
=030 (45755) - [ - §=(827,92") 5 =1(0,360") -
®(128°,135°) @ (148°, 102") ®(270°,276°)
Cia | @(225°,231°) @ (300°,315°)
©(3317,3427)
=(-6",6") - - a=(3,6") =(—10°,10") -
- - ®(—6",-3") -
B=(-45",-20")®(0,45") - | - B =(—45",-35") B =(-50",50") -

[mee| = (0,0.02) €V -
Jep = (0,0.04) -
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Case (X, Y)) xX_Yy) (X, YOI(X_,Y))
NH H NH H NH IH
- - - §=(55",130") -
- - - ®(230°,310°) -
Ci3 - - - - a=(-9",-3) -
- - - - a(3°, 0“) -
- - - - = (=50",50") -
- - - - \mﬂ, = (0,0. 02) eV -
Case Cy; N - - _ Jop = (0 0.04) -
§=(40",90") & (230°,279") - | §=(0,30") & (196°,210") - -
@(310°,350°) @(290°,335") - - -
Coo =(—45",-35") @ (0,45") - a=(—45" 45") - - -
B =(—45",45") - B =(-50",50") - - -
[mee| = (0,0.02) eV - [mee| = (0,0.02) eV - - -
Jep = (0,0.04) - Jep = (0,0.04) - - -
5 =(90",265") - - - - -
Cs3 a=p=(-45",45") - - - - -
|mee\ =(0,0.02) eV - - - - -
Jep = (0,0.04) - - - - -
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Symmetry Realization

m We implement Z5 Abelian flavor symmetry group to
realize all the viable textures. A Z5 consists of the group
elements

(]" (JJ, wzﬂ w37 (JJ4)

27

where w = e’ 5 is the generator of the group.
m The Lagrangian can be written as

<®> Q +Q P >
L=(——) PLi TR Y(k)DLL¢klRJ (222
< ® >)Q./RZ+QVR Y(k)

A

Qpy,TCRvRiv (M7 1
)PLi TR Yy D Gug;

+ (

XkVRiVRj T h.c.
(26)

The Q.(o = Dy, lrj, vrj) are the FN charges for the SM
fermion ingredients.
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Symmetry Realization

m For all the cases, we assign the FN charges for the
Lepton sector as

ELQ’S : (a+ 1,@,&),[31,273 : (0, 1,2), VR1,2,3 ! (d, c, b) (27)

Here Dyri,lgj, vri, (1,7 = 1,2,3) represents the SU(2),
doublets, the RH SU(2), singlets and the RH neutrino
singlets respectively.
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Symmetry Realization

Case C1;

m Mp and Mp for vanishing minor of the element Mj;.

Introductior 0 £ C T 0 0
Mrp=1§ n v|,Mp=[(0 y 0,
¢ v kK 0 0 =z

S — (—=v® +nR)a® (= E&y)ry  (—Cn+Ev)zz
s . M, = ~MpMpg' M}, = f C—&pzy v £Cyz ,
(—Cn+év)zz &yz —£%52

e (28)

where T' = —(n? + 26Cv — €2k
m On implementing Z5 symmetry, the fields of the relevant
particles transform as:

vRr1 — w3VR1, Dpi — w?Dpa, lr1 = w3lps (29)
VRro — w?VRa, Dprs = w®Dpa, lra = w?lRo (30)
VR3 — VR3, Dp3 — Dpgs, Ir3 = IRr3 (31)
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Symmetry Realization

Case C1;

m Forming the required bilinears dictated by Z5 symmetry
we obtain

. 1 wt  w?
Drilgj=|w 1 w3]. (33)

w3 w? 1

m We consider the transformation of the singlet scalars
xx(k = 1,2,3) which is responsible for the Majorana
neutrino mass matrix Mz and SM-like doublet scalar ¢
which is responsible for the Dirac neutrino mass matrix
Mp and the lepton mass matrix M; under Zs
transformation as

x1 = wix1, x2 = wx2, xs = wxs (34)

¢ — ¢ (35)
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Symmetry Realization

Case C11

m Now the lagrangian dictated by Z5 is

d+ec ar =il d+by-(1)
M =€ migVp ¢ VR2 + € e

b (@ w—il 2b o —il d+1
4 & Y)£2;X2UR2C vR3 + € m33visc Vi 4 (2T

W= 2¢+,(3 W =il
X1VR1C VR3 € Y,E2)2X3VR20 VR2

Yp,, Dr1ovRr1
. 5 . 2 _
+ €a+CYD22 Drodvra + ¢t YpDg3 DL3dvRrs + et Y1, Pr1dlr1

1 - 2 Y
+ Ty, Dradlps + €*T?Yi,, Drsdlrs.

(36)

m Now we construct the mass matrix Mg, Mp and M; as

. 1
0 eempy y)(“)SXlEder
3 2
Me= | e™omp  yinxse®  yimxee |, (37)

1, d+b 2 b 2b,
Y X1€T Yz xaet €“mgs

ynn&faﬁ»d«#l q 0 Z/lné"”u“ 0 0
0 YDy PETE 0 LM = 0 Yipy PO 0 .
0 0 a+b

YDss &e 0 0 Yiss heat?

(38)

31/38

Mp =
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Introduction

Symmetry
Realization

m We get the effective neutrino mass matrix M, using

seesaw mechanism M, = —MpMy' M} as

3 2)2 3 bt 1) (2) bt 2; () (3
283, (1% 13 — masyihxs) €0*YDy, YDy (marmas — PRUNIX2) —ed%upy, s (miyhxe — sl xs)
_ - 1y @ - 1 - .
Mo =0 G2p, yp, (marmas — 5 xixe) P, 3 —m116%UD, YDy Y X1 3
- B 120 - ) p
—eypu,ynss (Me — Bhsiixxs) — P ypayng Yihxam S yb,mis
2a
€

where Q@ = .
mi ms3 _y>(<11)3 X1 (2m11y§<22)3 X2 _y>(<11)3 ?JS)Q)2 X1x3)
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Results and Discussion

m The textures Ci; =0, C13 =0, Cyo = 0 and C33 = 0 have
been found viable for normal hierarchy only and the case
C12 = 0 has been found viable for both normal and
inverted hierarchies.

m Again the case Cy3 = 0 is completely ruled out.

m Interestingly the solution pair (X, Y_) supports all the
cases except the case Cj3 = 0.

m The solution pairs (X, Y}) and (X_,Y_) support the
cases C12 = 0 and Cy3 = 0 for normal hierarchy.

m Further the solution pair (X_, Y. ) supports Cy2 = 0 for
inverted hierarchy and Cy; = 0 for normal hierarchy.
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Results and Discussion

m The Majorana phase « for the textures C12 = 0 and
C13 = 0 is vanishingly small and the range is highly
constrained.

m For all the viable textures, the atmospheric mixing angle
623 lies in the range (40°, 45°). Thus the phenomenology
of these textures favors the first quadrant for atmospheric
mixing.

m For all the cases both the neutrinoless double beta
decay rate, |m..| and the strength of the Dirac CP
violation, Jop remain within the experimental bounds.

m We have found that all the cases favour normal hierarchy
of neutrino mass pattern using FN mechanism.
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