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@ From the standard model of particle physics, we find that the neutrinos ve, vy, and vr are massless.

@ Masses and mixing of three flavors of neutrino can be described by a (3 x 3) complex symmetric Majorana
mass matrix M,, which is parametrized [1] by a total of nine parameters
(m, mp, m3, 012, 613, 023, 6, o, B).

@ Out of these nine parameters only five of them are measured by neutrino oscillation experiments. They are
the three mixing angle(612, 613, 623) and two mass squared differences (Am%l7 Am%z)

—

@ The neutrino mass matrix M,, is given by

my 0 0
M,=v| 0o m o |V’ (1)
0 0 m3

Where V is the PMNS matrix which is parametrized as V = UP,,, where P, = diag(1, ei“, e’.(ﬁ'*'é))
where « and 3 are two majorana CP-phases and ¢ is the Dirac CP phase.

@ The eigen values of the neutrino mass matrix M,, are obtained as A\; = my, A\p = erZ’a,

A3 = m352i(5+5).

@ The elements of the neutrino mass matrix M,, can be expressed as M,;, = Z?:l UL Upi N j

@ The condition for one vanishing minor can be given by
+
Crnn = (=1)™"(My (a5 My (cd) — My (eryMu(gn)) = O (2)

where Cpyp, is the cofactor of the elements of M,,.
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@ There are six textures of neutrino mass matrices with one vanishing minor out of which we have studied
here only one case Cj3 = 0, mppm33 — mp3m3zy =0

@ We now impose the two constrained equations of one vanishing minor and vanishing trace

A1 A2A3 4+ A2A3A1 + A3A1Ar = 0, A; + Ap + A3 =0 (3)

where A; = (Upj Uqgj U Ui — Ui Ui Uy Uy) + (j <— k) here (i,j k) is a cyclic permutation of (1,2,3).

@ From equation (3) we have

m gia _ (A3 = AL = A) £ V(A — AL — A —dALA

X = 4
my 2A; ®

ms o A — A — A A; — AL — A)2 — 4ALA .
vy ip_ Pe— A —A)F V(A — AL A) 142 2 ®)

my 2A;
@ The ratios of the magnitude of the neutrino masses are
my o ma o

= |2 o = | 2P ®)

my my

Now p and o are related to each other with the ratio of solar and atmospheric mass squared difference R,
given by
sm? 2(p% — 1)
Ry=— =" ——— ©
Am 204 —pc—1

where §m? = mg — m% and Am? = \mg — %(mg + m%)|

@ It is observed that the pair (X, Y_) and (X_, Y, ) satisfies eq(3). Therefore we carry out our study
using these two pairs.
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Case G171 =0
On plotting the graph for « and 3 for pair (X, Y_) and (X_, Yy ) we get

Flgu re 1: The first two figures are for the pair (X1, Y_) and the last two figures are for (X_, Y,). Blue:
For NH, Red: For IH.

Symmetry realization
@ We assumed simple form of Mg and Mp to produce generic M,, which satisfies the constraints
0 X —X 0 0 0 0 0 0
Mg = x z u |, Mp=| 0 b 0 | M =MMIMI= 0 A X
—X u v 0 0 ib 0 X —A

@ General lagrangian [2] that producing to lepton masses are given by

— — Qup; +Qu
Qpi+Qy . (k Qpi+Quj (K g Ri R (k
L = (=3=)"Di ’/Y,v(j)Di¢k’Rj+($) bi UJYIS)DI¢(k)VRj+(<X>) ' /yé-)
The Qo (a = D, Ig, vg) are the FN charges for the SM fermion ingredients under which different
generations may be charged differently. The flavon ¢ obtains the vaccum(VEV) < & > that breaks the

FN symmetry. We assign FN charges for the lepton charges as

XKVRiVRj + h.c

D123 :(a+1,a,a) Igi2,3:(0,1,2), vr2,3 : (d, b, b)
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@ Now we impose Zg X Z» symmetry under which the relevant particle fields transform as
Symmetry under Zg
2
VR1 = WURL, VR > W VR2, VR3 — wvgs, Dpy > wDyy,
7
DL2 — w?Dy, DL3 — D3, lp1 = w ’R1 Irz2 = w?lra.lrs = IR, x1 = X1, X2 =

w?x2,x3 = wixz, x4 = x4, b1 = W1, ¢ = b2, b3 = ¢3
Symmetry under Zp

VR1 —* VR1,VR2 —> —VR3,VR3 —> VR2,
Dy1 — D11,Di2 = —Dy3, D13 — —iDialry = Ir1, lRa = —Ir3s IRs = ilre
X1 = X1, X2 = X2, X3 = X4, X4 — X3, P1 — ¢2, P2 — &1,

¢3 = ¢3
Forming the required bilinears dictated by Zg symmetry we obtain
w? w3 Wb w? w3 Wb 1 w w’
IJ;’-VRJ' =(w® -1 W8, Divg; = WP o—1 W8, Dyilg; = WP -1 WP
w® W 1 w w? -1 w w? 1

The lagrangian dictated by Zg is

Z 1 T -1 2 T -1 1, T -1
= Y 12X1VR1C VR + Y] 23X2VRoC TVR3 + Y 13X1VR1C VR3
3 T -1 4 T -1 1 = 2 =
+ Y 22X3VRa€ VR2 + Y 33X4VR3C TVR3 + Yy, #1D12VRs + Yy 42D13VRs

3, = 1, = 2 =
+ Y $100lRrt + Y, ¢1D120R2 + Vi, ¢2D13vRs - (8)

Zz3 4 1 . T -1 2 T -1 1 T —1
L = =Y, 12X1VR1C TVR3 + Y 23XoVR3c V2 — Y 13X1VRIC  VR2
3 T -1 4 T -1 vl R N2 I h
+ Y 22XaVR3€ WR3 + Y 33X3VRoC VR2 = iYp,, #2D13VRs + 1Y, $1D12vR2

1, = 3, = 2
+ Yy, #2D13lrs + Vi, #3D11lr1 + Vi, ¢1D12vR2 - (9)
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Zg X Zp implies the following constraints on the Yukawa coupling.
1 _ 1 2 _ 2 1 _ 1 3 _ v4 4 _ 3 1 _ 2 val —
Yx12 = *YX13» Yx23 = Y><23’ YX13 = *YX12v YX22 = YX33v Yx33 = szz’ Yor2 = Ypsss =Yoo =
2 3 _y3 1 _ 2 1 _ 2
Y33 Y =Y Yi, =Y Yoo = Vs
Therefore M, turn out to be

0 0 0\
2 2 2 2 2a 2 2 2 2 2a
0 X191 "Dy 12 ¢ X161 "Dyp 12
M, = vx12vXa¥Z L Yxor TX1PVX2YE L Yxog TYXIPVX3YE X3y YXIRYXAYE L Yxon T2V X12VX2YE 1 VX TYXIZVX3YE 1, Y3
2 2 2 _ a
x1"91"Dyp¥x12 ¢ x1"¢17Dyp X1 €
VX1ZVXAYE 1 Yxon TRVXIIVX2YE |, Yxoa TYXI2VX3YE Yy YXI2VXAYZ ) Yxon TRYX1ZVX2YR 1 Yxos TVX12VX3YE X33 /

Results and Conclusion

@ For case C1; = 0 we observe that for (X4, Y_), for the allowed range of §, a = (—25°,25°) and
B = (—45°, 45°) for NH. While in case of IH, o = (—20°,20°) and B = (—45°, —40°) ¢ (40°, 45°).
Since this case is allowed only for IH for the pair (X_, Y4 ),we observe that o = (—40°, 40°) and
B = (—35° —45°) @ (—15°,0) & (25°,40°). We have done the symmetry realization of case C;; = 0
using FN mechanism and Zg X Z, symmetry group.
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