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Assuming lepton number conservation, hermiticity of the neutrino mass matrix and v,-v; exchange
symmetry, we show that we can determine the neutrino mass matrix completely from the existing data.
Comparing with the existing data, our model predicts an inverted mass hierarchy (close to a degenerate
pattern) with the three neutrino mass values, 9.16 x 1072 eV, 9.21 x 102 eV and 7.80 x 102 eV, a large
value for the CP violating phase, § = 109.63°, and of course, the absence of neutrinoless 88 decay. All of

these predictions can be tested in the forthcoming or future precision neutrino experiments.
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1. Introduction

In the past 20 years, there has been a great deal of progress
in neutrino physics from the atmospheric neutrino experiments
(Super-K [1], K2K [2], MINOS [3]), solar neutrino experiments (SNO
[4], Super-K [5], KamLAND [6]) as well as reactor/accelerator neu-
trino experments (Daya Bay [7], RENO [8], Double Chooz [9], T2K
[10], NOva [11]). These experiments have pinned down three mix-
ing angles - 612, 623, f13 and two mass squared differences Am,.zj =
mi2 - m? with reasonable accuracy [12]. However there are several
important parameters yet to be measured. These include the value
of the CP phase § which will determine the magnitude of CP vi-
olation in the leptonic sector and the sign of Am%2 which will
determine whether the neutrino mass hierarchy is normal or in-
verted. We also don’t know yet if the neutrinos are Majorana or
Dirac particles.

On the theory side, the most popular mechanism for neutrino
mass generation is the see-saw [13]. This requires heavy right
handed neutrinos, and this comes naturally in the SO(10) grand
unified theory (GUT) [14] in the 16 dimensional fermion represen-
tation. The tiny neutrino masses require the scale of these right
handed neutrinos close the GUT scale. The light neutrinos gener-
ated via the see-saw mechanism are Majorana particles. However,
the neutrinos can also be Dirac particles just like ordinary quarks
and lepton.This can be achieved by adding right handed neutrinos
to the Standard Model. The neutrinos can get tiny Dirac masses
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via the usual Yukawa couplings with the SM Higgs. In this case,
we have to assume that the corresponding Yukawa couplings are
very tiny, ~ 10712, Interesting works in Dirac neutrinos can be
found in these references [15]. Alternatively, we can introduce a
2nd Higgs doublet and a discrete Z; symmetry so that the neu-
trino masses are generated only from the 2nd Higgs doublet. The
neutrino masses are generated from the spontaneous breaking of
this discrete symmetry from a tiny vev of this 2nd Higgs doublet
in the eV or keV range, and then the associated Yukawa couplings
need not be so tiny [16]. At this stage of neutrino physics, we
cannot determine which of these two possibilities are realized by
nature.

In this work, we show that with the three known mixing angles
and two known mass difference squares, we find an interesting
pattern in the neutrino mass matrix if the neutrinos are Dirac
particles. With three reasonable assumptions: (i) lepton number
conservation, (ii) hermiticity of the neutrino mass matrix, and (iii)
v -vr exchange symmetry, we can construct the neutrino mass
matrix completely. It is important to note that the assumption of
hermiticity is somewhat ad hoc i.e., hermiticity of neutrino mass
matrix is not an outcome of symmetry argument. However, we
have shown in the following that with this assumption, the ex-
isting neutrino data can completely deterimine the mass matrix
for the Dirac neutrinos with particular predictions for the neu-
trino masses and the CP violating phase which can be tested at
the ongoing and future neutrino experiments. Therefore, in our
analysis, the assumption of hermiticity of neutrino mass matrix
is a purely phenomenological assumption. However, in the future,
there might be some compelling theoretical framework which re-
quires the hermiticity of neutrino mass matrix. The resulting mass
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matrix satisfies all the constraints implied by the above three as-
sumptions, and gives an inverted hierarchy (IH) (very close to the
degenerate) pattern. We can now predict the absolute values of the
masses of the three neutrinos, as well as the value of the CP vio-
lating phase 5. We also predict the absence of neutrinoless double

BB decay.

2. The model and the neutrino mass matrix

Our model is based on the Standard Model (SM) Gauge sym-
metry, SUB3)c x SUR2); x U(1)y, supplemented by a discrete Z;
symmetry [16]. In addition to the SM particles, we have three SM
singlet right handed neutrinos, Ng;, i =1, 2, 3, one for each fam-
ily of fermions. We also have one additional Higgs doublet ¢, in
addition to the usual SM Higgs doublet x. All the SM particles
are even under Z,, while the Ng; and the ¢ are odd under Z.
Thus while the SM quarks and leptons obtain their masses from
the usual Yukawa couplings with x with vev of ~ 250 GeV, the
neutrinos get masses only from its Yukawa coupling with ¢ for
which we assume the vev is ~ keV to satisfy the cosmological
constraints which we will discuss later briefly. Note that even with
as large as a keV vev for ¢, the corresponding Yukawa coupling
is of order 10~ which is not too different from the light quarks
and leptons Yukawa coupling in the SM. The Yukawa interactions
of the Higgs fields x and ¢ and the leptons can be written as,

Ly = yllI_/LllRX + yul'f/,fNRd; + h.c, (2.1)

where lI_/Ll = (D,,T)L is the usual lepton doublet and I[g is the
charged lepton singlet, and we have omitted the family indices.
The first term gives rise to the masses of the charged leptons,
while the second term gives tiny neutrino masses. The interac-
tions with the quarks are the same as in the Standard Model with
x playing the role of the SM Higgs doublet. Note that in our
model, the tiny neutrino masses are generated from the sponta-
neous breaking of the discrete Z, symmetry with its tiny vev of
~ keV. The left handed doublet neutrino combine with its corre-
sponding right handed singlet neutrino to produce a massive Dirac
neutrino. Since we assume lepton number conservation, the Majo-
rana mass terms for the right handed neutrinos, having the form,
MvEC=1vg are not allowed.

The model has a very light neutral scalar & with mass of the
order of this Z, symmetry breaking scale. Detailed phenomenol-
ogy of this light scalar o in context of e + e— collider has been
done previously [16] and also some phenomenological works have
been done on the chromophobic charged Higgs of this model at
the LHC whose signal are very different from the charged Higgs
in the usual two Higgs doublet model [17]. There are bounds on
vy from cosmology, big bang nucleosynthesis, because of the pres-
ence of extra degree of freedom compared to the SM; puts a lower
limit on vy > 2 eV [18], while the bound from supernova neutrino
observation is vy > 1 keV [19].

In this paper, we study the neutrino sector of the model using
the input of all the experimental information regarding the neu-
trino mass difference squares and the three mixing angles. Our
additional theoretical inputs are that the neutrino mass matrix is
hermitian and also has v,-v; exchange symmetry. We find that
in order for our model to be consistent with the current available
experimental data, the neutrino mass hierarchy has to be inverted
type (with neutrino mass values close to degenerate case). We also
predict the values of all three neutrino masses, as well as the CP
violating phase §.

With the three assumptions stated in the introduction, namely,
lepton number conservation, hermiticity of the neutrino mass ma-
trix, and the v, -v; exchange symmetry, the neutrino mass matrix
can be written as

Table 1

The best-fit values and 10 allowed ranges of the
3-neutrino oscillation parameters. The definition of Am?
used is Am? =m3 — (m3 +m?)/2. Thus Am? = Am3, —
m3,/2 if m; <m; <m3 and Am? = Am2, +m2,/2 for
ms3 <mjp <mj.

Parameter best-fit (+0)

AmZ,[107° ev?] 7.5315:28

Am?[1073 eV?] 2.437598
sin? 012 0.30719518
sin? 623 0.39245.03)
sin® 613 0.0244*0053

a b b
M,,:(b* c d). (2.2)

b* d ¢
The parameters a, ¢ and d are real, while the parameter b is com-
plex. Thus the model has a total of five real parameters. The im-
portant question at this point is whether the experimental data is
consistent with this form. Choosing a basis in which the Yukawa
couplings for the charged leptons are diagonal, the PMNS matrix
in our model is simply given by U,, where U, is the matrix which
diagonalizes the neutrino mass matrix. Since the neutrino mass
matrix is hermitian, it can then be obtained from

M, = U,M4ey] (2.3)
where
. mq 0 0
mdice =< 0 my O ) (2.4)
0 0 ms

The matrix U, is the PMNS matrix for our model (since U; is
the identity matrix from our choice of basis), and is conventionally

written as:
sz~
s23C13 |,

€23C13
(2.5)

$12€13 s
C12€23 — S12523513€"°
—C12523 — S12€23513€

C12€13
Uy = | —s12€23 — C12523513€
$12523 — C12C23513€"

i8

where, ¢;j = Cos6;; and s;j = Sin6;;.
3. Results

The values of three mixing angles and the two neutrino mass
squared differences are now determined from the various solar, re-
actor and accelerator neutrino experiments with reasonable accu-
racy (the sign of Am%2 is still unknown). The current knowledge of
the mixing angles and mass squared differences are given by [20]
Table 1.

It is not at all sure that the data will satisfy our model given by
Eq. (2.2), either for the direct hierarchy or the indirect hierarchy.
We first try the indirect hierarchy. In this case, the diagonal neu-
trino mass matrix, using the experimental mass difference squares,
can be written as

J/m3 +0.002315 0 0

diag __
M, = 0 Jm2+o000239 o |- G
0 0 ms

where we have used the definition of Am? in the inverse hierarchy
mode as referred in Table 1.

Taking these experimental values in the best-fit (o) region
from Table 1, for the PMNS mixing matrix, we get from Eq. (2.5)
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