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Abstract

In the basis where charged lepton mass matrix is real and diagonal, we have
found conditions under which there are no Majorana phases in neutrino mass
matrix. An important feature of the condition is that it has been formulated
in terms of modulus of the elements of neutrino mass matrix independent of
phases. If these conditions are satisfied, a CKM type matrix is enough to
make neutrino Majorana mass matrix real and diagonal without any need of
Majorana phases. As an application, we explore the possibility of Majorana
phases in all phenomenologically acceptable neutrino mass matrices with two
texture zeros.
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1 Introduction

Observations of neutrino flavor oscillations from solar, atmospheric, reactor
and accelerator neutrino experiments [1–5] have provided firm evidences
that the neutrinos have masses, although highly suppressed. Recent neutrino
oscillation experiments and related global fit analysis [6] have also thrown
light on CP violating phases in leptonic sector. To accommodate neutrino
masses, one need to go beyond the standard model(SM) of particle physics
by extending either the fermion sector or the Higgs sector of the SM. One
simple way is to introduce right handed singlet neutrinos in the fermion sector
and generate Dirac mass terms through the Yukawa couplings. From the
standpoint of mass generating mechanism, this will provide an equal footing
for both quarks and leptons. Moreover, the generic concept of mixing in quark
sector can be comfortably borrowed to explain mixing in the leptonic sector.
However, the picture is not able to provide a natural framework to explain
the lightness of the neutrinos masses so far origin of the fermion masses
is expected to come from some common fundamental structure. This along
with considerations of both charge neutrality of neutrinos and lack of any
evidence for right handed neutrinos below weak scale have produced much
motivation to consider the possibility of neutrinos being Majorana fermions,
in the literature. In fact, it is possible to generate Majorana masses in the
elegant seesaw framework by introducing a lepton number violating source
at some high scale [7]. The seesaw mechanism not only provides a natural
way to realize the suppression of neutrino masses but also comes with an
extra feature that it can explain the current baryon-asymmetry of the universe
by first creating the lepton asymmetry at early universe which is possible due
to presence of lepton number violating source term [8, 9].

The symmetric nature of the mass matrix of the Majorana neutrinos at
the low energy requires only one unitary matrix to diagonalize it, which
is not possible in the case of Dirac neutrinos. So, in the basis where the
charged lepton mass matrix is real and diagonal, all the information about
mixing angles and CP violating phases remains in the neutrino mass matrix.
At the same time, the diagonalizing unitary matrix turns out to be the mixing
matrix in the leptonic sector usually called as UPMNS mixing matrix [10].
However, it is different from the mixing matrix appearing in quark sector,
usually denoted as CKM mixing matrix in the literature, in the sense that it
is endowed with two extra CP violating phases [11].

In the usual three generation scenario, Majorana neutrino mass matrix
contains nine physical parameters. The neutrino oscillation experiments
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along with practical neutrino-less double-beta experiments [12] are able to
provide information about the seven parameters out of nine which is rela-
tively a much better situation compared to quark sector where two unitary
matrices are needed to diagonalize the mass matrices one out of which can
not be experimentally probed at least currently. This has generated enough
motivation to reconstruct the neutrino mass matrix, following the bottom up
approach, in terms of observed parameters [13]. Ambiguity in the reconstruc-
tion, because of our inability to measure the two remaining parameters, has
led some of the authors to explicitly introduce one or two zero entries in
the neutrino mass matrix in the basis where the charged lepton mass matrix
is diagonal [14]. It is found that seven such textures are possible in light
of current data on neutrino masses and mixing. Uncomfortable with the
basis dependent strategies of parameter reduction, some authors have also
suggested basis independent assumptions for removing the ambiguity like
Det (mν) = 0 [15] or Tr (mν) = 0 [17] where mν denotes the neutrino
mass matrix. Moreover, the possibility of some kind of hybrid textures in
seesaw context in a general basis has been explored in [18].

In the present paper, we have tried to examine the neutrino mass matrix
from a different approach. We have attempted to find constraints satisfied
by the modulus of the elements of the neutrino mass matrix in case there
is no Majorana phases present in mν . The main motivation of the paper is
to explore the conditions under which mν can be made real and diagonal
with a CKM type matrix, rather than to invoke some direct constrains put
by hand. In particular, we are able to show that the neutrino mass matrix
gets rid of its Majorana phases once two zero entries are introduced in seven
phenomenologically acceptable positions.

The organization of the paper are as follows. In the second section, we
develop our formulation after a quick overview on neutrino masses and
mixing. The third section introduces appropriate parametrization needed for
our analysis followed with the details of the calculations with some final
constraints at the end. In the fourth section, we generalize the constraints
and discuss their implications in some detail. Then we discuss a potential
application of our formulation in context of two texture zero neutrino mass
matrices in the fifth section.

2 Basic Formulation

In the basis where charged lepton mass matrix is diagonal, the neutrino
mixing matrix (UPMNS) is just the matrix that diagonalizes the neutrino
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mass matrix mν :

(UPMNS)
T mνUPMNS = mDiag

ν = Diag (m1,m2,m3) (1)

The UPMNS mixing matrix can be parametrized as :

UPMNS = RpR23 (θ23) .Diag
(
1, eiδD , e−iδD

)
R13 (θ13)R12 (θ12) .K ,

(2)
where K = Diag

(
eiη1 , eiη2 , 1

)
and Rp = Dag

(
eiα, eiβ, ei(β+φ)

)
. Rij

are the rotation matrices in the ij plane by angle θij . The phases α, β
and φ are the unphysical phases in the sense that they can be absorbed
in the charged leptons fields by rephasing them and so does not have any
physical consequences. Similar argument will also hold in the case of Dirac
neutrinos where the phases η1 and η2 can be removed by rephasing the
neutrino fields. So, for the Dirac neutrinos, question of CP violation will be
addressed in the same way as in quark sector [19]. It is no longer the situation
if neutrinos are Majorana fermions where rephasing neutrino fields can not
help to get rid of the two phases as they re-appear again due to the Majorana
condition [11]

ν = K2 νc. (3)

The two phases act as CP violating sources affecting only the lepton
number violating interactions and are usually named as Majorana phases
in literature. Unlike the above situation, phase δD remains to be physically
relevant for both Dirac and Majorana neutrinos as it can not be removed by
any kind of rephasing of charged leptons and neutrinos. In addition, it has CP
violating consequences in both lepton number conserving as well as violating
processes. To study the CP violating consequences in real experiments, one
need to construct some basis independent set of rephasing invariant combina-
tions which can be interpreted as measures of amount of CP violation in any
process. In the literature, model independent construction of CP measures for
case of Majorana neutrinos have been addressed from two basic approaches
one of which is by studying rephasing combinations of the elements of
UPMNS [20]. The second approach explores the fact that neutrino mass
matrix contains all the information regarding CP violation and mixing in
the basis where the charged lepton mass matrix is real and diagonal. It try
to address the question of CP violation by studying the rephasing invariant
combinations in terms of elements of mν [21] matrix itself without having
trouble of diagonalizing the neutrino mass matrix. The later formulation was
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shown to have a potential application in context of two texture neutrino mass
matrices. Similar construction in term of weak basis invariants has been
studied in seesaw context and the possibility of some connections have been
explored between leptogenesis and the low energy CP violation [22, 23]. For
the rest of the paper, we will be only concerned with the case of Majorana
neutrinos with the choice of the same diagonal basis of charged lepton mass
matrix.

Before we proceed further, we would like to explain what we mean by
saying a neutrino mass matrix without any Majorana phases. We mean that
such a matrix will not be able to induce any CP violation either in the lepton
number conserving or violating processes if we switch off the Dirac phase.
In other words, a CKM type matrix with some unphysical phases is only
required to make this matrix real and diagonal (with not necessarily positive
eigenvalues). This allows the diagonal K2 matrix appearing in UPMNS to
have both (±1) entries. One may get uncomfortable with possible (−1)
entries as it appears that the non-zero values of the Majorana phases may lead
to the CP violating sources even if the Dirac phase is made to vanish. But it
can be shown that the negative entries present in K2 actually correspond to
the CP eigenvalues of the corresponding Majorana neutrinos and so can not
induce any CP violation.

After the above relevant explanation, we begin to develop a formulation
which can provides us some basic set of constraints on the modulus of the
elements of m|nu with Majorana phases. Following definition of a unitary
matrix U with a phase and an angle is needed to serve our purpose:

U =

1 0 0

0 cos θ sin θ

0 − sin θ cos θ


1 0 0
0 eiδ 0
0 0 e−iδ

 (4)

Looking up to structure of UPMNS , it is straightforward to argue that
such a mν can be made real with the help of the matrix U as:

UT RpmνRp U = m, (5)

where m is a real matrix. The argument follows from the fact that the
diagonalization of this real mass matrix m just needs an orthogonal matrix
O ensuring the form for UPMNS as UPMNS = RpUO. This form involves
the matrix multiplication of U and O which can be easily shown to take the
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form of a CKM type matrix leaving no Majorana phases in UPMNS .

R23 (θ) Diag
(
1, eiδ, e−iδ

)
.R23

(
θ′
)

→ Diag
(
eiα, eiβ, eiγ

)
R23 (θ23) Diag

(
1, eiδD , e−iδD

)
, (6)

Turning to the neutrino mass matrix structure, we know that the mν

has six modulus and three physical phases in general. The positions of the
three phases can be assigned according to the convenience. We start with the
following form of mν

mν =

eiθ11m11 m12 m13

m12 m22 eiθ23m23

m13 eiθ23m23 eiθ33m33

, (7)

where mij are the modulus of the entries of mν and θ11, θ23 and θ33 are
the physical phases. Any other assignment of the positions of the phases can
be equally taken without affecting the final results. Since we are primarily
interested in finding out the constraints in terms of mij only, we desire to
eliminate the phases in some appropriate manner. The final constraints is then
expected to have parameters ofRp and U which can be freely tuned to obtain
the desired allowed regions for mij from the derived constraints.

The matrix Equation (5) correspond to six initial equations which involve
the unwanted phases to be eliminated. It turns out that, starting with these six
set of equations, one soon gets into unwanted complications. So we slightly
change our formulation by writing an another equivalent condition as

U †M∗U∗ = m, (8)

where we have just taken the complex conjugation of Equation (5). Eliminat-
ing real matrix m from the two equivalent matrix Equations (5) and (8), we
get the following matrix equation that we will be mainly concerned with in
the rest of this paper:

UUTMUUT =M∗ (9)

It appears that the Equation (9) correspond to six complex equations unlike
the previous case of of six real equations questioning the equivalence of the
two matrix conditions. In the next section we will see how this contradictory
situation does not practically arise once we analyze the matrix Equation (9)
in detail.
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3 The Constraint Equations

In this section, we will try to find useful constraints from matrix Equation (9)
by eliminating the phases present inmν . Let us have a closer look at the form
of matrix UUT to look for some possibility of re-parametrization:

UUT =

1 0 0
0 cos 2δ + i cos 2θ sin 2δ −i sin 2δ sin 2θ
0 −i sin 2δ sin 2θ cos 2δ − i cos 2θ sin 2δ

 (10)

To simplify the calculations for the future analysis, we choose the
following parametrization for symmetric matrix UUT :

UUT =

1 0 0
0 eiη cosψ −i sinψ
0 −i sinψ e−iη cosψ

 (11)

where one can simply identify the relations between the two parametriza-
tions as sinψ = sin 2δ sin 2θ and tanψ = (cos 2θ sin 2δ) / cos 2δ. It is
straightforward to argue that the condition sinψ = 0, implying either θ = 0
or δ = 0, provides an additional condition for a neutrino mass matrix with
vanishing Dirac and Majorana phases. We will be using this condition for
some of our discussion in the next section.

Turning to the structure of matrix M appearing in (9) as

M =

ei(2α+θ11)m11 ei(α+β)m12 ei(α+β+φ)m13

ei(α+β)m12 e2iβm22 ei(2β+φ+θ23)m23

ei(α+β+φ)m13 ei(2β+φ+θ23)m23 ei(2(β+φ)+θ33)m33

 (12)

Looking at the structure of M , it is obvious to see that the (1,1) entry will
not be affected by the matrix UUT in the left hand side of the Equation (9).
So one of the complex looking equation turns out to be real equation as

2θ11 + α = 0, (13)

which fixes the value free parameter α = −θ11/2. Let us now consider rest
of the two constraints coming from the first row of the matrix Equation (9):

eiη cosψ − i
(
m13

m12

)
eiφ sinψ = ei(θ11−2β) (14)

ei(−η+2φ) cosψ − i
(
m12

m13

)
eiφ sinψ = ei(θ11−2β) (15)
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As the phase θ11 does not appear in the remaining three equations, its elimi-
nation involves only above two equations. The parameter β is also expected
to disappear from the constraint equation obtained after the elimination of θ11
from the two equations. Although it is obvious that one need to eliminate the
term present on the right hand side of the above two equations, the elimination
should be performed with the caution that the term to be eliminated is
not a usual complex number which can have any modulus. Its a complex
number with modulus one and one should use the property zz∗ = 1 for
eliminating such a complex number. With this caution, the two complex
appearing equations give a real constraint equation:

2 cotψ sin (η − φ) = x , (16)

where x = m13/m12 − m12/m13. It is a useful equation constraining
modulus m12 and m13 as we will see in coming analysis. Now we consider
the three remaining equations coming from the 2 − 3 sector of the matrix
Equation [9]:

r cos2 ψ − s sin2 ψ − i sin 2ψ = r∗ (17)

2 cos 2ψeiγ − i (r + s) sin 2ψ = e−iγ (18)

s cos2 ψ − r sin2 ψ − i sin 2ψ = s∗, (19)

where r = m22
m23

ei(η+2β), s = m33
m23

ei(θ33+2φ+2β−η) and γ = (θ23 + φ+ 2β).
If we closely look on the the angle parameters appearing in Equa-

tions (16,17,18,19) except ψ, it is not difficult to observe that only two of
the angles η − φ and η + 2β are independent and the angles appearing in
s and γ are just the linear sum of these two independent angles with θ33
and θ23 respectively. Let us denote the two independent angles by ω and ξ
respectively. Without any loss of any generality, it is possible to absorb the
linear sum of ω and ξ, where they are appearing as a sum with θ23 and θ33,
within θ23 and θ33 itself simply because the elimination process will anyway
ensure the automatic disappearance of the whole linear combinations. But the
independent angles where they are not attached with θ23 and θ33 remains as
it is. So we can conveniently write r = r = m22

m23
eiξ and s = m33

m23
eiθ33 and

γ = θ23. Since cotψ can take values from −∞ to +∞ we denote it by a
parameter y and write the Equation (16) as:

2y sinω = x, (20)

Elimination of θ13 and θ23 from the three Equations (17, 18, 19) is
expected to give one another constraint equation in addition to the one
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constraint Equation (20). Our first task is to look for possibility of deriving
three real equations equivalent to the three Equations (17, 18 19) which is
appearing to be complex at the moment. We need not wait long to realize our
goal as the sum of the two complex Equations (17, 19) produces an real type
equation as:

r − r∗ = s− s∗ (21)

Similar re-arrangement of the three equations can be shown to produce
another two independent real-type equations as follows:

1

2

[
(r + s) e−iψ − (r + s)∗ eiψ

]
= −ei(θ23−ψ) + e−i(θ23−ψ) (22)

and
1

2

[
(r + s) eiψ − (r + s)∗ e−iψ

]
= ei(θ23+ψ) − e−i(θ23+ψ) (23)

As the both the left hand side and the right hand side of above three
equations are simple differences of a complex number and its complex
conjugate, it is straightforward to conclude that all the above three equations
are equivalent to three real-type independent equations. It would be better to
write them in more convenient form as follows:

m22 sin ξ −m33 sin θ33 = 0

y (m22 sin ξ +m33 sin θ33) = m23 cos θ23
1

y
(m22 cos ξ +m33 cos θ33) = m23 sin θ23

We are now very close to the final constraint equations. We need to elimi-
nate θ23 and θ33 from the above three equations again with the caution that sin
or cos of these angles can not take any possible real value. With the caution,
we obtain the following constraint equation in addition to Equation (20) as:

(m23/m22)
2

= y2 sin2 ξ

+
1

4y2

[
1 + (m33/m22)

2 − 2 sin2 ξ ± cos ξ

√
(m33/m22)

2 − sin2 ξ

]
(24)

One can think of eliminating y from the two constraint Equations (20, 21)
to get one final equation. But we do not need it explicitly for the our analysis.
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4 The Realization and Understanding of the Constraints

So far we have focused only on the derivation of the constraints. Let us now
try to understand their physical implications. We write them again together:

2y sinω = (m13/m12 −m12/m13)

(m23/m22)
2 = y2 sin2 ξ

+
1

4y2

[
1 + (m33/m22)

2 − 2 sin2 ξ

±2 cos ξ
√

(m33/m22)
2 − sin2 ξ

]
Let us first try to explore any possibility of generalization. In the begin-

ning, we had taken the parametrization of U with rotation in 2 − 3 plane
which is not the only possibility to realize U . One is equally allowed to
take parametrization of U with rotation in either 1 − 2 or 1 − 3 without
loss of any generality. At the same time, the different constraints obtained
by permutation of position indices of the mass entries of mν have to be
all equivalent constraints simply by the argument that the condition of no
Majorana phases is blind to any such permutations. So we write the following
most general form of the two constraint equations as:

2y sinω = (mij/mik −mik/mij) (25)

(mkj/mkk)
2 = y2 sin2 ξ

+
1

4y2

[
1 + (mjj/mkk)

2 − 2 sin2 ξ

±2 cos ξ
√

(mjj/mkk)
2 − sin2 ξ

]
(26)

where i 6= j 6= k. The presence of three free parameters y, ω and ξ in the
two equations ensures that the constraints will provide a region in the mij

parameter space. The free parameter y does not remains to be independent in
the two equations separately but is actually decided by the second constraint
Equation (26). Then the first constraint Equation (25) demands x to be
constrained within region bounded by ±y lines as sinω is allowed to take
any value within ±1 independent of the second constraint equation. As only
square of the parameter y appears in second constraint equation, y can be
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Figure 1 The allowed regions from second constraint for two values of y in case
(mjj/mkk) >> 1. The thinner region correspond to y = 10 and the other to y = 20.

safely assumed to take only positive real values simply because the negative
sign can be absorbed in the free parameter ω without any loss of generality.
One important point that need to be emphasized in the second Equation (26)
is that sin2 ξ is allowed to take only values less than (mjj/mkk)

2 in case
(mjj/mkk) < 1 in order to avoid any complex relation which does not make
any physical sense. Now we take some special cases like (mjj/mkk) >> 1. It
obvious to see that the second constraint equation will provide a finite region
scattered around a straight line in the plain (mkj/mkk)

2 and (mjj/mkk)
2

with the slope equal to
(
1/y2

)
. The scattering region is actually realization

of different possible values of the free parameter ξ and is mainly governed
by the first term in the second constraint equation. We plot two such regions
for two fixed values of y in Figure 1. As expected, the allowed region for the
larger value of y gets more scattering around the straight line compared to the
one with smaller value of y.

For completeness, we turn to the another case where (mjj/mkk) varies
from zero to values of order around one. We show the allowed regions for
only one value of y in Figure 2 and for two values of y simultaneously in
Figure 3. Opposite to the previous case, the region corresponding to the larger
value of the y gets less scattering compared to the one with smaller value of y.
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Figure 2 The allowed regions from second constraint for one values of y = 0.3 in the case
where (mjj/mkk) varies from zero to the values of order one.
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Figure 3 The allowed regions from second constraint for two values of y in the case where
(mjj/mkk) varies from zero to the values of order one. The thinner region correspond to
y = 0.5 and the other one to y = 0.3.
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as function of y for small values of y.

Now we return to the first constraint equation y sinω = x where
x = mij/mik − mik/mij . So the x region is bounded by the two
horizontal lines with height±y. This correspond to the bounded region(
1
2

(√
y2 + 4− y

)
, 12

(√
y2 + 4 + y

))
formij/mik as a function y. Obvi-

ously, the lower bound on mij/mik vanishes for large values of y and is the
expression is relevant only for smaller values of y. Also the upper bound
turns out to be y for sufficiently large value of y. So we show two regions of
allowed values mij/mik as a function of y one for small values in Figure 4
and other for large values of y in Figure 5.

So far we have only discussed the case when mν does not have any
Majorana phases. What if it does not have the Dirac phase also. It means that
one can remove away all the phases in mν by rephasing the charged leptons
fields. This will provide constraints on the three phases present in mν . Our
formulation provides a different way to attack the problem in the sense that it
is able to provide constraints in terms of modulus of mass entries independent
of phases. So the condition of vanishing Dirac and Majorana phases in mν

correspond to the condition y = 0 in our formulation as already stated earlier
in previous section. This implies the following two constraints in terms of
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Figure 5 The allowed regions for mik
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as function of y for large values of y.

modulus of mass entries as

mik = mij

mjj = mkk

Before ending this section, we would like to emphasize again that the
indices i, j and k can be assigned only three integer values from 1 to 3 but
only with the condition i 6= j 6= k in all the above equations.

5 Application to Two Texture Zeros

In this section, we discuss a potential application of our formulation in
context of neutrino mass matrix with two zero textures. The study of all
possible neutrino mass matrices with two zero entries has revealed that only
seven such matrices are phenomenologically allowed in light of existing data
on neutrino masses and mixing given in Table 1 [14–16]. At the same time,
the three texture zero mass matrices are found to be inconsistent. The question
of realization of the two texture zeros in see saw context has been discussed
in [24]. The possibility of the origin of textures zeros is GUT scenarios has
been addressed in [26,27]. Another such possibility that has been considered
in literature is by invoking some flavour symmetry [28].
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Table 1 Phenomenologically allowed neutrino mass matrix with two texture zeros in basis
where charged lepton mass matrix is real and diagonal

Two Zero Texture Pattern Classification Texture of mν Mass Spectrum

A1

0 0 ×
0 × ×
× × ×

 hierarchical

A2

0 × 0

× × ×
0 × ×

 hierarchical

B1

× × 0

× 0 ×
0 × ×

 quasi-degenerate

B2

× 0 ×
0 × ×
× × 0

 quasi-degenerate

B3

× 0 ×
0 0 ×
× × ×

 quasi-degenerate

B4

× × 0

× × ×
0 × 0

 quasi-degenerate

C

× × ×
× 0 ×
× × 0

 quasi-degenerate

The question of Majorana phases in all acceptable neutrino mass matrices
with two texture zeros has already been addressed in [21] by studying possi-
ble construction of independent measures of CP violation. It has been pointed
out that the only one CP measure exist for two textures zeros which can only
enter into neutrino oscillations. On the basis, it has been concluded that no
Majorana phases are possible in this scenario. However, it is not obvious
how the similar conclusion can be realized from a more traditional approach
in term of neutrino mixing matrix UPMNS . The subject of this section is
to explore the possibility of direct realization of the conclusion in the same
context.

Although there are seven such two zero textures, there is possibility that
some of them will be related with each other by permutations of indices.
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So we look for categorizing the seven textures into some classes such that
permutations can not take matrices from one class to the one belonging to
the other class. However, the matrices in a particular class are related to
each other by permutations. A closer inspection of the listed seven textures
reveals three such different classes which are grouped as (A1, A2, B3, B4),
(B1, B2) and C. The matrices in the first two classes are related to the other
belonging to the same class as:

A1
(2−3)←→ A2

(1−2)←→ B4
(2−3)←→ B3

B1
(2−3)←→ B2

So we need to discuss only three matrices representing the three different
classes for our purpose simply because our condition of no Majorana phases
is blind to the permutations of the indices. Before proceeding further, we
need to draw attention on an important issue in this connection. So far we
have stated that our two general constraint Equations (25, 26) for all possible
combination in i, j and kk with condition i 6= j 6= k are equivalent. What we
mean by equivalent constraints is that satisfying only one of them is enough
to conclude that there is no Majorana phases in the neutrino mass matrix. One
does not require simultaneous satisfaction of all possible constraint equations
related to each other with permutations. With this clarification, we begin by
choosing the three representative matrices for three different classes as B1,
B3 and C and discuss them separately in what follows.

B1

For the present texture, we assign the integer value for j as j = 2. The one of
the zero entry corresponding to m22 = 0 in the present case enforces sin2 ξ
to vanish from the second constraint equation. Plugging m22 = 0, the two
constraint equation turns out to be of following form:

2y sinω = (mi2/mik −mik/mi2) (27)

(mk2/mkk)
2 =

1

4y2
(28)

If we now assign k = 1 and i = 3, the requirementm12 → 0 enforces y to
take very large value tending to infinity. At the same time, first equation also
demands very large value for y to accommodate all possible finite positive
values for non-zero elements of m23 and m13. So both the equation are
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consistent with the limit y −→ ∞ as m12, m22 → 0 confirming absence
of the Majorana phases in the present texture.

B3

In this case, the analysis is not much different with the one discussed above.
One need to just assign k = 3 and i = 1 in the Equations (27, 28) with the
same assignment for j as (2, 2) element is zero for both the cases. One ends
up with the same conclusion.

C

Here we need to assign i = 3,j = 1 and k = 2 for our purpose. In the limit
m22 → 0, the two corresponding constraint equations take the following
form:

2y sinω = (m13/m23 −m23/m13) (29)

(2ym12)
2 −m2

11

y2
= m2

22 (30)

Obviously, the requirement that m12 and m13 can take any finite real
positive value demands y to be very large tending to infinity. The second
constraint equation, at the same time, is consistent with y tending to infinity
in the limit m22 → 0. So both the equation are satisfied for the matrix texture
leading to no Majorana phases in pattern C also. So have found that all the
two zero textures listed in given table are devoid of any Majorana phases.

6 Summary

We have found the conditions in terms of modulus of elements of neutrino
mass matrix under which neutrino mass matrix can be diagonalized with
CKM type matrix. The allowed regions have been shown for different cases.
In addition, we have directly realized that all phenomenologically acceptable
neutrino mass textures with two zero entries can be parametrized without
introducing any independent Majorana phases.

Thus all such two-zero texture neutrino mass matrices are devoid of
independent Majorana Phases. In terms of future scope, our study shows
that in three generation two texture zero mass matrix scenario, the only
CP violation independent phase source is of Dirac type responsible for CP
violation in neutrino oscillation experiments.
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