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We investigate the novel possibilities of hybrid textures comprising a vanishing minor (or element) and two equal elements (or
cofactors) in light neutrino mass matrix 𝑀]. Such type of texture structures leads to sixty phenomenological cases each, out of
which only fifty-six are viable with texture containing a vanishing minor and an equality between the elements in𝑀], while fifty
are found to be viable with texture containing a vanishing element and an equality of cofactors in𝑀] under the current experimental
test at 3𝜎 confidence level. Detailed numerical analysis of all the possible cases has been presented.

1. Introduction

During the last two decades, our knowledge regarding
the neutrino sector has been enriched to a great extent,
thanks to solar, atmospheric, reactor, and accelerator based
experiments which convincingly reveal that neutrinos have
nonzero and nondegenerate masses and can convert from
one flavor to another. While the developments over the past
two decades have brought out a coherent picture of neutrino
mixing, there are still several intriguing issues without which
our understanding of neutrino physics remains incomplete.
For instance, the present available data does not throw
any light on the neutrino mass spectrum, which may be
normal/inverted and may even be degenerate. In addition,
nature of neutrino mass whether Dirac or Majorana particle,
determination of absolute neutrino mass, leptonic CP viola-
tion, andDiracCPphase 𝛿 are still open issues. Also the infor-
mation regarding the lightest neutrino mass has to be sharp-
ened further to pinpoint the specific possibility of neutrino
mass spectrum.

After the precise measurement of reactor mixing angle𝜃13 in T2K, MINOS, Double Chooz, Daya Bay, and RENO
experiments [1–5], five parameters in the neutrino sector have
been well measured by neutrino oscillation experiments. In
general, there are nine parameters in the lightest neutrinos
mass matrix. The remaining four unknown parameters may
be taken as the lightest neutrinomass, the Dirac CP-violating

phase, and two Majorana phases. The Dirac CP-violating
phase is expected to bemeasured in future long baseline neu-
trino experiments, and the lightest mass can be determined
from beta decay and cosmological experiments. If neutrino-
less double-beta decay (0]𝛽𝛽) is detected, a combination of
the twoMajorana phases can also be probed. Clearly, the cur-
rently available data onneutrinomasses andmixing are insuf-
ficient for an unambiguous reconstruction of neutrino mass
matrices.

In the lack of a convincing fermion flavor theory, several
phenomenological ansatz have been proposed in the litera-
ture as some elements of neutrinomassmatrix are considered
to be zero or equal [6–26] or some cofactors of neutrino
mass matrix are considered to be either zero or equal [6, 27–
35]. The main motivation for invoking different mass matrix
ansatz is to relate fermion masses and mixing angles in a
testablemannerwhich reduces the number of free parameters
in the neutrinomassmatrix. In particular,massmatrices with
zero textures (or cofactors) have been extensively studied [10–
26, 29–35] due to their connections to flavor symmetries.
In addition, texture specific mass matrices with one zero
element (orminor) and an equality between two independent
elements (or cofactors) have also been studied in the literature
[7–9, 27, 28]. Out of sixty possibilities, only fifty-four are
found to be compatible with the neutrino oscillation data [9]
for texture structures having one zero element and an equal
matrix elements in the neutrino mass matrix (also known as
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hybrid texture), while for texture with one vanishing minor
and an equal cofactors in the neutrino mass matrix (also
known as inverse hybrid texture) only fifty-two cases are able
to survive the data [27, 28].

In the present paper, we propose the novel possibilities
of hybrid textures where we assume one texture zero and an
equality between the cofactors (referred as typeX) or one zero
minor and an equality between the elements (referred as type
Y) in the Majorana neutrino mass matrix 𝑀]. Such type of
texture structures sets two conditions on the parameter space
and hence reduces the number of free parameters to seven.
Therefore the proposed texture structures are as predictive as
texture two zeros and any other hybrid textures.

In [6], it is demonstrated that an equality between the
elements of 𝑀] can be realized through type-II seesaw
mechanism [36–40] while an equality between cofactors of𝑀] can be generated from type-I seesaw mechanism [41–
44]. The zeros element (or minor) in 𝑀] can be obtained
using 𝑍𝑛 flavor symmetry [29–35, 45]. Therefore the viable
cases of proposed hybrid texture can be realized within the
framework of seesaw mechanism.

In the present work, we have systematically investigated
all the of sixty possible cases belonging to type X and type
Y structures, respectively. We have studied the implication of
these textures forDirac CP-violating phase (𝛿) and twoMajo-
rana phases (𝜌, 𝜎). We, also, calculate the effective Majorana
mass and lowest neutrino mass for all viable hybrid textures
belonging to type X and type Y structures. In addition, we
present the correlation plots between different parameters of
the hybrid textures of neutrinos for 3𝜎 allowed ranges of the
known parameters.

The layout of the paper is planned as follows: in
Section 2, we shall discuss the methodology to obtain the
constraint equations. Section 3 is devoted to numerical anal-
ysis. Section 4 will summarize our result.

2. Methodology

Before proceeding further, we briefly underline the method-
ology relating the elements of the mass matrices to those
of the mixing matrix. In the flavor basis, where the charged
lepton mass matrix is diagonal, the Majorana neutrino mass
matrix can be expressed as

𝑀] = 𝑃𝑙𝑈𝑃]𝑀diag𝑃𝑇
] 𝑈𝑇𝑃𝑇

𝑙 , (1)

where 𝑀diag = diag(𝑚1, 𝑚2, 𝑚3) is the diagonal matrix of
neutrino masses and 𝑈 is the flavor mixing matrix and

𝑃] = (𝑒𝑖𝜌 0 00 𝑒𝑖𝜎 00 0 1) ,
𝑃𝑙 = (𝑒𝑖𝜙𝑒 0 00 𝑒𝑖𝜙𝜇 00 0 𝑒𝑖𝜙𝜏),

(2)

where 𝑃] is diagonal phase matrix containing Majorana
neutrinos 𝜌, 𝜎. 𝑃𝑙 is unobservable phase matrix and depends
on phase convention. Equation (1) can be rewritten as

𝑀] = (𝑀𝑒𝑒 𝑀𝑒𝜇 𝑀𝑒𝜏𝑀𝑒𝜇 𝑀𝜇𝜇 𝑀𝜇𝜏𝑀𝑒𝜏 𝑀𝜇𝜏 𝑀𝜏𝜏

)
= 𝑃𝑙𝑈(𝜆1 0 00 𝜆2 00 0 𝜆3

)𝑈𝑇𝑃𝑇
𝑙 ,

(3)

where 𝜆1 = 𝑚1𝑒2𝑖𝜌, 𝜆2 = 𝑚2𝑒2𝑖𝜎, and 𝜆3 = 𝑚3. For the
present analysis, we consider the following parameterization
of 𝑈 [46]:𝑈
= ( 𝑐12𝑐13 𝑠12𝑐13 𝑠13−𝑐12𝑠23𝑠13 − 𝑠12𝑐23𝑒−𝑖𝛿 −𝑠12𝑠23𝑠13 + 𝑐12𝑐23𝑒−𝑖𝛿 𝑠23𝑐13−𝑐12𝑐23𝑠13 + 𝑠12𝑠23𝑒−𝑖𝛿 −𝑠12𝑐23𝑠13 − 𝑐12𝑠23𝑒−𝑖𝛿 𝑐23𝑐13), (4)

where 𝑐𝑖𝑗 = cos 𝜃𝑖𝑗 and 𝑠𝑖𝑗 = sin 𝜃𝑖𝑗. Here, 𝑈 is a 3 × 3 unitary
matrix consisting of three flavor mixing angles (𝜃12, 𝜃23, 𝜃13)
and one Dirac CP-violating phase 𝛿.

For the illustration of typeX andY structures, we consider
a case 𝐴1, satisfying following conditions:𝐶11 = 𝑀𝜇𝜇𝑀𝜏𝜏 −𝑀𝜇𝜏𝑀𝜇𝜏 = 0, (5)

and 𝑀𝑒𝜇 −𝑀𝑒𝜏 = 0, (6)

for type X, while in case of type Y, it contains𝑀𝑒𝑒 = 0 (7)

and 𝐶12 − 𝐶13 = 0, (8)

or (−1) . (𝑀𝑒𝜏𝑀𝜏𝜏 −𝑀𝜇𝜏𝑀𝑒𝜏) − (𝑀𝑒𝜇𝑀𝜇𝜏 −𝑀𝜇𝜇𝑀𝑒𝜏)= 0, (9)

where 𝐶𝑖𝑗 denotes cofactor corresponding to 𝑖𝑡ℎ row and 𝑗𝑡ℎ
column. Then 𝐴1 can be denoted in a matrix form as

(0 Δ ΔΔ × ×Δ × ×) , (10)

where “Δ” stands for nonzero and equal elements (or cofac-
tors), while “0” stands for vanishing element (or minor) in
neutrino mass matrix. “×” stands for arbitrary elements.
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2.1. One Vanishing Minor with Two Equal Elements of 𝑀].
Using (1), any element𝑀𝑝𝑞 in the neutrino mass matrix can
be expressed in terms of mixing matrix elements as

𝑀𝑝𝑞 = 𝑒𝑖(𝜙𝑝+𝜙𝑞) ∑
𝑖=1,2,3

𝑈𝑝𝑖𝑈𝑞𝑖𝜆𝑖, (11)

where 𝑝, 𝑞 run over e, 𝜇, and 𝜏, and 𝑒𝑖(𝜙𝑝+𝜙𝑞) is phase factor.
The existence of a zero minor in the Majorana neutrino

mass matrix implies𝑀𝑝𝑞𝑀𝑟𝑠 −𝑀𝑡𝑢𝑀V𝑤 = 0 (12)

The above condition yields a complex equation as

∑
𝑖,𝑗=1,2,3

(𝑒𝑖(𝜙𝑝+𝜙𝑞+𝜙𝑟+𝜙𝑠)𝑈𝑝𝑖𝑈𝑞𝑖𝑈𝑟𝑗𝑈𝑠𝑗

− 𝑒𝑖(𝜙𝑡+𝜙𝑢+𝜙V+𝜙𝑤)𝑈𝑡𝑖𝑈𝑢𝑖𝑈V𝑗𝑈𝑤𝑗) 𝜆𝑖𝜆𝑗 = 0, (13)

It is observed that for any cofactor there is an inherent
property as 𝜙𝑝 +𝜙𝑞 +𝜙𝑟 +𝜙𝑠 = 𝜙𝑡 +𝜙𝑢 +𝜙V +𝜙𝑤. Thus we can
extract this total phase factor from the bracket in (13).

Hence (13) can be rewritten as𝑋3𝜆1𝜆2 + 𝑋1𝜆2𝜆3 + 𝑋2𝜆3𝜆1 = 0, (14)

where𝑋𝑘 = (𝑈𝑝𝑖𝑈𝑞𝑖𝑈𝑟𝑗𝑈𝑠𝑗 − 𝑈𝑡𝑖𝑈𝑢𝑖𝑈V𝑗𝑈𝑤𝑗) + (𝑖 ←→ 𝑗) , (15)

with (𝑖, 𝑗, 𝑘) as the cyclic permutation of (1, 2, 3).
On the other hand, the condition of two equal elements

in𝑀] yields following:𝑀𝑎𝑏 −𝑀𝑐𝑑 = 0. (16)

Equation (16) yields a following complex equation:∑
𝑖=1,2,3

(𝑃1𝑈𝑎𝑖𝑈𝑏𝑖 − 𝑃2𝑈𝑐𝑖𝑈𝑑𝑖) 𝜆𝑖 = 0, (17)

where 𝑃1 = 𝑒𝑖(𝜙𝑎+𝜙𝑏) and 𝑃2 = 𝑒𝑖(𝜙𝑐+𝜙𝑑).
Or ∑

𝑖=1,2,3

(𝑃𝑈𝑎𝑖𝑈𝑏𝑖 − 𝑈𝑐𝑖𝑈𝑑𝑖) 𝜆𝑖 = 0 (18)

where 𝑃 ≡ 𝑃1/𝑃2 = 𝑒𝑖(𝑎+𝑏−𝑐−𝑑) and 𝑎, 𝑏, 𝑐, and 𝑑 run over 𝑒, 𝜇,
and 𝜏.

Equation (18) can be rewritten as𝑌1𝜆1 + 𝑌2𝜆2 + 𝑌3𝜆3 = 0 (19)

where𝑌1 = (𝑃𝑈𝑎1𝑈𝑏1−𝑈𝑐1𝑈𝑑1),𝑌2 = (𝑃𝑈𝑎2𝑈𝑏2−𝑈𝑐2𝑈𝑑2), and𝑌3 = (𝑃𝑈𝑎3𝑈𝑏3 − 𝑈𝑐3𝑈𝑑3).
Solving (14) and (19) simultaneously leads to the following

complex mass ratio in terms of (𝜆13)±:
(𝜆13)+ = − (𝑌1𝑋1 − 𝑌2𝑋2 + 𝑌3𝑋3 + √𝐶)2𝑌1𝑋3

, (20)

and

(𝜆13)− = − (𝑌1𝑋1 − 𝑌2𝑋2 + 𝑌3𝑋3 − √𝐶)2𝑌1𝑋3

. (21)

Using (14), (20), and (21), we obtain the relations for complex
mass ratio in terms of (𝜆23)±

(𝜆23)+ = −𝑋2𝑋3

× 𝑌1𝑋1 − 𝑌2𝑋2 + 𝑌3𝑋3 + √𝐶−𝑌1𝑋1 − 𝑌2𝑋2 + 𝑌3𝑋3 + √𝐶, (22)

and

(𝜆23)− = −𝑋2𝑋3

× 𝑌1𝑋1 − 𝑌2𝑋2 + 𝑌3𝑋3 − √𝐶−𝑌1𝑋1 − 𝑌2𝑋2 + 𝑌3𝑋3 − √𝐶, (23)

where𝐶 = (−𝑌1𝑋1+𝑌2𝑋2+𝑌3𝑋3)2−4𝑋2𝑋3𝑌2𝑌3 and (𝜆13)± ≡(𝜆1/𝜆3)± and (𝜆23)± ≡ (𝜆2/𝜆3)±. The magnitudes of the two
neutrino mass ratios in (20), (21), (22), and (23) are given by𝜉± = |(𝜆13)±| and 𝜁± = |(𝜆23)±|, while the Majorana CP-
violating phases 𝜌 and 𝜎 can be given as 𝜌 = (1/2)arg(𝜆13)±,𝜎 = (1/2)arg(𝜆23)±.
2.2. One Vanishing Element with Two Equal Cofactors of𝑀].
If one of the elements of𝑀] is considered zero [e.g.,𝑀𝛼𝛽 = 0],
we obtain the following constraint equation:∑

𝑖=1,2,3

𝑈𝛼𝑖𝑈𝛽𝑖𝜆𝑖 = 0, (24)

or 𝜆1𝐴1 + 𝜆2𝐴2 + 𝜆3𝐴3 = 0, (25)

where 𝐴1 = 𝑈𝛼1𝑈𝛽1, 𝐴2 = 𝑈𝛼2𝑈𝛽2, and 𝐴3 = 𝑈𝛼3𝑈𝛽3.
The condition for two equal cofactors [e.g., 𝐶𝑚𝑛 = 𝐶𝑚𝑛]

in neutrino mass matrix implies(−1)𝑚+𝑛 (𝑀𝑎𝑏𝑀𝑐𝑑 −𝑀𝑒𝑓𝑀𝑔ℎ)− (−1)𝑚+𝑛 (𝑀𝑎𝑏𝑀𝑐𝑑 −𝑀𝑒𝑓𝑀𝑔ℎ) = 0, (26)

or ∑
𝑖,𝑗=1,2,3

{(−1)𝑚+𝑛 (𝑄3𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑄4𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)
− (−1)𝑚+𝑛

⋅ (𝑄5𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑄6𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)} 𝜆𝑖𝜆𝑗= 0,
(27)

where 𝑄3 = 𝑄4 and 𝑄5 = 𝑄6 due to inherent property of any
cofactor. Thus we can write∑

𝑖,𝑗=1,2,3

{(−1)𝑚+𝑛 𝑄3 (𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)
− (−1)𝑚+𝑛

⋅ 𝑄5 (𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)} 𝜆𝑖𝜆𝑗= 0,
(28)
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or ∑
𝑖,𝑗=1,2,3

{(−1)𝑚+𝑛 𝑄(𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)
− (−1)𝑚+𝑛 (𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)}⋅ 𝜆𝑖𝜆𝑗 = 0,

(29)

where 𝑄 ≡ 𝑄3/𝑄5 = 𝑒𝑖(𝜙𝑎+𝜙𝑏+𝜙𝑐+𝜙𝑑−𝜙
𝑎

−𝜙
𝑏
−𝜙
𝑐
−𝜙
𝑑

).
Equation (29) can be rewritten as𝜆1𝜆2𝐵3 + 𝜆2𝜆3𝐵1 + 𝜆3𝜆1𝐵2 = 0, (30)

where𝐵𝑘= (−1)𝑚+𝑛 𝑄(𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗) ,− (−1)𝑚+𝑛 (𝑈𝑎𝑖𝑈𝑏𝑖𝑈𝑐𝑗𝑈𝑑𝑗 − 𝑈𝑒𝑖𝑈𝑓𝑖𝑈𝑔𝑗𝑈ℎ𝑗)+ (𝑖 ←→ 𝑗) ,
(31)

with (𝑖, 𝑗, 𝑘) a cyclic permutation of (1, 2, 3).
Solving (25) and (30) simultaneously we obtain the

analytical expressions of (𝜆13)±
(𝜆13)+ = − (𝐵1𝐴1 − 𝐵2𝐴2 + 𝐵3𝐴3 + √𝐷)2𝐵1𝐴3

, (32)

and

(𝜆13)− = − (𝐵1𝐴1 − 𝐵2𝐴2 + 𝐵3𝐴3 − √𝐷)2𝐵1𝐴3

. (33)

Using (30), (32), and (33), we get the relations for complex
mass ratio in terms of (𝜆23)±

(𝜆23)+ = −𝐵2𝐵3

× (𝐵1𝐴1 − 𝐵2𝐴2 + 𝐵3𝐴3 + √𝐷)(−𝐵1𝐴1 − 𝐵2𝐴2 + 𝐵3𝐴3 + √𝐷), (34)

and

(𝜆23)− = −𝐵2𝐵3

× (𝐵1𝐴1 − 𝐵2𝐴2 + 𝐵3𝐴3 − √𝐷)(−𝐵1𝐴1 − 𝐵2𝐴2 + 𝐵3𝐴3 − √𝐷), (35)

where𝐷 = (−𝐵1𝐴1 + 𝐵2𝐴2 + 𝐵3𝐴3)2 − 4𝐴2𝐴3𝐵2𝐵3.
Themagnitudes of the two neutrino mass ratios are given

by 𝜉± = |(𝜆13)±| and 𝜁± = |(𝜆23)±|, while the Majorana CP-
violating phases 𝜌 and 𝜎 can be given as 𝜌 = (1/2)arg(𝜆13)±,𝜎 = (1/2)arg(𝜆23)±.

The solar and atmospheric mass-squared differences
(𝛿𝑚2, Δ𝑚2), where 𝛿𝑚2 corresponds to solar mass-squared
difference and Δ𝑚2 corresponds to atmospheric mass-
squared difference, can be defined as [8]𝛿𝑚2 = (𝑚2

2 − 𝑚2
1) , (36)

Δ𝑚2 = 𝑚2
3 − 12 (𝑚2

1 + 𝑚2
2) . (37)

The sign of Δ𝑚2 is still unknown: Δ𝑚2 > 0 or Δ𝑚2 < 0
implies normal mass spectrum (NS) or inverted mass spec-
trum (IS). The lowest neutrino mass (𝑚0) is 𝑚1 for NS and𝑚3 for IS. The experimentally determined solar and atmo-
spheric neutrino mass-squared differences can be related
to 𝜉 and 𝜁 as

𝑅] ≡ 𝛿𝑚2Δ𝑚2 = 2 (𝜁2 − 𝜉2)2 − (𝜁2 + 𝜉2) , (38)

and the three neutrino masses can be determined using
following relations:

𝑚3 = √ 𝛿𝑚2𝜁2 − 𝜉2 ,𝑚2 = 𝑚3𝜁,𝑚1 = 𝑚3𝜉.
(39)

From the analysis, it is found that cases belonging to
type X (or type Y) exhibit the identical phenomenological
implications and are related through permutation symmetry
[36–40, 46]. This corresponds to permutation of the 2-3
rows and 2-3 columns of𝑀].The corresponding permutation
matrix can be given by

𝑃23 = (1 0 00 0 10 1 0) . (40)

With the help of permutation symmetry, one obtains the fol-
lowing relations among the neutrino oscillation parameters:𝜃𝑙

12 = 𝜃𝑚
12,𝜃𝑙

23 = 90∘ − 𝜃𝑚
23,𝜃𝑙

13 = 𝜃𝑚
13,𝛿𝑙 = 𝛿𝑚 − 180∘,

(41)

where 𝑙 and 𝑚 denote the cases related by 2-3 permutation.
The following pairs among sixty possibilities of type X (or
type Y) are related via permutation symmetry:(𝐴1, 𝐴1) ;(𝐴2, 𝐴8) ;(𝐴3, 𝐴7) ;(𝐴4, 𝐴6) ;(𝐴5, 𝐴5) ;(𝐴9, 𝐴10) ;(𝐵1, 𝐶1) ;(𝐵2, 𝐶7) ;(𝐵3, 𝐶6) ;
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(𝐵4, 𝐶5) ;(𝐵5, 𝐶4) ;(𝐵6, 𝐶3)(𝐵7, 𝐶2) ;(𝐵8, 𝐶10) ;(𝐵9, 𝐶9) ;(𝐵10, 𝐶8) ;(𝐷1, 𝐹2) ;(𝐷2, 𝐹1) ;(𝐷3, 𝐹4) ;(𝐷4, 𝐹3) ;(𝐷5, 𝐹5) ;(𝐷6, 𝐹9) ;(𝐷7, 𝐹8) ;(𝐷8, 𝐹7) ;(𝐷9, 𝐹6) ;(𝐷10, 𝐹10) ;(𝐸1, 𝐸2) ;(𝐸3, 𝐸4) ;(𝐸5, 𝐸5) ;(𝐸6, 𝐸9) ;(𝐸7, 𝐸8) ;(𝐸10, 𝐸10) .
(42)

Clearly we are left with only thirty-two independent
cases. It is worthwhile mentioning that 𝐴1, 𝐴5, 𝐸5, and 𝐸10

are invariant under the permutations of 2- and 3-rows and
columns.

3. Numerical Analysis

The experimental constraints on neutrino parameters at 3𝜎
confidence level (CL) are given in Table 1. The effective
Majorana mass relevant for neutrinoless double-beta (0]𝛽𝛽)
decay is given by

|𝑀|𝑒𝑒 = 𝑚1𝑐212𝑐213𝑒2𝑖𝜌 + 𝑚2𝑠212𝑐213𝑒2𝑖𝜎 + 𝑚3𝑠213 . (43)

This effective mass is just the absolute value of 𝑀𝑒𝑒 compo-
nent of the neutrino mass matrix. The observation of 0]𝛽𝛽

Table 1: Current neutrino oscillation parameters from global fits at
3𝜎 confidence level (CL) [47, 48]. NS(IS) refers to normal (inverted)
neutrino mass spectrum.

Parameter Best Fit 3𝜎𝛿𝑚2 [10−5𝑒𝑉2] 7.50 7.03 - 8.09|Δ𝑚2
31| [10−3𝑒𝑉2] (NS) 2.52 2.407 - 2.643|Δ𝑚2
31| [10−3𝑒𝑉2] (IS) 2.52 2.39 - 2.63𝜃12 33.56∘ 31.3∘ - 35.99∘𝜃23 (NS) 41.6∘ 38.4∘ - 52.8∘𝜃23 (IS) 50.0∘ 38.8∘ - 53.1∘𝜃13 (NS) 8.46∘ 7.99∘ - 8.90∘𝜃13 (IS) 8.49∘ 8.03∘ - 8.93∘𝛿 (NS) 261∘ 0∘ - 360∘𝛿 (IS) 277∘ 145∘ - 391∘

would establish neutrinos to be Majorana particles. Data
fromKamLAND-Zen experiment has presented an improved
search for neutrinoless double-beta (0]𝛽𝛽) decay [49–51] and
it is found that |𝑀|𝑒𝑒 < (0.061−0.165)𝑒𝑉 at 90% (or< 2𝜎) CL.
For recent reviews on 0]𝛽𝛽 decay, see [49–51].

In the present analysis, we consider more conservative
upper bound on |𝑀|𝑒𝑒, i.e., |𝑀|𝑒𝑒 < 0.5𝑒𝑉 at 3𝜎 CL [52].
We span the parameter space of input neutrino oscillation
parameters (𝜃12, 𝜃23, 𝜃13, Δ𝑚2, Δ𝑚2) lying in their 3𝜎 ranges
by randomly generating points of the order of 107. Since the
Dirac CP-violating phase 𝛿 is experimentally unconstrained
at 3𝜎 level, therefore, we vary 𝛿 within its full possible
range [0∘, 360∘]. Using (38) and the experimental inputs
on neutrino mixing angles and mass-squared differences,
the parameter space of 𝛿, 𝜌, 𝜎 and |𝑀|𝑒𝑒, and 𝑚0 can be
subsequently constrained.

In Figures 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 we demon-
strate the correlations for𝐴1,𝐵2,𝐷7, and𝐸1 cases. Since there
are large numbers of viable cases, therefore it is not practically
possible to show all the plots. We have simply taken arbitrary
independent cases from each category for the purpose of
illustration of our results.Thepredictions regarding threeCP-
violating phases (𝜌, 𝜎, 𝛿), effective neutrino mass |𝑀|𝑒𝑒, and
lowest neutrino mass 𝑚𝑜 for all the allowed cases of type X
and type Y textures have been encapsulated in Tables 3, 4,
5, and 6. Before proceeding further, it is worth pointing out
that the phenomenological results for 𝜌, 𝜎, 𝛿, |𝑀|𝑒𝑒, and 𝑚𝑜

have been obtained using the two possible solutions of 𝜆13

and 𝜆23, respectively [ (20), (21), (22), and (23)]. All the sixty
phenomenologically possible cases belonging to type X and
type Y texture structures have been divided into six categories
A, B, C, D, E, and F (Table 2). Among them a large number
of cases are found to overlap in their predictions regarding 𝛿,𝜌, 𝜎|𝑀|𝑒𝑒, and𝑚0 and are related via permutation symmetry
as pointed out earlier.Themain results and the discussion are
summarized as follows.

Category A. In Category A, all the ten cases 𝐴1, 𝐴2, 𝐴3,𝐴4, 𝐴5, 𝐴6, 𝐴7, 𝐴8, 𝐴9, and 𝐴10 are found to be viable with
the data at 3𝜎 CL for type X structure, and normal mass
spectrum (NS) remainS ruled out for all these cases (Table 3).
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Figure 1: Correlation plots for texture𝐴1 (IS) for type X at 3 𝜎CL.The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 aremeasured in degrees,
while |𝑀|𝑒𝑒 and𝑚0 are in eV units.

�훿

0 50 100 150 200 250 300 350 400
−100
−80
−60
−40
−20

0
20
40
60
80

100

�휌

(a)
�훿

0 50 100 150 200 250 300 350 400
−100
−80
−60
−40
−20

 0
 20
 40
 60
 80

 100

�휎

(b)

|M
| ee

mo

 2e-010
 4e-010
 6e-010
 8e-010
 1e-009

 1.2e-009
 1.4e-009
 1.6e-009
 1.8e-009

 2e-009

 0.001  0.002  0.003  0.004  0.005  0.006  0.007  0.008  0.009  0.01  0.011

(c)

Figure 2: Correlation plots for texture 𝐴1 (NS) for type Y at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 3: Correlation plots for texture 𝐵2 (NS) for type X at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 4: Correlation plots for texture𝐵2 (IS) for type X at 3 𝜎CL.The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 aremeasured in degrees,
while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 5: Correlation plots for texture 𝐵2 (NS) for type Y at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 6: Correlation plots for texture 𝐵2 (IS) for type Y at 3 𝜎CL.The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 aremeasured in degrees,
while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 7: Correlation plots for texture 𝐷7 (NS) for type X at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 8: Correlation plots for texture𝐷7 (IS) for type X at 3 𝜎CL.The symbols have their usualmeaning. 𝛿, 𝜌, and 𝜎 aremeasured in degrees,
while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 9: Correlation plots for texture 𝐷7 (NS) for type Y at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 10: Correlation plots for texture 𝐷7 (IS) for type Y at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Figure 11: Correlation plots for texture 𝐸1 (NS) for type X at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units..
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Figure 12: Correlation plots for texture 𝐸1 (IS) for type Y at 3 𝜎 CL. The symbols have their usual meaning. 𝛿, 𝜌, and 𝜎 are measured in
degrees, while |𝑀|𝑒𝑒 and𝑚0 are in eV units.
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Table 2: All the sixty phenomenological possible cases belonging to types X and Y, respectively, have been shown. P and Q are unobservable
phases associated with types X and Y, respectively.

Cases X P Y Q𝐴1 𝐶11 = 0, 𝑀12 = 𝑀13 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀11 = 0, 𝐶12 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐴2 𝐶11 = 0, 𝑀12 = 𝑀22, 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀11 = 0, 𝐶12 = 𝐶22 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐴3 𝐶11 = 0, 𝑀13 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀11 = 0, 𝐶13 = 𝐶23 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐴4 𝐶11 = 0, 𝑀22 = 𝑀23 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀11 = 0, 𝐶22 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐴5 𝐶11 = 0, 𝑀22 = 𝑀33 𝑒2𝑖(𝜙𝜇−𝜙𝜏) 𝑀11 = 0, 𝐶22 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝜇)𝐴6 𝐶11 = 0, 𝑀23 = 𝑀33 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀11 = 0, 𝐶23 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐴7 𝐶11 = 0, 𝑀12 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀11 = 0, 𝐶12 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐴8 𝐶11 = 0, 𝑀13 = 𝑀33 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀11 = 0, 𝐶13 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐴9 𝐶11 = 0, 𝑀13 = 𝑀22 𝑒𝑖(𝜙𝑒+𝜙𝜏−2𝜙𝜇) 𝑀11 = 0, 𝐶13 = 𝐶22 𝑒𝑖(−𝜙𝑒−𝜙𝜏+2𝜙𝜇)𝐴10 𝐶11 = 0, 𝑀12 = 𝑀33 𝑒𝑖(𝜙𝑒+𝜙𝜇−2𝜙𝜏) 𝑀11 = 0, 𝐶12 = 𝐶33 𝑒𝑖(−𝜙𝑒−𝜙𝜇+2𝜙𝜏)𝐵1 𝐶12 = 0, 𝑀11 = 𝑀13 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀12 = 0, 𝐶11 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐵2 𝐶12 = 0, 𝑀12 = 𝑀22 𝑒𝑖(𝜙𝑒+𝜙𝜏−2𝜙𝜇) 𝑀12 = 0, 𝐶12 = 𝐶22 𝑒𝑖(2𝜙𝜇−𝜙𝑒−𝜙𝜏)𝐵3 𝐶12 = 0, 𝑀13 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀12 = 0, 𝐶13 = 𝐶23 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐵4 𝐶12 = 0, 𝑀13 = 𝑀33 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀12 = 0, 𝐶13 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐵5 𝐶12 = 0, 𝑀11 = 𝑀22 𝑒2𝑖(𝜙𝑒−𝜙𝜇) 𝑀12 = 0, 𝐶11 = 𝐶22 𝑒2𝑖(𝜙𝜇−𝜙𝑒)𝐵6 𝐶12 = 0, 𝑀11 = 𝑀23 𝑒𝑖(2𝜙𝑒−𝜙𝜇−𝜙𝜏) 𝑀12 = 0, 𝐶11 = 𝐶23 𝑒𝑖(−2𝜙𝑒+𝜙𝜇+𝜙𝜏)𝐵7 𝐶12 = 0, 𝑀11 = 𝑀33 𝑒2𝑖(𝜙𝑒−𝜙𝜏) 𝑀12 = 0, 𝐶11 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝑒)𝐵8 𝐶12 = 0, 𝑀22 = 𝑀23 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀12 = 0, 𝐶22 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐵9 𝐶12 = 0, 𝑀22 = 𝑀33 𝑒2𝑖(𝜙𝜇−𝜙𝜏) 𝑀12 = 0, 𝐶22 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝜇)𝐵10 𝐶12 = 0, 𝑀23 = 𝑀33 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀12 = 0, 𝐶23 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐶1 𝐶13 = 0, 𝑀11 = 𝑀12 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀13 = 0, 𝐶11 = 𝐶12 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐶2 𝐶13 = 0, 𝑀11 = 𝑀22 𝑒2𝑖(𝜙𝑒−𝜙𝜇) 𝑀13 = 0, 𝐶11 = 𝐶22 𝑒2𝑖(𝜙𝜇−𝜙𝑒)𝐶3 𝐶13 = 0, 𝑀11 = 𝑀23 𝑒𝑖(2𝜙𝑒−𝜙𝜇−𝜙𝜏) 𝑀13 = 0, 𝐶11 = 𝐶23 𝑒𝑖(−2𝜙𝑒+𝜙𝜇+𝜙𝜏)𝐶4 𝐶13 = 0, 𝑀11 = 𝑀33 𝑒2𝑖(𝜙𝑒−𝜙𝜏) 𝑀13 = 0, 𝐶11 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝑒)𝐶5 𝐶13 = 0, 𝑀12 = 𝑀22 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀13 = 0, 𝐶12 = 𝐶22 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐶6 𝐶13 = 0, 𝑀12 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀13 = 0, 𝐶12 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐶7 𝐶13 = 0, 𝑀12 = 𝑀33 𝑒𝑖(𝜙𝑒−𝜙𝜇−2𝜙𝜏) 𝑀13 = 0, 𝐶12 = 𝐶33 𝑒𝑖(−𝜙𝑒+𝜙𝜇+2𝜙𝜏)𝐶8 𝐶13 = 0, 𝑀22 = 𝑀23 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀13 = 0, 𝐶22 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐶9 𝐶13 = 0, 𝑀22 = 𝑀33 𝑒2𝑖(𝜙𝜇−𝜙𝜏) 𝑀13 = 0, 𝐶22 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝜇)𝐶10 𝐶13 = 0, 𝑀23 = 𝑀33 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀13 = 0, 𝐶23 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐷1 𝐶22 = 0, 𝑀11 = 𝑀12 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀22 = 0, 𝐶11 = 𝐶12 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐷2 𝐶22 = 0, 𝑀11 = 𝑀13 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀22 = 0, 𝐶11 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐷3 𝐶22 = 0, 𝑀11 = 𝑀23 𝑒𝑖(2𝜙𝑒−𝜙𝜇−𝜙𝜏) 𝑀22 = 0, 𝐶11 = 𝐶23 𝑒𝑖(−2𝜙𝑒+𝜙𝜇+𝜙𝜏)𝐷4 𝐶22 = 0, 𝑀11 = 𝑀33 𝑒2𝑖(𝜙𝑒−𝜙𝜏) 𝑀22 = 0, 𝐶11 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝑒)𝐷5 𝐶22 = 0, 𝑀12 = 𝑀13 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀22 = 0, 𝐶12 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐷6 𝐶22 = 0, 𝑀12 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀22 = 0, 𝐶12 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐷7 𝐶22 = 0, 𝑀12 = 𝑀33 𝑒𝑖(𝜙𝑒+𝜙𝜇−2𝜙𝜏) 𝑀22 = 0, 𝐶12 = 𝐶33 𝑒𝑖(−𝜙𝑒−𝜙𝜇+2𝜙𝜏)𝐷8 𝐶22 = 0, 𝑀13 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀22 = 0, 𝐶13 = 𝐶23 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐷9 𝐶22 = 0, 𝑀13 = 𝑀33 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀22 = 0, 𝐶13 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐷10 𝐶22 = 0, 𝑀23 = 𝑀33 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀22 = 0, 𝐶23 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐸1 𝐶23 = 0, 𝑀11 = 𝑀12 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀23 = 0, 𝐶11 = 𝐶12 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐸2 𝐶23 = 0, 𝑀11 = 𝑀13 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀23 = 0, 𝐶11 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐸3 𝐶23 = 0, 𝑀11 = 𝑀22 𝑒2𝑖(𝜙𝑒−𝜙𝜇) 𝑀23 = 0, 𝐶11 = 𝐶22 𝑒2𝑖(𝜙𝜇−𝜙𝑒)𝐸4 𝐶23 = 0, 𝑀11 = 𝑀33 𝑒2𝑖(𝜙𝑒−𝜙𝜏) 𝑀23 = 0, 𝐶11 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝑒)𝐸5 𝐶23 = 0, 𝑀12 = 𝑀13 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀23 = 0, 𝐶12 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐸6 𝐶23 = 0, 𝑀12 = 𝑀22 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀23 = 0, 𝐶12 = 𝐶22 𝑒𝑖(𝜙𝜇−𝜙𝑒)
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Table 2: Continued.

Cases X P Y Q𝐸7 𝐶23 = 0, 𝑀13 = 𝑀33 𝑒𝑖(𝜙𝑒−𝜙𝜇−2𝜙𝜏) 𝑀23 = 0, 𝐶13 = 𝐶33 𝑒𝑖(−𝜙𝑒+𝜙𝜇+2𝜙𝜏)𝐸8 𝐶23 = 0, 𝑀13 = 𝑀22 𝑒𝑖(𝜙𝑒−𝜙𝜏−2𝜙𝜇) 𝑀23 = 0, 𝐶13 = 𝐶22 𝑒𝑖(−𝜙𝑒+𝜙𝜏+2𝜙𝜇)𝐸9 𝐶23 = 0, 𝑀13 = 𝑀33 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀23 = 0, 𝐶13 = 𝐶33 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐸10 𝐶23 = 0, 𝑀22 = 𝑀33 𝑒2𝑖(𝜙𝜇−𝜙𝜏) 𝑀23 = 0, 𝐶22 = 𝐶33 𝑒2𝑖(𝜙𝜏−𝜙𝜇)𝐹1 𝐶33 = 0, 𝑀11 = 𝑀12 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀33 = 0, 𝐶11 = 𝐶12 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐹2 𝐶33 = 0, 𝑀11 = 𝑀13 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀33 = 0, 𝐶11 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐹3 𝐶33 = 0, 𝑀11 = 𝑀22 𝑒2𝑖(𝜙𝑒−𝜙𝜇) 𝑀33 = 0, 𝐶11 = 𝐶22 𝑒2𝑖(𝜙𝜇−𝜙𝑒)𝐹4 𝐶33 = 0, 𝑀11 = 𝑀23 𝑒𝑖(2𝜙𝑒−𝜙𝜇−𝜙𝜏) 𝑀33 = 0, 𝐶11 = 𝐶23 𝑒𝑖(−2𝜙𝑒+𝜙𝜇+𝜙𝜏)𝐹5 𝐶33 = 0, 𝑀12 = 𝑀13 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀33 = 0, 𝐶12 = 𝐶13 𝑒𝑖(𝜙𝜏−𝜙𝜇)𝐹6 𝐶33 = 0, 𝑀12 = 𝑀22 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀33 = 0, 𝐶12 = 𝐶22 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐹7 𝐶33 = 0, 𝑀12 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜏) 𝑀33 = 0, 𝐶12 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝑒)𝐹8 𝐶33 = 0, 𝑀13 = 𝑀22 𝑒𝑖(𝜙𝑒+𝜙𝜏−2𝜙𝜇) 𝑀33 = 0, 𝐶13 = 𝐶22 𝑒𝑖(−𝜙𝑒−𝜙𝜏+2𝜙𝜇)𝐹9 𝐶33 = 0, 𝑀13 = 𝑀23 𝑒𝑖(𝜙𝑒−𝜙𝜇) 𝑀33 = 0, 𝐶13 = 𝐶23 𝑒𝑖(𝜙𝜇−𝜙𝑒)𝐹10 𝐶33 = 0, 𝑀22 = 𝑀23 𝑒𝑖(𝜙𝜇−𝜙𝜏) 𝑀33 = 0, 𝐶22 = 𝐶23 𝑒𝑖(𝜙𝜏−𝜙𝜇)

On the other hand, only four 𝐴1, 𝐴4, 𝐴5, and 𝐴6 seem to be
viable with current oscillation data for type Y, while inverted
mass spectrum (IS) is ruled out for these cases.

For both types X and Y, no noticeable constraint has been
found on the parameter space of CP-violating phases (𝜌, 𝜎, 𝛿).
For type X, all the viable cases predict the value of |𝑀|𝑒𝑒
in the range of 0.01eV to 0.05eV. This prediction lies well
within the sensitivity limit of neutrinoless double-beta decay
experiments [49–51]. On the other hand, for type Y, |𝑀|𝑒𝑒
is predicted to be zero implying that neutrinoless double-
beta decay is forbidden. Also the lower bound on lowest
neutrino mass (𝑚𝑜) is found to be extremely small (∼ 10−3

or less) for all the viable cases of type X and type Y structure
(Table 3). For the purpose of illustration, we have presented
the correlation plots for𝐴1 indicating the parameter space of𝜌, 𝜎, 𝛿, |𝑀|𝑒𝑒, and lowest neutrino mass (𝑚𝑜) (Figures 1 and
2).

Category B (C). In Category B, all the ten possible cases are
allowed for both type X and type Y structure, respectively,
at 3𝜎 CL (Table 4). Cases 𝐵2,3,4,5,8,9,10 allow both NS and IS
for type X, while cases 𝐵1,2,3,4,5,8,9,10 allow both NS and IS for
type Y. As mentioned earlier, cases of Category B are related
to cases belonging to Category C via permutation symmetry;
therefore we can obtain the results for Category C from B by
using (41).

Type X cases 𝐵1 (IS), 𝐵2 (IS), 𝐵3 (NS, IS), 𝐵4 (IS), 𝐵5 (NS,
IS), 𝐵7 (NS), 𝐵8 (IS), 𝐵9 (NS, IS), 𝐵10 (IS), 𝐶1 (IS), 𝐶2(IS),𝐶4(IS), 𝐶5(NS, IS), 𝐶6(NS, IS), 𝐶7 (NS), 𝐶8 (IS), 𝐶8 (IS), 𝐶9

(NS, IS), and 𝐶10(IS) cover literally the complete range of𝛿. However, for 𝐵2 (NS), 𝐵4 (NS), 𝐵6(NS), 𝐵8(NS), 𝐵10(NS),𝐶3(NS),𝐶5(NS),𝐶7(NS),𝐶8(NS), and𝐶10(NS) the parameter
space of 𝛿 is found to be reduced to an appreciable extent
(Table 4).

On the other hand, type Y cases 𝐵1 (NS), 𝐵2(NS), 𝐵3 (NS,
IS),𝐵4 (NS),𝐵5(NS, IS),𝐵7(IS),𝐵8(NS),𝐵9 (NS, IS),𝐵10 (NS),𝐶1 (NS),𝐶2 (NS),𝐶4 (NS),𝐶5 (NS, IS),𝐶6(NS, IS),𝐶7 (IS),𝐶8

(NS),𝐶8 (NS),𝐶9 (NS, IS), and𝐶10 (NS) cover approximately

the complete range of 𝛿. For 𝐵1(IS), 𝐵2(IS), 𝐵4(IS), 𝐵6(IS),𝐵8(IS), 𝐵10(IS), 𝐶1(IS), 𝐶3(IS), 𝐶5(IS), 𝐶7(IS), 𝐶8(IS), and𝐶10(IS), the parameter space of 𝛿 is found to be constricted
(Table 4).

From the analysis, it is found that textures 𝐵2, 𝐵4, 𝐶5, and𝐶7 belonging to type X predict near maximal Dirac type
CP violation (i.e., 𝛿 ≈ 900 and 2700) for NS. In addition,
the Majorana phases 𝜌 and 𝜎 are found to be very close
to 00 for these cases. On the other hand, in case of type
Y, 𝐵1, 𝐵2, 𝐵4, 𝐵6, 𝐶1, 𝐶4, 𝐶5 and 𝐶7 show almost similar con-
straints on the parameter space for 𝛿 however for opposite
mass spectrum (Table 4). In Figures 3, 4, 5, and 6, we have
complied the correlation plots for case 𝐵2 for both types X
andY comprising the unknown parameters 𝜌, 𝜎, 𝛿, |𝑀|𝑒𝑒, and
lowest neutrino mass (𝑚𝑜). As explicitly shown in Figures
3(a), 3(b), and 6(b), 𝛿 ≈ 900 and 2700, while 𝜌, 𝜎 ≈ 00. The
correlation plots between |𝑀|𝑒𝑒 and 𝑚𝑜 have been encapsu-
lated in Figures 3(c), 4(c), 5(c), and 6(c).Theplots indicate the
strong linear relation correlation between these parameters
and, in addition, the lower bound on both the parameters is
somewhere in the range from 0.001 to 0.01 eV.The prediction
for the allowed space of |𝑀|𝑒𝑒 for all the cases of category B is
given in Table 4.

Category D (F). In Category D, only nine cases are acceptable
with neutrino oscillation data at 3𝜎 CL for both type X and
type Y structures, respectively, while case 𝐷8 is excluded for
both of them (Table 5). Cases 𝐷1, 𝐷2, 𝐷4, 𝐷5, 𝐷6, 𝐷7, and𝐷9 show both NS and IS for type X and type Y, respectively,
while 𝐷3 and 𝐷10 are acceptable for IS (NS) and NS(IS),
respectively, in case of type X (type Y) structure. Similarly, the
results for cases belonging toCategory F can be obtained from
Category D since both are related via permutation symmetry.
It is found that only nine cases are allowed with data in
category F, while 𝐹7 is excluded at 3𝜎 CL.

Cases 𝐷1(NS), 𝐷2 (NS, IS), 𝐷3(IS), 𝐷4(NS), 𝐷5(NS,
IS), 𝐷6(NS), 𝐷7(NS), 𝐷9(NS), 𝐷10(NS), 𝐹1(NS), 𝐹2 (NS,
IS), 𝐹3(IS), 𝐹4(NS), 𝐹5(NS, IS), 𝐹6(NS), 𝐹7(NS), 𝐹9(NS), and
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Table 3:The allowed ranges of Dirac CP-violating phase 𝛿, theMajorana phases 𝜌, 𝜎, effective neutrinomass |𝑀|𝑒𝑒, and lowest neutrinomass𝑚0 for the experimentally allowed cases of Category A at 3𝜎 CL. The predictions corresponding to (𝜆13)− and (𝜆23)− neutrino mass ratios
have been put into brackets.

X Y
Cases NS IS NS IS𝐴1 × 𝜌 = −900 − −720 ⊕ 720 − 900 𝜌 = −900 − 900 ×× = (−900 − −720 ⊕ 720 − 900) = (−900 − 900) ×× 𝜎 = −900 − 900 𝜎 = −900 − 900 ×× = (−900 − 900) = (−900 − 900) ×× 𝛿 = 00 − 93.20 ⊕ 116.60 − 247.70 ⊕ 268.80 − 3600 𝛿 = 00 − 3600 ×× = (00 − 166.270 ⊕ 191.980 − 3600) = (00 − 3600) ×× |𝑀|𝑒𝑒 = 0.0114 − 0.0540 |𝑀|𝑒𝑒 = 0.0 ×× 𝑚0 = 0.000820 − 0.0470 𝑚0 = 0.00155 − 0.0103 ×𝐴2(𝐴8) × 𝜌 = −85.60 − −76.30 ⊕ 76.40 − 85.60 × ×× = (−85.40 − −78.10 ⊕ 78.20 − 85.10) × ×× 𝜎 = −70.10 − −43.10 ⊕ 43.10 − 700 × ×× = (−70.10 − −44.20 ⊕ 43.30 − 760) × ×× 𝛿 = 00 − 3600 × ×× = (00 − 3600) × ×× |𝑀|𝑒𝑒 = 0.0273 − 0.0489 × ×× 𝑚0 = 0.000820 − 0.0484 × ×𝐴3(𝐴7) × 𝜌 = −81.940 − −75.90 ⊕ 75.40 − 81.930 × ×× = (−82.40 − −77.10 ⊕ 76.90 − 820) × ×× 𝜎 = −70.10 − −52.10 ⊕ 50.470 − 66.410 × ×× = (−720 − −54.20 ⊕ 53.30 − 730) × ×× 𝛿 = 00 − 3600 × ×× = (00 − 3600) × ×× |𝑀|𝑒𝑒 = 0.0308 − 0.0451 × ×× 𝑚0 = 0.000969 − 0.00187 × ×𝐴4(𝐴6) × 𝜌 = −89.80 − −71.20 ⊕ 71.10 − 89.90 𝜌 = −900 − 900 ×× = (−900 − −72.10 ⊕ 720 − 900) = (−900 − 900) ×× 𝜎 = −900 − 900 𝜎 = −900 − 900 ×× = (−900 − 900) = (−900 − 900) ×× 𝛿 = 29.780 − 89.640 ⊕ 148.60 − 2080 ⊕ 269.80 − 3290 𝛿 = 00 − 3600 ×× = (00−29.780⊕90.980−151.640⊕208.60−2710⊕329.80−3600) 𝛿 = 00 − 3600 ×× |𝑀|𝑒𝑒 = 0.0108 − 0.0501 |𝑀|𝑒𝑒 = 0.0 ×× 𝑚0 = 0.000904 − 0.00440 𝑚0 = 0.00143 − 0.0103 ×𝐴5(𝐴5) × 𝜌 = −900 − −710 ⊕ 710 − 900 𝜌 = −900 − −42.30 ⊕ 41.50 − 900 ×× = (−900 − −71.20 ⊕ 720 − 900) = (−56.60 − 56.70) ×× 𝜎 = −900 − 900 𝜎 = −62.50 − 62.40 ×× = (−900 − 900) = (−900 − −41.20 ⊕ 41.40 − 900) ×× 𝛿 = 00 − 440 ⊕ 920 − 1620 ⊕ 1980 − 2680 ⊕ 3270 − 3600 𝛿 = 00 − 3600 ×× = (27.360 − 109.30 ⊕ 147.90 − 209.370 ⊕ 250.70 − 3310) = 00 − 3600 ×× |𝑀|𝑒𝑒 = 0.0113 − 0.0500 |𝑀|𝑒𝑒 = 0.0 ×× 𝑚0 = 0.000822 − 0.00440 𝑚0 = 0.00306 − 0.0105 ×𝐴9(𝐴10) × 𝜌 = −84.20 − −74.530 ⊕ 73.520 − 84.20 × ×× = (−84.20 − −750 ⊕ 750 − 85.10) × ×× 𝜎 = −74.830 − −50.30 ⊕ 50.10 − 73.40 × ×× = (−750 − −50.30 ⊕ 50.10 − 750) × ×× 𝛿 = 00 − 3600 × ×× = (00 − 3600) × ×× |𝑀|𝑒𝑒 = 0.0293 − 0.0469 × ×× 𝑚0 = 0.000940 − 0.00190 × ×
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00 −9
00

𝜌=−8
7.90 −

−30.97
⊕32.5

−900
𝜌=−8

4.20 −
84.30

𝜌=−8
6.50 −

84.30
=(−9

00 −9
00 )

=(−6
3.80 −

46.160
)

=(−4
3.50 −

45.30 )
=(−9

00 −9
00 )

𝜎=−
900 −

900
𝜎=−

44.50 −
39.550

𝜎=−
900 −

900
𝜎=−

0.0273
0
−0.02

710
=(−9

00 −−
25.60 ⊕

25.50 −
900 )

=(−9
00 −−

24.60 ⊕
23.50 −

900 )
=(−7

4.40 −
−15.60

⊕11.5
0
−73.5

0
)

=(−9
00 −9

00 )
𝛿=00

−3600
𝛿=31

.70 −9
8.40 ⊕

260.80
−3290

𝛿=
33.30 −

88.70 ⊕
152.30

−207.
70 ⊕27

4.50 −3
200

𝛿=
00 −85

.70 ⊕1
35.30 −

224.70
⊕272.

50 −36
00

=(100
−3500

)
=(100

.00 −2
600 )

=(89.
70 −1

50.30 ⊕
209.50

−269.
40 )

=(00
−155.

30 ⊕2
06.50 −

3600 )
|𝑀| 𝑒𝑒

=0.04
06−0

.173
|𝑀| 𝑒𝑒

=0.04
43−0

.167
|𝑀| 𝑒𝑒

=0.03
76−0

.267
|𝑀| 𝑒𝑒

=0.01
14−0

.0540
𝑚 0=

0.0013
7−0.1

37
𝑚 0=

0.0629
−0.15

9
𝑚 0=

0.0604
−0.38

4
𝑚 0=

0.0020
5−0.2

58
𝐷 2(𝐹 1

)
𝜌=−9

00 −9
00

𝜌=−4
0.90 −

40.10
𝜌=−4

6.90 −
45.90

𝜌=−9
00 −9

00
=(−9

00 −9
00 )

=(−9
00 −9

00 )
=(−6

4.50 −
−46.10

⊕−46
.80 −6

50 )
=(−9

00 −9
00 )

𝜎=−
900 −

900
𝜎=−

67.50 −
270 ⊕

27.00 −
680

𝜎=−
74.10 −

−240 ⊕
23.40 −

70.120
𝜎=−

900 −
900

=(−9
00 −9

00 )
=(−9

00 −9
00 )

=(−9
00 −7

00 ⊕−
21.00 −

210 ⊕
700 −

900 )
=(−9

00 −9
00 )

𝛿=00
−3600

𝛿=95
.780 −

258.50
𝛿=97

.780 −
1500 ⊕

209.78
0
−254.

60
𝛿=00

−31.2
0
⊕93.2

0
−1500

⊕208.
20 −

2700 ⊕
3280 −

3600
=(0.0

0
−3600

)
=(0.0

0
−3600

)
=(70.

50 −90
.870 ⊕1

520 −2
090 ⊕2

710 −2
820 )

=(00
−31.2

0
⊕93.2

0
−1540

⊕208.
20 −

2700 ⊕
328.20

−3600
)

|𝑀| 𝑒𝑒
=0.00

771−
0.0793

|𝑀| 𝑒𝑒
=0.05

45−0
.142

|𝑀| 𝑒𝑒
=0.05

05−0
.132

|𝑀| 𝑒𝑒
=0.02

45−0
.143

𝑚 0=
0.0028

1−0.1
56

𝑚 0=
0.101

−0.29
8

𝑚 0=
0.101

−0.26
8

𝑚 0=
0.0124

−0.14
2

𝐷 3(𝐹 4
)

×
𝜌=−8

5.20 −
85.10

𝜌=−9
00 −9

00
×

×
=(−9

00 −9
00 )

𝜌=−6
4.450 −

65.60
×

×
𝜎=−

55.20 −
46.80

𝜎=−
900 −

900
×

×
=(−9

00 −−
44.80 ⊕

43.60 −
900 )

=(−7
7.70 −

78.90 )
×

×
𝛿=26

.970 −
137.87

0
⊕209.

30 −3
26.30

𝛿=
00 −91

.10 ⊕1
17.80 −

245.60
⊕266.

80 −36
00

×
×

=
(0.00 −

630 ⊕1
20.30 −

238.80
⊕300.8

0
−356.8

0
)=

(31.50
−146.

70 ⊕2
08.90 −

333.60
)

×
×

|𝑀| 𝑒𝑒
=0.04

61−0
.325

|𝑀| 𝑒𝑒
=0.02

41−0
.243

×
×

𝑚 0=
0.0499

−0.32
6

𝑚 0=
0.0371

−0.27
8

×
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Ta
bl
e
5:
C
on

tin
ue
d.

X
Y

Ca
se
s

N
S

IS
N
S

IS
𝐷 4(𝐹 3

)
𝜌=−9

00 −−
170 ⊕

180 −
900

𝜌=−6
00 −−

38.90 ⊕
36.750

−66.6
60

𝜌=−6
5.60 −

67.70
𝜌=−9

00 −9
00

=(−6
7.70 ⊕

670 )
=(−3

1.250 ⊕
31.50 )

=(−5
9.80 −

51.60 )
=(−8

8.90 −
880 )

𝜎=−
62.50 ⊕

64.50
𝜎=−

31.290
−30.8

90
𝜎=−

87.90 −
88.10

𝜎=−
900 −

900
=(−9

00 −−
25.40 ⊕

25.40 −
900

=(−7
0.380 −

−38.10
⊕40.8

0
−73.4

50 )
=(−7

7.060 −
16.70 ⊕

13.70 −
76.80 )

=(−9
00 −9

00 )
𝛿=0.

00 −3
600

𝛿=71
.920 −

104.90
⊕253.

80 −2
96.30

𝛿=67
.70 −3

000
𝛿=

00 −86
.50 ⊕1

08.90 −
254.60

⊕273.
40 −36

00
=(00

−3600
)

=(117
.10 −1

54.40 ⊕
211.80

−251.
40 )

=(97.
80 −1

570 ⊕
204.50

−275.
60 )

=(00
−1610

⊕1980
−3600

)
|𝑀| 𝑒𝑒

=0.00
735−

0.158
|𝑀| 𝑒𝑒

=0.06
08−0

.220
|𝑀| 𝑒𝑒

=0.04
91−0

.153
|𝑀| 𝑒𝑒

=0.01
20−0

.196
𝑚 0=

0.0084
4−0.3

10
𝑚 0=

0.114
−0.41

6
𝑚 0=

0.0981
−0.30

8
𝑚 0=

0.0249
−0.38

7
𝐷 5(𝐹 5

)
𝜌=−9

00 −9
00

𝜌=−9
00 −9

00
𝜌=−9

00 −9
00

𝜌=−9
00 −9

00
=(−9

00 −9
00 )

=(−9
00 −−

8.740 ⊕
8.400 −

900 )
=(−9

00 −9
00 )

=(−9
00 −9

00 )
𝜎=−

900 −
900

𝜎=−
900 −

900
𝜎=−

900 −
900

𝜎=−
900 −

900
=(−9

00 −9
00 )

=(−9
00 −−

8.750 ⊕
8.400 −

900 )
=(−9

00 −9
00 )

=(−9
00 −9

00 )
𝛿=00

−3600
𝛿=76

.720 −
284.50

𝛿=00
−175.

60 ⊕1
85.60 −

3600
𝛿=00

−159.
80 ⊕2

00.20 −
3600

=(0.0
0
−152.

50 ⊕2
150 −

3600 )
=(0.0

0
−88.6

0
⊕2750

−3600
)

=(00
−3600

)
=(00

−159.
80 ⊕1

99.20 −
3600 )

|𝑀| 𝑒𝑒
=0.04

78−0
.490

|𝑀| 𝑒𝑒
=0.04

78−0
.490

|𝑀| 𝑒𝑒
=0.02

41−0
.493

|𝑀| 𝑒𝑒
=0.00

868−
0.493

𝑚 0=
0.0019

3−0.3
45

𝑚 0=
0.0325

−0.49
5

𝑚 0=
0.0307

−0.50
1

𝑚 0=
0.0−0

.490
𝐷 6(𝐹 9

)
𝜌=−8

00 −−
3.170 ⊕

6.540 −
800

𝜌=−6
2.970 −

62.980
𝜌=−4

3.60 −
43.10

𝜌=−5
7.80 −

54.60
=(−5

9.40 −
52.590

)
=(−6

00 −6
00 )

=(−6
4.50 −

−23.50
⊕24.1

0
−640 )

=(−7
7.10 −

−22.89
0
⊕18.8

0
−81.4

0
)

𝜎=−
66.300

−66.3
00

𝜎=−
70.10 −

700
𝜎=−

88.90 −
−36.70

⊕38.9
0
−890

𝜎=−
900 −

−50.90
⊕48.9

0
−900

=(−9
00 −9

00 )
=(−8

8.40 −
88.00 )

=(−4
3.50 −

42.40 )
=(−5

9.80 −
59.70 )

𝛿=52
.10 −1

44.080
⊕218.

70 −3
06.70

𝛿=70
.790 −

149.50
⊕210.

50 −2
900

𝛿=11
1.20 −

2530
𝛿=13

00 −2
28.90

=(0.0
0
−3600

)
=(67.

90 −2
92.080

)
=(73.

40 −1
19.80 ⊕

239.80
−303.

50 )
=(52.

10 −1
40.080

⊕220.
70 −3

06.70 )
|𝑀| 𝑒𝑒

=0.00
712−

0.101
|𝑀| 𝑒𝑒

=0.04
67−0

.134
|𝑀| 𝑒𝑒

=0.03
71−0

.217
|𝑀| 𝑒𝑒

=0.01
44−0

.108
𝑚 0=

0.0341
−0.20

9
𝑚 0=

0.0659
−0.26

1
𝑚 0=

0.0610
−0.42

8
𝑚 0=

0.0395
−0.20

9
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Ta
bl
e
5:
C
on

tin
ue
d.

X
Y

Ca
se
s

N
S

IS
N
S

IS
𝐷 7(𝐹 8

)
𝜌=−9

00 −9
00

𝜌=−4
.120 −

4.000
𝜌=−4

.690 −
4.940

𝜌=−9
00 −9

00
=(−6

9.60 −
69.40 )

=(−2
.220 −

−0.120
0
⊕0.12

00 −2
.250 )

=(−3
.980 −

4.650 )
=(−9

00 −9
00 )

𝜎=−
69.20 −

660
𝜎=−

1.560 −
1.560

𝜎=−
7.260 −

7.280
𝜎=−

900 −
900

=(−9
00 −9

00 )
=(−2

.450 −
2.340 )

=(−7
.030 −

7.930 )
=(−9

00 −9
00 )

𝛿=0.
00 −1

650 ⊕
1970 −

3600
𝛿=86

.910 −
90.690

⊕268.
650 −

2730
𝛿=89

.800 −
97.170

⊕263.
30 −2

70.40
𝛿=00

−3600
=(00

−3600
)

=(88.
910 −

92.690
⊕267.

650 −
2710 )

=(89.
130 −

96.20 ⊕
264.20

−270.
80 )

=(00
−152.

80 ⊕2
01.60 −

3600 )
|𝑀| 𝑒𝑒

=0.04
81−0

.311
|𝑀| 𝑒𝑒

=0.03
87−0

.311
|𝑀| 𝑒𝑒

=0.03
57−0

.216
|𝑀| 𝑒𝑒

=0.01
69−0

.0340
𝑚 0=

0.0141
−0.31

3
𝑚 0=

0.0312
−0.46

5
𝑚 0=

0.0334
−0.21

2
𝑚 0=

0.0153
−0.30

8
𝐷 8(𝐹 7

)
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
×

×
𝐷 9(𝐹 6

)
𝜌=−9

00 −9
00

𝜌=−0
.820 −

2.990
𝜌=−1

.510 −
0.5480

𝜌=−9
00 −9

00
=(−6

80 −6
80 )

=(−0
.390 −

2.530 )
=(−7

.340 −
1.450 )

=(−9
00 −9

00 )
𝜎=−

660 −
660

𝜎=−
2.680 −

0.460
𝜎=−

7.340 −
1.450

𝜎=−
900 −

900
=(−9

00 −−
24.970

⊕−9.6
0
−1.46

0
⊕

20.910
−900 )

=(−3
.700 −

2.130 )
=(−6

.340 −
1.150 )

=(−9
00 −9

00 )
𝛿=00

−1580
⊕2000

−3600
𝛿=87

.870 −
91.830

⊕268.
40 −2

720
𝛿=85

.870 −
90.830

⊕268.
40 −2

74.50
𝛿=00

−3600
=(00

−3600
)

=(88.
870 −

91.430
⊕268.

680 −
271.60

)
=(85.

570 −
91.230

⊕2690
−2750

)
=(00

−1600
⊕198.

80 −3
600 )

|𝑀| 𝑒𝑒
=0.00

551−
0.277

|𝑀| 𝑒𝑒
=0.05

64−0
.237

|𝑀| 𝑒𝑒
=0.03

78−0
.343

|𝑀| 𝑒𝑒
=0.02

39−0
.413

𝑚 0=
0.0079

2−0.2
77

𝑚 0=
0.0351

−0.23
8

𝑚 0=
0.0364

−0.34
2

𝑚 0=
0.0124

−0.41
2
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Ta
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e
5:
C
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d.

X
Y

Ca
se
s

N
S

IS
N
S

IS
𝐷 10(𝐹

1
0
)

𝜌=−9
00 −9

00
×

×
𝜌=−9

00 −9
00

=(−9
00 −9

00 )
×

×
=(−9

00 −9
00 )

𝜎=−
900 −

900
×

×
𝜎=−

900 −
900

=(−9
00 −9

00 )
×

×
=(−9

00 −9
00 )

𝛿=11
.700 −

3480
×

×
𝛿=00

−1600
⊕209.

20 −3
600

=(00 −
74.560

⊕89.1
70 −27

50 ⊕28
50 −36

00 )
×

×
=(16.

50 −3
440 )

|𝑀| 𝑒𝑒
=0.0−

0.0340
×

×
|𝑀| 𝑒𝑒

=0.01
07−0

.0268
𝑚 0=

0.0005
94−0

.0887
×

×
𝑚 0=

0.0006
49−0

.0641
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e
6:
Th

e
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lo
w
ed

ra
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es

of
D
ira

c
CP

-v
io
la
tin

g
ph

as
e
𝛿,the

M
aj
or
an
a
ph

as
es
𝜌,𝜎,e

ffe
ct
iv
e
ne
ut
rin

o
m
as
s|𝑀| 𝑒

𝑒
,a
nd

lo
w
es
tn

eu
tr
in
o
m
as
s𝑚 0f

or
th
e
ex
pe
rim

en
ta
lly

al
lo
w
ed

ca
se
so

f
Ca

te
go
ry

E
at
3𝜎CL

.Th
ep

re
di
ct
io
ns

co
rr
es
po

nd
in
g
to
(𝜆 13) −

an
d
(𝜆 23) −

ne
ut
rin

o
m
as
sr
at
io
sh

av
eb

ee
n
pu

ti
nt
o
br
ac
ke
ts.

X
Y

Ca
se
s

N
S

IS
N
S

IS
𝐸 1(𝐸 2

)
𝜌=−9

00 −9
00

×
×

𝜌=−9
00 −9

00
=(−9

00 −9
00 )

×
×

=(−9
00 −9

00 )
𝜎=−

83.10 −
830

×
×

𝜎=−
900 −

900
=(−9

00 −9
00 )

×
×

=(−9
00 −9

00 )
𝛿=0.

00 −3
600

×
×

𝛿=00
−42.2

90 ⊕9
7.80 −

162.10
⊕

198.70
−266.

80 ⊕3
19.20 −

3600
=(0.0

0
−3600

)
×

×
=(28.

90 −1
01.30 ⊕

148.70
−259.

80 ⊕
259.20

−3200
)

|𝑀| 𝑒𝑒
=0.0−

0.0500
×

×
|𝑀| 𝑒𝑒

=0.01
35−0

.0580
𝑚 0=

0.0028
7−0.0

692
×

×
𝑚 0=

0.0189
−0.06

50
𝐸 3(𝐸 4

)
×

𝜌=−5
1.00 −

−18.6
⊕18.0

0
−51.5

0
𝜌=−4

6.90 −
−19.6

⊕17.0
0
−530

×
×

=(−9
0.00 −

−420 ⊕
48.240

−900 )
=(−8

8.90 −
−45.60

⊕41.5
0
−88.1

0
)

×
×

𝜎=−
51.60 −

−19.6
⊕19.0

0
−51.6

0
𝜎=−

48.90 −
−15.50

⊕17.3
0
−52.4

0
×

×
=(−9

0.00 −
−430 ⊕

43.10 −
900 )

=(−9
00 −−

40.70 ⊕
40.70 −

900 )
×

×
𝛿=15

.60 −4
1.3⊕1

300 −
1620 ⊕

1970 −
2300 ⊕

3180 −
3600

𝛿=16
.860 −

52.30 ⊕
137.70

−164.
60 ⊕

197.20
−2200

⊕312.
30 −3

41.20
×

×
=(42.

20 −1
31.8⊕

2300 −
3160 )

=(00
−137.

60 ⊕2
21.50 −

311.40
)

×
×

|𝑀| 𝑒𝑒
=0.18

6−0.4
67

|𝑀| 𝑒𝑒
=0.17

8−0.4
94

×
×

𝑚 0=
0.186

−0.47
4

𝑚 0=
0.183

−0.49
4

×
𝐸 5(𝐸 5

)
𝜌=−9

00 −9
00

𝜌=−9
00 −−

180 ⊕
180 −

900
𝜌=−9

00 −−
18.60 ⊕

16.60 −
900

𝜌=−3
6.60 −

36.70
=(−8

1.490 −
82.50 )

=(−8
6.10 −

−36.90
⊕33.8

90 −8
6.70 )

=(−9
00 −−

16.60 ⊕
17.60 −

900 )
=(−2

1.90 −
22.40 )

𝜎=−
700 −

700
𝜎=−

900 −
−190 ⊕

190 −
900

𝜎=−
900 −

−18.70
⊕190

−900
𝜎=−

76.80 −
75.60

=(−9
00 −−

8.70 ⊕
8.60 −

900 )
=(−9

00 −−
20.10 ⊕

200 −
900 )

=(−9
00 −−

18.70 ⊕
190 −

900 )
=(−9

00 −−
57.70 ⊕

57.10 −
900 )

𝛿=0.
00 −3

600
𝛿=90

.80 −1
62.450

⊕199.
40 −2

69.50
𝛿=29

.80 −9
2.30 ⊕

150.40
−1630

⊕1970
−

2100 ⊕
269.80

−330.
90

𝛿=
00 −49

.80 ⊕11
3.40 −2

47.60 ⊕
306.70

−355.
60

=(30.
180 −

331.50
)

=(33.
30 −8

5.70 ⊕
2700 −

325.10
)

=(17.
20 −2

8.70 ⊕
89.10 −

151.50
⊕
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𝐹10(NS) predict literally no constraints on 𝛿 for typeX texture.
These cases give identical predictions for type Y as well,
however for opposite mass ordering. On the other hand,
for cases 𝐷6(IS), 𝐷4(IS), 𝐷7 (IS), 𝐷9 (IS), 𝐹3(IS), 𝐹6 (IS),𝐹8 (IS), and 𝐹9(IS), 𝛿 is notably constrained for type X and
similar observations have been found for these cases in type
Y, however for opposite mass ordering (Table 5).

It is found that textures 𝐷7 (IS), 𝐷9 (IS), 𝐹6 (IS), and 𝐹8

(IS) belonging to typeXpredict nearmaximalDiracCP viola-
tion (i.e., 𝛿 ≈ 900 and 2700). In addition, theMajorana phases𝜌 and 𝜎 are found to be very close to 00 for these cases. The
similar predictions hold for these cases belonging to type Y
structure however for opposite mass spectrum.

The prediction on the allowed range of |𝑀|𝑒𝑒 for all the
cases of category D is provided in Table 5. As an illustration,
in Figures 7, 8, 9, and 10 we have complied the correlation
plots for case 𝐷7 for type X and type Y structures. Figures
7(a), 7(b), 10(a), and 10(b) indicate no constraint on 𝛿, 𝜌, 𝜎 for
NS(IS) corresponding to type X (type Y) structure at 3𝜎 CL.
On the other hand, 𝛿 ≈ 900 and 2700, while 𝜌 and 𝜎 approach
to 00 for IS in case of type X structure (Figure 8). However,
similar predictions for 𝛿, 𝜌, 𝜎 have been observed for type
Y, however for NS (Figure 9). In Figures 7(c), 8(c), 9(c), and
10(c), we have presented the correlation plots between |𝑀|𝑒𝑒
and𝑚0 indicating the linear correlation.

Category E. In Category E, only eight out of ten cases are
allowed with experimental data for both type X and type
Y structures at 3𝜎 CL (Table 6). Cases 𝐸7 and 𝐸8 are ruled
out for both type X and type Y structures. Only 𝐸5 and 𝐸10

favor both NS and IS, while rest of the cases favor either
NS or IS for type X and type Y structure (Table 6). From
Table 6, it is clear that𝐸1, 𝐸2, 𝐸3, 𝐸4, 𝐸5, 𝐸10 cover literally full
range of 𝛿 for type X. Same cases show identical prediction
for type Y, however for opposite mass spectrum. For NS,
cases 𝐸1, 𝐸2, 𝐸5, 𝐸9, 𝐸10 belonging to type X predict the lower
bound on effective mass |𝑀|𝑒𝑒 to be zero, while for IS,
cases 𝐸3, 𝐸4, 𝐸5, 𝐸10 predict larger lower bound (greater than
0.01eV) on |𝑀|𝑒𝑒 (Table 6). However for type Y, all these cases
show larger lower bound on |𝑀|𝑒𝑒 (≥ 0.01eV) for bothNS and
IS.

For the purpose of illustration, we have presented the
correlation plots for 𝐸1 indicating the parameter space of𝜌, 𝜎, 𝛿, |𝑀|𝑒𝑒, and lowest neutrino mass (𝑚𝑜) (Figures 11 and
12). As shown in Figures 11 and 12, 𝜌, 𝜎, 𝛿 remain literally
unconstrained for both type X and type Y structures. In
addition, there is a linear correlation among 𝜌, 𝜎, and 𝛿 at
3𝜎 CL for type X structure (Table 6). Figure 11(c) indicates
the strong linear correlation between |𝑀|𝑒𝑒 and 𝑚𝑜 and, in
addition, the lower bound on |𝑀|𝑒𝑒 is predicted to be zero.

4. Summary and Conclusion

To summarize, we have discussed the novel possibilities of
hybrid textures in the flavor basis wherein the assumption of
either one zero minor and an equality between the elements
or one zero element and an equality between the cofactors
in the Majorana neutrino mass matrix is considered. Out of

sixty phenomenologically possible cases, only 56 are found to
be viable for type X, while only 50 are viable with the present
data for type Y at 3𝜎 CL. Therefore, out of 120 only 106 cases
are found to be viable with the existing data. However only 38
seems to restrict the parametric space of CP-violating phases𝛿, 𝜌, and 𝜎, while 16 out of these predict near maximal Dirac
CP violation, i.e., 𝛿 ≃ 900, 2700. The allowed parameter space
for effective mass term |𝑀|𝑒𝑒 related to neutrinoless double-
beta decay and lowest neutrino mass term for all viable cases
have been carefully studied. The present viable cases may be
derived from the discrete symmetry. However the symmetry
realization for each case in a systematic and self-consistent
way deserves fine-grained research. The viability of these
cases suggests that there are still rich unexplored structures
of the neutrinomassmatrix fromboth the phenomenological
and the theoretical points of view.

To conclude our discussion, we would like to add that
the hybrid textures comprising either one zero element and
an equality between the elements or one zero minor and
an equality between the cofactors lead to 106 viable cases;
therefore there are now total 212 viable cases pertaining to the
hybrid textures of𝑀] in the flavor basis. Since most of these
cases overlap in their predictions regarding the experimen-
tally undetermined parameters, therefore we expect that only
the future long baseline experiments, neutrinoless double-
beta decay experiments, and cosmological observations could
help us select the appropriate structure of mass texture.
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