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We investigate the consequences of u-7 reflection symmetry in presence of a light sterile neutrino for the
3 4 1 neutrino mixing scheme. We discuss the implications of total p-7 reflection symmetry as well as
partial u-z reflection symmetry. For the total u-7 reflection symmetry we find that values of 6,3 and 6
remain confined near z/4 and +x/2, respectively. The current allowed region for 6,3 and & in case of
inverted hierarchy lies outside the area preferred by the total -7 reflection symmetry. However, interesting
predictions on the neutrino mixing angles and Dirac CP violating phases are obtained considering partial
u-7 reflection symmetry. We obtain predictive correlations between the neutrino mixing angle 6,5 and Dirac
CP phase 6 and study the testability of these correlations at the future long baseline experiment DUNE. We
find that while the imposition of u-z reflection symmetry in the first column admits both normal and
inverted neutrino mass hierarchy, demanding u-7 reflection symmetry for the second column excludes the
inverted hierarchy. Interestingly, the sterile mixing angle 05, gets tightly constrained considering the p-7
reflection symmetry in the fourth column. We also study the implications of y-7 reflection symmetry for the

Majorana phases and neutrinoless double beta decay in the 3 + 1 scenario.

DOI: 10.1103/PhysRevD.100.035017

I. INTRODUCTION

Over the past years nonzero neutrino masses and mix-
ings have been well established by several neutrino
oscillation experiments and most of the parameters have
been measured with considerable precision. The parameters
governing the three generation neutrino oscillation phe-
nomena are the three mixing angles (namely, solar mixing
angle 60;,, atmospheric mixing angle 6,5 and rector mixing
angle 63), two mass-squared differences (namely, solar
mass-squared difference Am2; = m3 —m? and atmos-
pheric mass-squared difference Am3,, = m3 —m?}) and
Dirac CP phase 6. Among these, the unknown parameters
at the present epoch are (a) the octant of 653, i.e., 0,3 < 45°
(lower octant, LO) or 6,3 > 45° (higher octant, HO),
(b) sign of Am2,,, i.e., mass ordering of neutrinos where
Am2,, > 0 is called normal hierarchy (NH), Am2,, < 0 is
called inverted hierarchy (IH) and (c) magnitude of Dirac
CP phase 0. Oscillation experiments are sensitive to the
mass-squared differences but the absolute mass scale of the
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light neutrinos are still unknown and there exists only an
upper bound on the sum of absolute neutrino masses

3 m; <0.17 eV [1], from cosmology. From oretical
perspective, lots of effort have been exercised in last few
decades to realize the observed neutrino mixing pattern. In
this regard, many discrete flavor symmetry groups were
exploited to understand the dynamics of this mixing pattern
in the lepton sector by extending the Standard Model gauge
group with some additional symmetry. A review on lepton
masses and mixing based on such discrete groups can be
found for instance in [2-6].

The observational data guided by 6,3 ~ 45° is indicative
of a simple -7 flavor symmetry. The simplest realization
of such p-r flavor symmetry is known as u-r permuta-
tion symmetry. Conventionally, -z permutation symmetry
is identified with the transformation given by v, — v,
v, = Vg, and v, — v, imposition of which leaves the
neutrino mass term unaltered. There exists a plethora of
models based on various discrete flavor symmetry groups
possessing an underlying u-r permutation symmetry.
For example, with sin?#,; = 1/2,sin’6;, = 1/3, and
sin @,5 = 0 one can obtain a special mixing pattern known
as tribimaximal mixing [7]." Such first approximations of
the neutrino data can easily be reproduced with discrete
flavor group like A4, S, etc., [3,8—11]. For a review on y-7

'Here it is worth mentioning that mixing schemes like
trimaximal, bimaximal, golden ratio also depends upon similar
hypothesis of the lepton mixing matrix.
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flavor symmetry and its phenomenological implications
see [12].

Present oscillation data, particularly after precise meas-
urement of nonzero 0,3 (~8°-9°), however rules out exact
(-7 permutation symmetry and motivates one to go beyond
this symmetry. In this context, a particular variant of u-v
flavor symmetry, known as y-7 reflection symmetry, which
predicts both nonzero 6,5 as well as maximal CP violation
as hinted by current observation is worth studying. This
idea, based on the cumulative operation of u-z flavor
exchange and CP transformation was first coined by
Harrison and Scott [13]. This can be expressed as the
transformation: v, — vg, v, = v5 and v, — v, (“c” stands
for the charge conjugation of the corresponding neutrino
field), under which the neutrino mass term remains
unchanged. As u-7 reflection symmetry is still phenom-
enologically viable, model building with such underlying
symmetry in neutrino sector became popular in recent
times, particularly with three active neutrinos [3-6,14].
The predictions of the u-v reflection symmetry for
three neutrino mixing can be summarized as follows:
(A) 0,3 =45°% 60;3=0° or (B) 6,3 =45° 6=90° or
270°. Case A is disfavored after measurement on nonzero
6,5 by reactor experiments [15]. On the other hand, case B
is disfavored by the current data which points towards
nonmaximal 6,5. The consequence of such a symmetry for
three neutrino mixing scheme have been discussed in
several occasions [16-31]. In particular, breaking of y-t
reflection symmetry to generate the deviation from maxi-
mal 0,3 have been considered in [25-31]. Another theo-
retically motivated [32-36] scenario called partial p-7
reflection symmetry have also been studied to generate
deviations from the above values and which resulted in
interesting correlations [37,38] between mixing parame-
ters. All the discrete subgroups of SU(3) belonging to
class C or D and having three dimensional irreducible
representation can lead to the realisation of partial u-7
reflection symmetry [34]. Discrete subgroups of U(3) can
also serve the same purpose, see [33,34] for discussion.

In addition to three active neutrinos, there may exist a
light sterile neutrino (Standard Model gauge singlets) at
the eV scale (for a review see [39]) which can address
anomalies in v, = v, oscillations observed in some short-
baseline neutrino oscillation experiments. Initially the
anomaly was found in the antineutrino flux measurement
of LSND accelerator experiment [40,41] at Los Alamos
which was subsequently confirmed by MiniBooNE [42]
(a short baseline experiment at Fermilab). Very recently
MiniBooNE experiment again refurbished their earlier
results with v, appearance data reinstating the presence
of a light sterile neutrino [43]. Results from few experi-
ments like gallium solar experiments [44—46] with artificial
neutrino sources, reactor neutrino experiments [47,48] with
recalculated fluxes also support the hypothesis of at least
one sterile neutrino. In this context the 3 + 1 scenario [49]

consisting of three active neutrinos and mixing with one eV
scale sterile neutrino is considered to be most via-
ble [50,51]. Here, we have to keep in mind that inclusion
of sterile neutrinos must face tight cosmological hurdles
coming from the cosmic microwave background observa-
tions, big bang nucleosynthesis, and large scale structures.
Although fully thermalized sterile neutrinos with mass
~1 eV are not cosmologically safe, they can still be
generated via “secret interactions” [52-54]. For a brief
review on eV scale sterile neutrinos see [55]. Despite many
constrains as well as tension between disappearance and
appearance data from oscillation experiments the sterile
neutrino conjecture is still a topic of intense research.

In the context of 34 1 neutrino mixing exact u-t
permutation symmetry would still give 63 zero. Studies
have been accomplished in the literature examining the
possible role of active-sterile mixing in generating a
breaking of this symmetry starting from a p-z symmetric
3 x 3 neutrino mass matrix [28,56—61]. In this paper we
concentrate on the ramifications of u-z reflection symmetry
for the 4 x 4 neutrino mass matrix in presence of one sterile
neutrino. We study the consequences of total as well as
partial u-7 reflection symmetry in the 3 + 1 framework and
obtain predictions and correlations between different
parameters. We also formulate the 4 x 4 neutrino mass
matrix which can give rise to such a p-t reflection
symmetry. Further we study the experimental consequences
of p-r reflection symmetry at the future long baseline
neutrino oscillations experiment DUNE. In addition we
discuss the implications of p-r reflection symmetry for
Majorana phases and neutrinoless double f decay.

Rest of this paper is organized as follows. In Sec. II we
first construct the generic structure of the 4 x 4 mass matrix
which can give rise to -7 reflection symmetry for sterile
neutrinos. In the next section, we find the correlation
among the active and sterile mixing angles and Dirac
CP phases. In Sec. IV we study the experimental impli-
cations of such p- reflection symmetry for DUNE experi-
ment and also calculate the effective neutrino mass which
can be probed through neutrinoless double f decay experi-
ments. Then finally in Sec. V we summarize the findings.

II. p-= REFLECTION SYMMETRY
FOR 3+1 NEUTRINO MIXING

Guided by the atmospheric neutrino data, the u-z
reflection symmetry was first proposed for 3-generation
neutrino mixing back in 2002 [13,16]. Under such sym-
metry the elements of lepton mixing matrix satisty:

|U,| =|Uy| wherei=1,2,3. (1)
This indicates that the moduli of y and 7 flavor elements of
the 3 x 3 neutrino mixing matrix are equal. With these

constraints, the neutrino mixing matrix can be parametrized
as [13,16]
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Uy Uz Us
Uy=| v vy v3], (2)

* * *
v vy 13

where the entries in the first row, u;’s are real (and
non—negative).2 v; satisfy the orthogonality condition
Re(v;v}) = & — uguy [12]. In [16], it was argued that
the mass matrix leading to the mixing matrix given in
Eq. (2) can be written as

a d d*
My=|d ¢ b |, (3)
& b ¢

where a, b are real and d, ¢ are complex parameters. As a
consequence of the symmetry given in Eqs. (1)—(3), we
obtain the predictions for maximal 6,3 = 45° and 6 = 90°
or 270° in the basis where the charged leptons are
considered to be diagonal. This scheme however still
leaves room for nonzero ;5. Several attempts were made
in this direction to explain correct mixing (for three active
neutrinos) with u-z reflection symmetry and to study their
origin and consequences in various scenarios [21,24-26,
31,33,63-73].

Although, p-7 reflection symmetry is well studied for
three active neutrinos, it lacks a comprehensive study
considering sterile neutrinos. Now such a mixing scheme
can easily be extended for a 3 + 1 scenario incorporating
sterile neutrinos. Under such circumstances, the 4 x 4
neutrino mixing matrix can be parametrized as

uy 125 Us Uy
V1 (%) V3 Uy
U= , (4)

* * * *
v vy vy vy

wq Wy W3 Wy

where u;, w; are real but v; are complex. Within this
extended scenario, the mass matrix can now be written as

a d d° e
b
m=| 4T 5)
& b ot S
e f ff g

where a, b, e, g are real and d, c, f are complex parameters.
Such a complex symmetric mass matrix can be obtained
from the Lagrangian

*Various implications of Majorana phases under such sym-
metry can be found in [62].

1
[’mass = EV{C_IMVI/L + H.c. (6)

with UT M, U = i = diag(m;, my, m3, my), where m;’s
are the real positive mass eigenvalues. Here the matrix
M is characterized by the transformation

SM,S=M: with §= )

oS O O =
S = O O
oS O = O
- O O O

and respects the mixing matrix given in Eq. (4). To verify
this compatibility between the neutrino mixing and
mass matrix let us first write mixing matrix as U =
(c1,¢2,¢3,¢c4) With column vectors c¢;. Then using the
diagonalization relation U M, U = diag(m,, m,, m3, my)
one can write

Myc;=mjcj. (8)
Now, using Eq. (7), we find
./\/ly(Scj) = mj(Scj)*. 9)

Following the above equation, one can therefore find
another diagonalizing matrix, U’ = SU*. Now it can be
shown that if both U and U’ satisfy the diagonalization
relation U M, U = diag(m,, m,, ms, my) with nondegen-
erate mass eigenvalues, then there exists a diagonal unitary
matrix X such that

SU* = UX, (10)

here X ;; is an arbitrary phase factor form; = Oand X = +1
for m; # 0. Therefore the constraint obtained in Eq. (10)
leads to’

U

.”i| = |U,”»| where i = 1, 27 374 (11)

The above equation can also be verified in an alternate way.
Let us first define an Hermitian matrix as,

H= MM, (12)

considering the form of M, given in Eq. (5) one can
easily find

H,=H, ad H, =H,, Hy, = H;,. (13)

Now, one can write the diagonalization relation in this case
as: Hyp = Uain%%]-U;ﬁ. Hence using Eq. (13) we get

JFollowing the same approach for 3v in [16].
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4 4
S U =D w3 U
i=1 i=1

which follows only if masses are degenerate or |U,;| =
|U.;| [16]. Therefore, it is now clear to us that the mass
matrix given in Eq. (5) actually leads to a mixing matrix of
the form in Eq. (4). In the following section we discuss the
consequences of this y-z reflection symmetry involving the
active and sterile mixing angles and phases in details.

It is important to note that the mixing matrix given in
Eq. (2) should correspond to the standard neutrino mixing
matrix Upyys for three generation case. Now, depending
upon the choice of the arbitrary phase factor X given in
Eq. (10) the Majorana phases can be fixed in the context of
u-t reflection symmetry. With the choice of X;; = 1 or -1
the Majorana phases are fixed at 0° or 90° [12,25]. Such
fixed values of phases can have implication for neutrinoless
double beta decay which will be discussed later.

1 0 0 0
Ry = b0 ; Ry =
0 0 ¢34 s34
0 0 —s34 c34
Cla 0 0 spyeu
- 0 1 0 0
Ry, =
0 0 1 0
—sge” % 0 0 Cla
ci3; 0 sze7 0
Ry, = 0 1 0 0 ’
; —s3¢? 0 ¢35 O
0 0 0 1

Along with the parametrization defined in Eq. (14), there
also exists a diagonal phase matrix, P = diag(1,e™®,
e!(P+9) ¢i(r+014)) where a, f# and y are the Majorana phases.
The PMNS matrix with the Majorana phases takes the
form as

U = RyRy 4R 4Ry3R 3R, P, (16)

Note that, the correspondence of the mixing matrix in
Eq. (4) along with the diagonal phase matrix P in Eq. (16)
implies that the Majorana phases are zero or + 7. However,
in light of Eq. (1) this diagonal phase matrix does not play
any role in the present analysis. But they can play role in
neutrinoless double f decay which will be discussed in
Sec. I'V. Following these conditions, one can obtain four
different equalities among six mixing angles and three
Dirac CP violating phases. To keep the present analysis

III. CONSTRAINING 3 +1 NEUTRINO MIXING
WITH p-r REFLECTION SYMMETRY

For 3 + 1 neutrino mixing scenario the neutrino mixing
matrix U can be written in terms of a 4 x 4 unitary matrix.
This unitary matrix can be parametrized by three active
neutrino mixing angles 3, 0,5, 0,3 and three more angles
originating from active-sterile mixing, namely, 64, 6,4,
and 634. It will also contain three Dirac CP violating
phases, such as, 9,94, and 8,4. Hence this 4 x 4 unitary
Pontecorvo-Maki—Nakagawa—Sakata (PMNS) matrix U
can be given by

U= R34R24R14R23R13R12? (14)

where the rotation matrices R and R’s can be written as

1 0 0 0
0 Cos 0 sy4e 0
0 0 1 0 ’
0 —sye® 0 Co
1 0 0 O
Ry — 0 ¢33 513 0 ’
0 —s233 ¢ 0
0 O 0 1
¢ sp 0 0
Rp=| % (1) 8 (15)
0 0 0 1

simple, first we have assumed the sterile Dirac CP violating
phases (6,4 and 6,4) to be zero. For this case, 6,4 = 6,4 =0°,
from Eq. (1) these four correlations can be written as,

(af +b7) = (cf +di)

5= ol U -
0s 2(cidy —ayby) (for |Uul=|Unl) (17)
(a3 +b3) = (3 + d3)
" for |Ujo| = U 18
o 2(ayby — cyds) (for [Up|=|Unl)  (18)
(a3 +b3) = (3 + &)
o 2(613[73 - C3d3) ( or | /43| | T3|) ( )
tan2924 = Sin2934 (for |Uﬂ4| = |UT4|) (20)
where
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a; = (012513323524334 - 012023034513),
¢ = (023024512 + 012013514524)1 dy = (012024S13323)’
by = 515(513523524534 — €23C34513),

az = ¢13(€23C34 = $23524534) b3 = ¢24513514534,

Here, the first three equalities enable us to study the
correlation among the mixing angles 8,,, 0,3, 03, 014,
0,4, 034 and Dirac CP phase 6 whereas the fourth relation
yields a crucial correlation between the two sterile mixing
angles 0,, and 6;4. For ;4 & 8,4 # 0°, such compact
expressions cannot be obtained. However, in our numerical
analysis we have studied the effect of inclusion of these
phases. When the sterile mixing angles (6,4, 0,4, 634) are
taken to be zero, the correlations obtained in Egs. (17)—(21)
reduces to the three neutrino mixing scenarios studied in
[33,37,38,74,75]. Below we study the various correlations
between the parameters due to Egs. (17)—(21). We find that
the phenomenologically interesting correlations are be-
tween 0,3 — 0 and 6,4 — 054. Since the other sterile mixing
angles are already restricted to a narrow range, no other
important correlations are obtained.

A. Total pu-r Symmetry

In this subsection we present the results assuming u-7
reflection symmetry to be valid for all the four columns
simultaneously; we call this as the total u-rv reflection
symmetry. The magenta shaded region in Fig. 1 represents
the allowed region for total p-z symmetry for 3 41
neutrino scenario in 6,3-6 plane. The analysis is performed
by varying the other mixing parameters in their 3¢ range
as in Table I and the sterile CP phases ;4 and 6,4 between

Total py-1 Symmetry

52F 3

405 . . . . . . "~
0 50 100 150 200 250 300 350
6 o

FIG. 1. Allowed region for total u-z symmetry for 3 41
neutrino scenario. Here the other mixing parameters are varied
within 3¢ range [76-78]

Cr = (012C23024 - 312C13314524),

C3 = 813514524

by = (034512523 — C12€13€24514534 + 023512524S34)

a, = 012(034323 + 023524534) + $12€13€24514534
dy = 512024513523

and d3 = C13C24523. (21)

0° and 360°." The grey solid and green dashed contours
denote the currently allowed parameter space for NH and
IH respectively in this and the subsequent figures. The
application of the total u-z symmetry significantly restricts
the parameters #,3 and d. 6,5 is primarily restricted around
the maximal while 6 falls in the close vicinity of 90°
and 270°. Comparing the results with 3 neutrino scenario
[32,33] where 6,5 is strictly restricted to be maximal and &
to 90° and 270° we conclude that the involvement of the
sterile mixing angles and phases lead to slight deviations in
0,3 and 6 from their 3 generation predictions. However, the
current global fit results from [76] suggests that the best fit
for 0,3 is 49.5° for both normal and inverted hierarchies.
Thus, even with inclusion of sterile neutrinos, total u-
reflection symmetry cannot explain the current best fit. This
motivates us to consider the partial y-z reflection symmetry
for the 3 + 1 scenario.

B. Partial u-t Reflection Symmetry

In this section we discuss the implications partial u-7
reflection symmetry which implies that the condition

|U,i| = |Uy| is satisfied for individual columns.
L |Upn|=|Us|
The correlation obtained from the equality |U,,| = [U |

has been plotted in the 0,3-0 plane in Fig. 2. The left panel
with red contours in Fig. 2 represents the case with sterile
phases ;4 and 6,4 taken to be zero while the right panel
with blue contours denotes the case with §;4 and §,4 to be
nonzero. In these panels, the grey continuous and green
dashed contours represent 3¢ allowed range in the 6,3-6
plane and the ® and = represents the best-fit values for
normal and inverted neutrino mass hierarchy respectively.5
The interesting result obtained from these correlations are
the range of ¢ allowed by the u-v reflection symmetry. In
this case the CP conserving values of § are ruled out and
preference is seen for maximal CP violation. This points
towards an important consequence of u-z reflection sym-
metry i.e., if p-z reflection symmetry is true for the first
column of lepton mixing matrix CP violation is implied.
The recent global fit [76] result also points towards the
maximal CP violation with preference for &~ 270°.

‘Here (and in the rest of the analysis, unless otherwise
mentioned) we vary both §;4 and §,, between 0° and 360°.

>Similar descriptions are also true for the subsequent figures
for ‘Uﬂ2| = |U12| and |U/4'5| = ‘U‘r3|
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|Uyl|=|Url| |Upl|=|Url|
52F T T T T T 52F T T T T :
50| 50|
48| 48|
o o |
Q46 @ 46} ]
) Ly ]
aaf aaf
a2} a2}
a0k, a0k, ]

FIG. 2. Correlation between 6,3 and Dirac CP phase 6 for |U,,;| =

0 50 100 150 200 250 300 350

60

60

0 50 100 150 200 250 300 350

|U.| with 814, 8,4 = 0° (left panel) and 8,4, 6,4 # 0° (right panel)

respectively. Here all other mixing parameters are varied within their 3¢ range as given in Table I. The continuous and dashed contours
represent 3¢ allowed range in the 0,3-6 plane and the ® and » represent the best-fit values for normal and inverted neutrino mass

hierarchy respectively.

From both these panels it is clear that under y-7 reflection
symmetry in the first column of lepton mixing matrix,
inverted hierarchy of neutrino mass is a more favored
scenario given the current best-fit values, this is true with or
without the involvement of sterile CP phases (014,0,4). The
inclusion of the sterile CP phases 4,0,4 predicts slightly
larger allowed range for 6.

2. |Upa| = Uz
u-7 reflection symmetry in the second column of lepton
mixing matrix (given by |U,,| = |U,|) is plotted in Fig. 3.
|Up2 |=I Ur2|

52F ' “"‘\'j

0 50 100 150 200 250 300 350
60

FIG. 3.

It is seen from the left panel of this figure that this
symmetry disfavors § = 0° while § = 180° is allowed from
the correlation for the current 6,3 range when sterile CP
phases are zero. The presence of the sterile CP phases 04,
0,4 predicts slightly larger allowed range for both 8,5 and 6,
and in presence of these phases, both § = 0° and 6 = 180°
become admissible unlike the previous case in Fig. 2.
Interestingly the current 3¢ global fit contours for inverted
hierarchy do not overlap with the allowed region due to
u-7 reflection symmetry in the second column of the lepton
mixing matrix with sterile CP phases ;4 = 6,4 = 0°.

IUp2|=|UrZI
52F T T ’ ; “4\':
- 2 ]
48t
[~]
Q 46+
-}

0 50 100 150 200 250 300 350
60

Correlation between 6,3 and Dirac CP phase 6 for |U,,| = |U,| with 814,6,4 = 0° (left panel) and &4, 5,4 # 0° (right panel)

respectively. Here all other mixing parameters are varied within their 3¢ range as given in Table I. The continuous and dashed contours
represent 3¢ allowed range in the 6,5-6 plane and the ® and * represents the best-fit values for normal and inverted neutrino mass
hierarchy respectively.
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|Uu3|=|Ur3|

aob oo
0 50 100 150 200 250 300 350

60

lUy3|=lUr3|

aobi
0 50 100 150 200 250 300 350
60

FIG. 4. Correlation between 6,3 and Dirac CP phase & for |U,5| = |U.3| with 814,654 = 0° (left panel) and 8,4, 8,4 # 0° (right panel)
respectively. Here all other mixing parameters are varied within their 3¢ range as given in Table I. The continuous and dashed contours
represent 3¢ allowed range in the 6,3-6 plane and the ® and * represents the best-fit values for normal and inverted neutrino mass

hierarchy respectively.

But, there is a slight overlap between the above specified
regions once dy4 and 6,4 are taken nonzero.

3. |U[l3| = |U‘r3|

In Fig. 4 we show the consequence of |U 3| = |U 3|, and
it is seen that the allowed value of 6,; stays close to
maximal with slight deviation within a very narrow range
with a preference for the lower octant as given in the left
panel of Fig. 4 with 6,4,6,4 = 0°. If we introduce the
nonzero values for the sterile CP phases (5,4, 6,4 # 0°), the
variation of @,3 remains in the vicinity of 45° with equal
deviations in both lower and higher octants as evident from
the right panel of Fig. 4. However, the deviation is not
enough to reach the best-fit 6,3 from current data
[76,79,80]. However, if future data from T2K or NOvA
give a value closer to maximal 6,3 (but not exactly
maximal) then this scenario can be preferred over the three
generation case. Since for the three flavor case, the
condition |U,3| = |U| leads to 6,3 = 45°. However, in
presence of sterile neutrinos there is a spread around
the maximal value and future measurements of 6,3 can
confirm or falsify if this condition can indeed be satisfied.
In this context it is also worthwhile to discuss to what
extent future high statistics experiments can determine the
octant of 0,3 close to maximal value. For instance, it was
shown in [81] from a combined analysis of DUNE and
T2HK that the octant of 8,5 will remain unresolved for true
values in the range 43° —48.7°. The maximum allowed
range of 0,5 for |U,5| = |U.3| in presence of sterile mixing
and phases being 44° — 46°, the octant will remain unde-
termined in this situation even with the future high statistics
experiments.

4. Uyl = U
In this 3 4+ 1 neutrino framework, the fourth equality
|U,s| = |U.4| establishes a powerful correlation between

the two sterile mixing angles 6,4 and 654. Here we obtain a
one-to-one correspondence between 6,, and 034 as given in
Eq. (20). Even with the involvement of sterile CP phase
this relation remains same as evident from Eq. (11) and
(14). This correlation yields a linear dependence between
the two sterile mixing angles 6, and 63, as given in Fig. 5.
Once we impose the constraints coming from the current

|Up4|=|Ur4|

20F

15t

FIG. 5. Constraints on 63, obtained from |U,4| = |U.4|. Here
the red dashed line (including the black line) represents this
correlation. Shaded regions are current allowed range [78]. Here
30 allowed range of 6,, [78] restricts 63, within the range
4.9°-9.8° (as given by the dark black line).
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allowed value of #,, [78], the sterile mixing angle 65,4
becomes restricted from below significantly. Note that so
far there only exists a upper limit on 64 [78]. In Fig. 5 we
plot this correlation and find that 634 lies within the range
4.9° —9.8° corresponding to the 3¢ allowed range of 6,4
[78]. Therefore, the u-t reflection symmetry presented here
restricts the sterile mixing angle 63, considerably. The
allowed parameter space in the 6,4-054 plane also gets
restricted. This is one of the most crucial finding in this y-7
reflection symmetric framework for 3 + 1 neutrino sce-
nario. It is to be noted that among the current constraints on
sterile mixing angles, the bound on 654 is much weaker,
there being only an upper limit on this. The reactor neutrino
experiments are sensitive to the mixing matrix element U2,
or 53, in our parametrization. The short baseline oscillation
experiments using appearance channel are sensitive to the
product |U,4|*|U;,| which contains the product si,s3,.
Bounds on 63, have been obtained from atmospheric
neutrinos at SuperKamiokande [82], DeepCore detector
at Icecube [83], and from neutral current data at MINOS
[84], NOvA [85], and T2K [86] experiments. The con-
straints on 634 from individual experiments are somewhat
weaker (in the ballpark of 20°-30°) than what is obtained in
the global analysis of [78]. In our analysis the latter has
been used. Neutral current events at the DUNE detector can
also improve on the bound on 65, coming from a single
experiment [87]. The v, appearance channel is also sensi-
tive to 63, and the potential of DUNE experiment to
constrain this mixing angle has been studied in [88-90].
Thus it is expected that future data can test this correlation
and the allowed parameter space.

These discussions lead us to the inference that partial -7
reflection symmetry is more favorable scenario. However it
is to be noted that in this scenario the case |U,;3| = |U,;| is
disfavored because it fixes 6,3 around the maximal value.
Again, the simultaneous application of equalities |U,,;| =
|U,| and |U,,| = |U | restricts 653 ~ 45° hence both these
equalities cannot be satisfied together. Such experimental
constraints do not apply on |U,| = |U| therefore this
equality may still hold. So, the favorable scenarios are

(1) |Uu1| = |U‘L'1‘ with |Uﬂ4| = |UT4|

(i) Uyl = |Ug| with [U| = |Un|

IV. EXPERIMENTAL CONSEQUENCES OF pu-t
REFLECTION SYMMETRY

A. Neutrino oscillations experiments

In this section we explore the consequences of partial u-z
reflection symmetry in the 3 + 1 scenario for the Deep
Underground Neutrino Experiment (DUNE).

1. Experimental and simulation details

DUNE is a proposed future long baseline accelerator
experiment which is expected to lead the endeavor in

determination of the unknown neutrino oscillation param-
eters. The neutrino source for DUNE is proposed to be the
Long Baseline Neutrino Facility (LBNF) at Fermilab,
which will provide intense 1.2 MW neutrino beams. The
detector is a 40 kt liquid Argon detector located at South
Dakota with a baseline of 1300 km. The total protons on
target (POT) is expected to be 10 x 10?! over a period of
10 years with 5 years each of neutrino and anti-neutrino
run. The simulation have been performed using the package
General Long Baseline Experiment Simulator (GLoBES)
[91,92], and the sterile neutrino effects have been applied
using the sterile neutrino engine as described in [93].
To test the correlations at DUNE we define y° as

)(tzot = nfl,i)n{)(sz'tat(wv f) +)(]%ull(g)} (22)

where, the statistical y> is y2, while the systematic
uncertainties are incorporated by Zﬁuu- The later is calcu-
lated by the method of pulls with pull variables given
by & [94-96]. The oscillation parameters {6,3,0),,
013, 8cp, Am3,, Am3,, 0,4, 024, 034, 514654} are represented
by w. The statistical y2,, is calculated assuming Poisson
distribution,

] NEest
Ba =2 (N&m — N - Ni*log Nt,me) . (@3)

Here, “i” stands for the number of bins and NI, Ni©
stands for total number of test and true events, respectively.
To include the effects of systematics in N'*', pull and “tilt”
variables are incorporated as follows:

Nl(k)test(w’ £) = ZN§k>(w) |:1 + cl(_k)normf(k)norm
k=s.b

+ Cgk)tilté(k)tilt (24)

E,—E ]
Emax - Emin ’
where k = s(b) represent the signal(background) events.
The effect of the pull variable 0™ (£1Y) on the number of
events are denoted by '™ (¢;'!'). The bin by bin mean
reconstructed energy is represented by E; where i repre-
sents the bin. Ep,, Epax and E = (Epax + Emin)/2 are the
minimum energy, maximum energy and the mean energy
over this range. The signal normalization uncertainties used
are as follows: for v, /v,—2% and v,,/v,—5%. While the
background uncertainties vary from 5% to 20%.

2. p-t reflection symmetry at DUNE
for 3+ 1 neutrino mixing

The consequences of the partial u-7 reflection symmetry
at the experiment is observed by analyzing the confidence
region in the 0,3 (true) vs dcp (true) plane which remains
allowed after the application of the symmetry relations in
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TABLE I. The best-fit values and 3¢ ranges of the 3 neutrino
oscillation parameters [76,77] used in the present analysis and the
representative ranges for 3 + 1 neutrino mixing [78].

Oscillation parameters Best-fit 30 range

0,3 8.6° 8.2°:9.0°

01> 33.8° 31.6°:36.3°
053 49.5 40°:52°

Am3,; (eV?) 74 %1075 fixed
|Am3,| (eV?) 25x%x 1073 (2.35:2.65) x 1073
1) 0°:360° 0°:360°
Oscillation parameters Representative Value 30 range
Am3; (eV?) 1 fixed
014 9° 4°:10°
Or4 9° 5°:10°
O34 9° 0°:11°
014 - 0°:360°
04 - 0°:360°

the test parameters. The approach taken for the numerical
analysis can be summarized as follows:

(i) The simulated data for the experiment DUNE are
generated for the representative true values of the
oscillation parameters as given by the best-fit in
Table I excepting for 6,5 and §. The true values of
these parameters are varied over the range 39° — 51°
and 0° — 360° respectively. The true values of &4
and §,, are taken as 0°.

(i) The test events are generated by marginalization of
the parameters 912, 913, |Am§1|, 923, 914, 924, 034
over the range given in Table I subject to the
condition embodied in Eq. (17) for the left panel
and Eq. (18) for the right panel. The other param-
eters are held fixed at their true values for calculation

DUNE, NH-G,

6,3°(True)

42r

40+

0 50 100 150 200 250 300 350
6cp°(True)

FIG. 6. Experimental constraints on §¢p from the correlations |U

of N In this study we have assumed normal
hierarchy as the true hierarchy. We have checked
that marginalizing over test hierarchy do not have
significant effect because the correlations are inde-
pendent of hierarchy.

(iii) For each true value of 6,5 and & the y* is minimized
and the allowed regions defined by y? < y2. + Ay?
are plotted corresponding to 1o, 20, and 3¢ values
of Ay?.

The experimental consequences at DUNE are presented
in Fig. 6. Here the first(second) column represents the
correlation |U,| = |Uy| (|U,z| = |Ux|). The condition
|U,s| = |U.4| is also incorporated in both the plots. Each
plot consists of 1o, 20, and 3¢ confidence regions con-
sidering partial y-7 reflection symmetry which are shaded
as blue, grey, and green, respectively. The current 3¢
permitted region from NuFIT [76,77] data is drawn with
red solid line. The plots show a similar nature as the
correlation plots in Fig. 2 and 3, however, the allowed
regions are wider which reflects the inclusion of the
experimental errors. From the first column of the figure
we observe that DUNE can reject the CP conserving values
(0°, 180°, and 360°) at 35. But when the correlation |U,,»| =
|U,| is considered as shown in the right column the CP
conserving d.p values cannot be excluded at 3¢. Note that,
some of the areas allowed by the current data are disfavored
by applying the correlations. As the correlations predict a
range of J-p given a set of oscillations parameters, the
experiments can further constrain the range of 6.-p which
are allowed by the present oscillation data.

B. Implications for neutrinoless double f decay

Neutrinoless double $ decay (Ovff) can test whether
neutrinos are Majorana particles. This process takes place

DUNE, NH-C,

0,3°(True)

0 50 100 150 200 250 300 350
6cp°(True)

u1] = U] and |U,,| = |U,,| for DUNE. The left(right) column

indicate correlation |U,;| = |Uy| (|U 2| = |Up|). The blue, grey, and green shaded regions depict 1o, 26, and 36 confidence regions,
respectively. While the red contours represent the currently allowed 3¢ region considering true normal hierarchy.
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by emitting two electrons without the emission of the
expected antineutrinos as observed in 2y decay. The half-
life (7', /,) for the Oufp process is given as,

— FOI/ Mv 2
(Typ)™' = Tgﬂ = G' P mjy. (25)

where G contains the lepton phase space integral, m, is the
mass of electron, M, is the nuclear matrix element (NME)
which takes into consideration all the nuclear structure
effects, mp; stands for the effective neutrino mass and can
be expressed as

mys = |Uzimy). (26)

Here m; are the real positive neutrino mass eigenvalues
with i = 1, 2, 3 for three generation and i = 1, 2, 3, 4 for
3 + 1 neutrino mixing, respectively.

Null results from several experiments have constrained the
lifetimes of Oypp. KamLAND-Zen [97] have reported a
lifetime of 7'y 5('**Xe) > 10.7 x 10% years, GERDA [98]
reported as T'j»("Ge) > 8 x 10*° years, CURCINO and
CUORE [99] combined results reported the lifetime as
T1/o(""Te) > 1.5 x 10% years at 90% confidence level.
Thelowerbound on 7'y, can be translated to the upper bound
of effective neutrino mass (mg) [100,101]. Using the para-
metrization of U in Eq. (16), mg; can be expressed as,

_ 2 2 2 2 0 2 i
Mg = |mcyC1507, + MySTHCTicTe

+ mystyct e + myst e |. (27)

For NH (IH) m, (mj5) is the lightest neutrino mass eigenstate.
All other neutrino mass eigenvalues can be expressed in

1

0.1
3
2 0.01
g
0.001

10 0001 001 0.1

Migptest(€V)

-4 .
1075 107*

terms of the lightest neutrino mass and mass squared
differences as follows:
(i) Normal hierarchy (NH): m; < m, < m3 with

_ 2 2. _ 2 2 .
my =/ My + A’/nsol’ m3 = \/ my + A’natm’

_ 2 2
my = \/mi + Amigp, (28)

(ii) Inverted hierarchy (IH): m3 <« m; ~ m, with

m; = \/mg + Amﬁtm;

— 2 2 2 .
my = \/m3 + AmZ, + Amgy;

my = \/mg + Am2y, + Ami g, (29)
where Am2; = m3 — m3, Am2,,, = m% — m}(m? — m3) for
NH (IH) and Am} g, = m3 — m3.

Predictions for mg; with respect to the lightest neutrino
mass for 3 + 1 scheme along with the three neutrino case is
presented in Fig. 7. The plot in the left panel shows the
effective neutrino mass for NH while the right panel is for
IH. In generating these plots we have varied the oscillations
parameters within their 3¢ range as given in Table I with
Am? g = 1.7 €V? [78]. In both panels of Fig. 7, the red
and blue shaded regions (corresponding to Majorana
phases fixed at 0 and 90° respectively) represents g
in presence of u-t reflection symmetry in 3 4+ 1 neutrino
mixing. In the plots (both left and right panel) the area
between the black dashed lines at 0.071 eV and 0.161 eV
represents the upper limit for mg; obtained from the
combined analysis of GERDA and KamLAND-Zen

1

0.1 ;___________----------------------ﬁ

3
‘-é’az 0.01¢
g
0.001
4 " . .
1010‘5 10°* 0.001 0.01 01
Migntest(€V)

FIG.7. The effective neutrino mass mg; for Ovf as a function of the lightest neutrino mass. The left panel shows the effective neutrino
mass for NH while the right panel is for IH. The red region represents my in presence of y-7 reflection symmetry in 3 + 1 neutrino
mixing where the Majorana phases are kept as zero whereas the blue region represents the scenario when all the Majorana phases are
fixed at 90°. The areas inside the black solid lines are the 3 neutrino allowed regions. The pair of purple dashed lines at 0.071 eV and
0.161 eV represent the upper limit for my; by combined analysis of GERDA and KamLAND-Zen experiments.
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experiments. The width in the upper limit of my is present
because of the NME uncertainty. For purposes of com-
parison we also present the three neutrino allowed regions
given by the black solid lines in the Fig. 7. Below we
discuss from the analytic expression, the allowed regions
for myy for both hierarchies. The Majorana phases which
are of interest to us from the point of view of y-7 reflection
symmetry are 0 and 90°.

(1) Inverted hierarchy:

For inverted hierarchy, the red shaded region
corresponds to the case with a = f =y =0° It is
seen that mg; stays almost constant in the range
0.057-0.087 eV till myjgpes ~ 0.01 €V, after which
there is a slight increase in its value. The width of the
band can be ascribed to the variation in the oscil-
lation parameters in their 3¢ range. The blue shaded
region is obtained for a = f =y =90°. It is ob-
served that complete cancellation can be obtained
for these values of phases. Thus the two predictions
of -t reflection symmetry give drastically different
results. Also, the predictions of mg; for the sterile
neutrino case with Majorana phases as 90° are
markedly different from the three neutrino case
for which there are no cancellation regions. Below
we explain these features analytically in different
limits of the lightest neutrino mass.

Case 1: When m3 < m; =% my =~ \/Am2,, and my ~

VAmi g p we find

I D N T 2 ia
mﬂﬂ—‘ Amgmcizcig(cty + s1,e7)
fh 2 2 iy
+ 4/ Ami gnpSia€ ‘

Taking the approximations ¢35 ~ c¢3, ~ 1, 57, ~ 0.33,

2, ~0.67 and +/Ami, ~0.05 ¢V,
1 eV we obtain

(30)

2
Amignp ~

mgs = 0.033 +0.017¢* + s}, e, (31)
For a =y = 0° and s2, in the range 0.005-0.03 the
above gives mgy in the range (0.057-0.087) eV which
is consistent with the values observed in Fig. 7. On the
other hand for a~90° and y ~90° one can get
cancellations in mg; for si, ~0.016. This explains
the occurrence of the cancellation regions for this
choice of phases.

Case 2: For my & \/Am2,,, my & my & \/20m2,, my =
\V/Amigp and we write

2
4 2,
myp =\\/28m2 03, | 2, + shel2e + AL o2
V2
2 20
+ 1/ Amignpsiee™

. (32)

Again, utilizing the same values of parameters in-
volved as in Case 1 along with s?; ~0.024 the
effective mass can be obtained as

mys = 0.047 + 0.023¢% + 0.001e™ + 57,¢™".
(33)

Substituting @ = =y = 0° in Eq. (32) one gets
myg in the range 0.075-0.106 eV which can be seen
from the figure for my;gpeq ~ 0.05 €V.

In this case also cancellations occur for a = f =
¥ ~90° and 52, ~ 0.023.

Note that in both the limits the cancellations could only be

achieved because of the large value of \/Amj . Can-
cellations in three generations is not possible because of
absence of any term which can counter the large positive
value of the first term. This leaves the effective neutrino
mass bounded from below in the three generation case.

It is to be noted that in the red shaded region in the right
panel of Fig. 7 the value of mg; is > 0.06 eV, while, the
current experimental bound is mg; < 0.07 €V. Therefore, a
portion of my is already disfavored for certain parameter
values from the current experimental bounds by GERDA and
KamLAND-Zen experiments. This experimental bound can
constrain the sterile parameter 64 as presented in Fig. 8. In
this figure the green shaded zone represents the region
allowed by GERDA and KamLAND-Zen in the myjgpeq
vs sin 6, plane for the case corresponding to zero Majorana
phases of u-t reflection symmetry for 3 + 1 neutrino
mixing. We observe that sinf, < 0.14 is allowed upto
Miighiest = 0.02 €V. As myjgpeq increases further sin6y
sharply reduces because higher mjigpes is compensated by
lower sin” 0, in order to satisfy the upper limit of M.

It is well known that near future Ovf3f experiments like
SNO + Phase 1[102], KamLAND-Zen 800[103], and
LEGEND 200[104] can test the IH region in the context
of the three generation scenario. These experiments will be
able to test the predictions for a = ff =y = 0° further.
However, in presence of an extra sterile neutrino, a null

ps
E)
£
(7]
10-4  0.001 0.010 0.100 1
Myightest[€V]
FIG. 8. The effective neutrino mass myg for O3 as a function

of sinf,.
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TABLE IL

Predictions for mgy for various cases for few benchmark points of the lightest neutrino mass (m; for NH and m5 for IH).

mppio and mgg . stands for the respective minimum and maximum values of myg; for each benchmark point.

Mpg for NH Mmpg for IH
m;=0.001eV m;=0.01eV m;=0.052eV m3=0.001eV m3=0.01eV m3=0.052eV

Sterile: Majorana  mygp . X 1073 10.28 17.01 57.70 56.43 57.19 77.28
Phases = 0 Mg X 1073 42.15 48.40 89.27 86.47 87.37 108.58
Sterile: Majorana  mygp . X 10-3 8.92 3.82 0.03 0.01 0.02 0.01
Phases =90°  »,  x 1073 40.94 36.76 20.40 23.68 23.15 24.54

3 Generation Mgy X 1073 0.46 0.76 13.77 14.28 14.50 20.23
M X 1072 4.83 12.10 53.18 50.37 51.40 73.02

signal in these experiments cannot exclude IH because of the
occurrence of the cancellation regions.
(i) Normal hierarchy:

From the first panel of Fig. 7 we observe that for
a = fp =y = (° the red shaded region, mg; stays is
in the range ~0.01-0.05 eV rising upto 0.1 eV for
higher values of myjgp s For both three neutrino case
(region bounded by black lines) and 3 + 1 neutrino
mixing (with @ = # = y = 90°, blue shaded region),
complete cancellation in myg; is seen to occur for
NH. The cancellations occur between 0.001 eV to
0.01 eV for three neutrino mixing while it occurs
between 0.01 eV to 0.1 eV for 3+ 1 neutrino
mixing. Thus, compared to the three neutrino case
the cancellation region for 3 + 1 neutrino mixing
shifts towards higher values of mygheq due to
involvement of m, ~ 1 eV. To analytically under-
stand the salient features of the predictions for mgy

for NH we scrutinize the following limits:
Case 1: For m; < \/Am2,, using Eq. (28) and Eq. (27)

we obtain

Mggp :‘ \ Amg,tize™ + \/ AmiSNDS%4ei27" (34)

In this case for @ = = y = 0°, the value of mg for
£33 ~0.024, 53, ~0.05, \/Am2, ~0.05eV we get
mgs ~0.03 eV which is in the range obtained in the

figure 7. Since 135 ~ 53, and Am2,, < Am g, can-
cellations are not possible for smaller values of m,. For
a = f =y =90° gives similar results as the a = f =
y = 0° case which is also corroborated from the figure.

Case 2: Now, when m, ~ \/Am2,, then the expression
for the effective mass reduces to

22 Ja 2 (2 2 ida 2 0
Mg —‘013C14 Amg (ciy + s7,€ + \/§t13€ ?)
+/ Amigapsise’™

~0.033+0.017¢2% +0.002¢% + 53, /. (36)

, (35)

For zero values of the Majorana phases mg; can reach
up to 0.08 eV for s?, = 0.03. In this limit, cancella-
tions can occur for @ = f =y = 90° and s7, ~ 0.015.
Note that the predictions for mgs in the 3 + 1 picture for
zero Majorana phases for higher values of myjgpq are
already crossing the current experimental values and this
can put bound on sterile parameters as in the previous case.
Since the values of mg; upto Mmygheq ~ 0.001 €V is in the
same ballpark as the IH values for three generation
scenario, the near future experiments designed to test the
3 generation IH region can also probe this region. For
representative purposes we have included the predictions
for mgy for various cases for few benchmark points of the
lightest neutrino mass (m; for NH and ms; for IH) in
Table II.
In our analysis we have considered Am? g\ = 1.7 eV?
which gives the physical mass of sterile neutrino

my = my, ~ 1.3 eV. The cosmic microwave background

analysis in Acpy + 7905 + Negr + m; model using the
Planck 2015 data [1] gives the Ny < 3.78 and ml; <
0.78 eV [105]. The bounds including other datasets are
more stringent than this. As the effective mass in terms of
the N4 and physical mass of sterile neutrino is given as

mie = AN 2f/f4m;h, where, AN = N — 3.046 one gets

m;h < 0.98 eV at 95% CL.

V. CONCLUSION

To understand the observed pattern of lepton mixing, -7
symmetry may play a crucial role as it can be originated
from various discrete flavor symmetries. Along with three
active neutrinos, presence of one sterile neutrino may have
some interesting predictions on neutrino mixing angles
and Dirac CP violating phases within the framework of
such p-r symmetries. Conventional y-r permutation sym-
metry for 3 + 1 picture is not a phenomenologically viable
scenario as it can not explain correct neutrino mixing (since
it predicts 6,3 = 0°). Hence here we have analyzed a simple
extension of it, known as p-7 reflection symmetry, in the
context of 3 + 1 neutrino mixing. We formulate the mass
matrix compatible with the lepton mixing matrix which
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can give rise to u-t reflection symmetry, defined via
|U,il = |Uy| where i =1, 2, 3, 4. We obtain and plot
the correlations connecting the mixing angle 6,3 and the
CP phase ¢ for the case when sterile phases are assumed to
be zero, as well as present the correlation plots with the
sterile phases varied in their full range. We find that if we
consider total y-7 reflection symmetry, i.e., |U,;| = |U,| is
simultaneously satisfied for all the four columns then the
mixing angle 6,5 is confined in a narrow region around
0,3 = 45° and ¢ is restricted around the maximal CP
violating values. However, the deviation of 6,3 from
maximal value with the inclusion of the sterile mixing
is not sufficient to account for the observed best fit
value. This prompts us to consider partial p-r reflection
symmetry and study the consequences for each column
individually.

The equalities |U,| = |Uy| and |U,,| = |Uy| yield
important correlations among the neutrino mixing angle
0,3 and Dirac CP phase 6. Interestingly we find that the
best-fit value for (6,3, 8) shows a good agreement with
inverted neutrino mass hierarchy for |U,| = |U,| and
normal mass hierarchy for |U,|= |U,|. With precise
measurement of 6,3 and J in near future there is a clear
possibility of verifying these correlations. The inclusion of
the sterile CP phases widens the allowed regions. For the
equality |U,3| = |U.| the mixing angle 65 sightly deviates
from its maximal value and falls mostly in the lower octant
(6,3 < 45°) including the effect of sterile mixing angle.
This, however, is not supported by the global oscillation
analysis [76,77,80]. The equality |U,4| = |U | yields an
one-to-one correspondence between the sterile mixing
angles 6,4 and 03, making it one of the most significant
finding in the present study. So far, there exists only an
upper limit on ;4. Interestingly, here we find that the
correlation obtained from |U 4| = |U 4| restricts 65, within
the range 4.9°-9.8°. The allowed region in the 6,4,—03,4
plane also gets severely restricted. Future experiments
sensitive to these mixing angles can test the correlations
discussed.

We also explore the possibility of testing the u-z
reflection symmetry for 3 4 1 neutrino mixing at the future
LBL experiment DUNE. The application of the correlations
constrains a significant area of the parameter space yet
unconstrained by the present global fit data. In particular
the constraint is more stringent for the relation |U,| =
|U..| and all the CP conserving values § = 0°, 180°, 360°
are excluded at 3. However, for |U,,| = |U,| CP con-
serving values of ¢ remain allowed.

Furthermore, we expound the implications of the u-z
reflection symmetry for 3 + 1 neutrino mixing at neutrino-
less double f experiments by calculating the effective
neutrino mass (mgg) for this scenario. The u-t reflection
symmetry predicts the Majorana phases to be zero or 90°.
For the former predicted effective neutrino mass is higher
and can be explored at the future Ovff experiments. In fact
for higher values of the lightest neutrino mass the effective
neutrino mass mgg can cross the current experimental
bounds when Majorana phases are assumed to be zero.
We have shown that, for IH, this constrains the sterile
parameter 6, under 8° using the bounds on the effective
neutrino mass. For the Majorana phases as 90°, for IH there
can be cancellation regions in stark contrast with the
three generation predictions. For NH, the cancellation
region for the 3 + 1 case occur for higher values of the
lightest neutrino mass as compared to the three neutrino
picture.

In conclusion, p-7 reflection symmetry for sterile neu-
trinos in a 3 4 1 picture gives some interesting predictions
which can be tested in future neutrino oscillation and
neutrinoless double beta experiments and the scenario can
be confirmed or falsified.
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