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Abstract In this paper, we studied the impact of the off-
diagonal SNSI parameters in the future long-baseline neu-
trino oscillation experiments DUNE and P2SO. In our anal-
ysis, we found that the sensitivities of these experiments
altered in a very non-trivial way due to the presence of these
parameters. Depending on the values of these parameters,
they can either completely mimic the standard scenario or
can wash out their CP sensitivity. For large values of param-
eters 1., and 7., we obtained larger mass ordering and
octant sensitivities as compared to the standard three flavour
scenario. For the parameter n,., the mass ordering sensi-
tivity and the precision of Am%l deteriorated compared to
the standard scenario. Our results also showed that the sen-
sitivities were significantly influenced by the phases of the
off-diagonal parameters.

1 Introduction

The origin of small and non-zero neutrino masses inferred
from various neutrino oscillation experiments remains a mys-
tery so far and thus provides an ideal platform to explore
physics beyond the Standard Model (BSM). Over the past few
decades, there has been remarkable advancement in the pre-
cise determination of various neutrino oscillation parameters.
Among these parameters, the mass-squared differences and
the mixing angles, except 6»3, are measured with a precision
of a few percent. On the other hand, the CP-violating phase
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8¢ p remains uncertain so far. Additionally, the issues related
to the sign of Am% 1» the so-called mass ordering problem,
and the octant of 8,3 are yet to be resolved [1,2]. Despite these
unknowns, the neutrino sector can be regarded as a means to
probe new and unexplored areas of BSM physics. Neutrinos
originating from various sources such as Earth’s atmosphere,
accelerators, and reactors, have been studied extensively in
various oscillation experiments. In particular, long-baseline
experiments have proven to be highly effective for the precise
determination of the oscillation parameters due to the pres-
ence of matter effects. Consequently, these experiments pro-
vide an excellent opportunity to probe various BSM frame-
works, which can induce sub-leading effects in the neutrino
oscillation phenomena.

Various sub-dominant repercussions of BSM Physics,
such as non-standard interactions (NSIs) [3-7], Lorentz
invariance violation (LIV) [8-11], long range force (LRF)
[12-14], neutrino decay [15-19], decoherence [20-23], etc.,
have been studied extensively in the context of long-baseline
neutrino oscillation experiments. Within the realm of BSM
physics, the NSI of neutrinos emerges as a notable and well-
motivated phenomenon. Various experiments have already
delved into NSI signals, associated with charge current (CC)
[24] as well as neutral current (NC) [25] interactions. It
should be emphasized that the CC and NC NSIs are medi-
ated through vector fields. Corresponding effects of NC-NSI
appeared as a potential term in the Hamiltonian for neutrino
oscillation, whereas CC-NSI modifies the neutrino flavour
states in the time evolution equation. More generally, the
CC-NSI affects the production and detection mechanisms of
neutrinos at the source and detector, while the NC-NSI affects
the propagation of neutrinos between the source and detector.
On the other hand, if the NSIs are mediated by a scalar, the
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corresponding interactions contribute as a correction to the
neutrino mass matrix rather than the matter potential. Conse-
quently, the effect of scalar NSI becomes energy independent,
while the vector one scales linearly with neutrino energy,
which leads to significantly different phenomenological con-
sequences in neutrino oscillation experiments. Recent studies
elaborately discuss the NSI of neutrinos mediated by a light
scalar particle [26—42]. This newly emerged interaction is
known as scalar NSI (SNSI). Apart from providing additional
contributions to the neutrino mass, SNSI can also worsen the
determination of the unknowns in the neutrino sector. The
effect of SNSI can be parameterised as a complex matrix with
complex off-diagonal parameters and real diagonal parame-
ters. Several articles have discussed the effects of diagonal
and off-diagonal parameters at various long-baseline experi-
ments, such as DUNE [28,31-34,37,39,40], T2HK [32,39],
T2HKK [32,39], ESSnuSB [29,38] and P2SO [36].

In one of our recent studies, we have explored the impact
of the diagonal SNSI parameters in the context of DUNE and
P2S0 [36]. In our work, we have shown that the atmospheric
mass square difference Am%1 plays a non-trivial role when
one tries to put bounds on some of the diagonal SNSI param-
eters, and CP sensitivities of these experiments are lost for a
particular value of the SNSI parameter 7,.. For the latter, we
derived an analytical expression and showed this explicitly.
In this paper, our aim is to extend that study by including the
off-diagonal SNSI parameters. Unlike the diagonal parame-
ters, the off-diagonal parameters are complex in nature and
hence, there are additional phases associated with them. The
main goal of this paper is to understand how these additional
phases impact (i) when one tries to put bounds on the SNSI
parameters and (ii) when one tries to measure the sensitivi-
ties to the standard parameters. It will be interesting to see if
the conclusions we obtained for the diagonal SNSI param-
eters remain the same for the off-diagonal NSI parameters.
Further, we also expect to observe a significant change in the
CP sensitivity, as the presence of the new phases can impact
the sensitivity of the standard CP phase §cp as discussed in
the Appendix C of Ref. [36].

The paper is organized as follows. The next section will be
on the theoretical background of SNSI parameters. Simula-
tion details and experimental configuration will be discussed
in the Sect. 3. Then in Sect. 4, we will present our results and
findings on SNSI. Finally, we will conclude the paper with a
summary in Sect. 5.

2 Theoretical framework
The Lagrangian corresponding to the simplest model that
describes SNSI, can be expressed as [26,37],

L = Ve (iy" 0, — Map)vg — W)apVavpd — yr f f
2

1 m
—5@0u$)” 7%2 (1)
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where y¢ is the Yukawa coupling of the scalar mediator ¢
with fermion f, y, is the Yukawa coupling of the scalar
mediator with the neutrinos v, and m, is the mass of the scalar
mediator. Here o and § are the flavour index of the leptons.
Without delving into the details of model building aspects,
we presume that the neutrinos interact with the fermions in
a non-standard way through a scalar mediator.

The corresponding effective Lagrangian can be written as,

YapYf — ;
Lot = 22 Gaup) (7 ). @
m
¢
The Dirac equation in the presence of SNSI can be written
as [26]:

25 Nyyapy
T [iauyMr(MaﬁjL% =0, (3
m
7

where Mg, is the Dirac mass matrix of the neutrinos and N s
is the number density of fermion f. Therefore, we note that
the effect of SNSI appears as a correction term within the
neutrino mass matrix. This correction can be characterized
as

Nee MNew Tet
|Am§]| Nue Mup Mut | » “)
Nte Nrp Nrt

SM =

where we have considered 14 as SNSI parameters. In order
to make SNSI parameter 148 dimensionless, we scale the

magnitude of § M relative to , / |Am%1 |, where Am%l = m% —

m% is the atmospheric mass square difference. Comparing
Egs. 3 and 4 , one can write

1

Nap = ﬁZN.foYaﬁ-
m¢,/|Am31| f

In order to have 6 M to be Hermitian, we have considered the
diagonal elements ngg as real and the off-diagonal elements
neg With o # B as complex. As mentioned in the intro-
duction, in this work we will focus only on the off-diagonal
elements, which we parametrize as 7y = [14g le!®e6 . From
Eq.5, itis clear that the SNSI parameters depend on the matter
density." As a result, care should be taken while comparing
the values of 14 in accordance with the matter density pro-
file of different experiments. The matter densities for P2SO
and DUNE experiments are nearly equal, and the results of
Nep can be comparable.

At this point, it is important to comment on the present
bounds on the Yukawa couplings and the mass of the scalar
mediator and how our results can be correlated with these

(&)

! Note that NSI mediated by a vector field (VNSI) also depends on the
matter density. However, for VNSI, the matter term appears with energy
E. To understand the separation of VNSI from SNSI at the Hamiltonian
and probability level we refer to Appendix A of Ref. [36]
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bounds. A detailed discussion on this topic is available in
Refs. [36,38]. In summary, the bounds obtained in our analy-
sis are model independent. However, the effective couplings
Nap Teceive constraints from the experiments that are sen-
sitive to neutrino-electron and/or neutrino-nucleon elastic
scattering [43]. These bounds would also be expected to be
model independent. As discussed in Ref. [37], this scenario is
expected to be constrained from Borexino data on solar neu-
trinos and data from SN1987A. A discussion on constraints
on SNSI parameters from solar and a combination of solar
and reactor experiments is available in Ref. [41]. Finally,
it has been shown in Ref. [43] that the same values of the
couplings satisfy a wide range of mediator mass. Therefore,
there will not be a direct correlation between the bounds of
the SNSI parameters obtained from scattering experiments
and the neutrino oscillation experiments.

The effective Hamiltonian of neutrino oscillation consid-
ering scalar NSI can be written as

H=E +MM+
TV 2F

+V, (6)

v

where E, is the energy of the neutrinos, V = diag(~/2
GrN,,0,0) is the standard matter potential with G ¢ being
the Fermi constant and N, represents the electron number
density. In this case, the term M becomes

M = U diag(m, my,m3) U + M

= U diag (ml\/m% + Amgl,\/m% + Am§1) Ut +sm,
(7

where we have assumed normal ordering of the neutrino
masses i.e., m3 > my > mj. Here Am%1 = m% — m% is the
solar mass squared difference and U is the standard PMINS
matrix. Neutrino oscillation probabilities in presence of SNSI
can be calculated by diagonalizing Eq. 6. The neutrino oscil-
lation probabilities will depend on the SNSI parameter as
well as on the lightest neutrino mass m.

3 Simulation details

In this section, we will discuss the details of the experimental
configuration as well as the simulation methods used in this
analysis. We have considered two long-baseline experiments
DUNE and P2SO. The detailed configurations are outlined
below.

3.1 P2SO

The Protvino to Super-ORCA (P2SO) is an upcoming long-
baseline experiment. In this setup, neutrinos will be generated
at a U-70 synchrotron located in Protvino, Russia, and will

travel to a detector positioned 2595 km away in the Mediter-
ranean Sea, 40 km offshore Toulon, France. Detailed config-
uration information for the P2SO experiment can be found
in Refs. [44-46].

The accelerator is designed to produce a 450 kW beam,
equating to 4 x 10%° protons on target (PoT) annually for
the P2SO configuration. Notably, the Super-ORCA detector
employs a density that is ten times greater than the ORCA
detector. The energy window for the P2SO experiment spans
from 0.2 GeV to 10 GeV. The total run period considered
is 6 years, divided into three years each for neutrino and
antineutrino modes.

3.2 DUNE

DUNE is an upcoming long-baseline neutrino oscillation
experiment situated at Fermilab in the USA. We have used the
official GLoBES files corresponding to the technical design
report (TDR) [47] for simulating the DUNE experiment. The
DUNE experiment operates over a broad range of neutrino
energies, corresponding to a high beam power of 1.2 MW.
The near detector is located at Fermilab, and the far detec-
tor is 40 kt liquid argon time projection chamber (LArTPC)
situated in South Dakota.

In our analysis, we consider the total run-time for DUNE
to be 13 years, comprising 6.5 years in neutrino mode and 6.5
years in antineutrino mode. This duration corresponds to an
accumulation of 1.1 x 10?! PoT per year. This configuration
of DUNE corresponds to ten years of data gathering by the
experiment under the nominal staging assumptions outlined
in Ref. [48].

For simulation, we are using GLoBES software package
[49,50]. In order to implement SNSI, we have modified the
probability engine of GLoBES. We estimate the sensitivity
in terms of x2 analysis. We use the Poisson log-likelihood
and assume that it is x 2-distributed:

n Niest
sttat =2 Z |:Nitest - Nitme - Nitrue log <Nltrue>:|’ ®)

where N and N'™° are the number of events in the test
and true spectra respectively, and n is the number of energy
bins. The systematic error is incorporated by the method of
pull [51,52]. The systematic uncertainties taken into consid-
eration in our analysis for the P2SO and DUNE experiments
are displayed in Table 1. Both background and signal nor-
malization and shape errors have been taken into account.
There are no shape errors included in the analysis for the
DUNE experiment. The values of the oscillation parame-
ters are taken from NuFit 6.0 [2] and are listed in Table 2.
In our calculation, we have minimized over the parameters
623, Am% 1» 6cp and the phases of the complex SNSI parame-
ters appropriately. Unless specified, all other parameters have

@ Springer



1294 Page 4 of 10

Eur. Phys. J. C (2025) 85:1294

Table 1 Systematic errors and their values considered in our analysis.
‘We have mentioned normalization error as “norm” , signal as “Sg” and
background as “Bg”

Systematics P2SO DUNE
Sg-norm v, 5% 2%
Sg-norm v, 5% 5%
Bg-norm 12% 5-20%
Sg-shape 11% -
Bg-shape 4-11% -

Table 2 Oscillation parameters values with their 1o and 3o regions as
mentioned in NuFIT 6.0. [2]

Parameters Best fit value 1o 30

sin? 01> 0.308 70912 0.275 — 0.345

sin” 013 0.02215F900056 0.02030 — 0.02388
sin? 03 0.4779017 0.435 — 0.585
Scp/® 2127038 124 > 364

Am3, /1075 eV? 7.49%019 6.92 — 8.05

Am3, /1073 eV? +2.51310028 +2.451 — +2.578

not been minimized. We present our results for the normal
ordering of the neutrino masses and taken m; = 107> eV.
Throughout our analysis, we will consider only one SNSI
parameter at a time.

4 Results

In this section, we will show the impact of off-diagonal SNSI
parameters on the sensitivities of P2SO and DUNE. First,
we will estimate the capability of these experiments to put
bounds on the SNSI parameters by taking the standard sce-
nario in true and the SNSI in test and then we will study
how the sensitivities corresponding to the standard oscilla-
tion parameters are altered in the presence of off-diagonal
SNSI parameters by taking SNSI in both true and test.

4.1 Sensitivity limits on SNSI parameters

In Ref. [36], we have seen that the parameter Am%1 plays
a non-trivial role in constraining the diagonal SNSI param-
eters. To understand the situation for the off-diagonal SNSI
parameters, in Fig. 1, we have plotted the 90% C.L. contours
in [negl vs Am%1 plane. The left/middle/right panel is for
New/Mer /Muz- In each panel, the red contour is for DUNE
and the green contour is for P2SO and the dark purple con-
tour is for the combination of DUNE and P2SO. The y-axis
range in the figure shows the allowed region of Am%l in its
current 30 C.L.

@ Springer

From this figure, we observed that for n,;, and n.;, SNSI
can be fitted with the standard scenario with a value of Am%1
lying within its 30 region. This is evident from the close
nature of the contours. This is in sharp contrast with the
diagonal parameters 7, and 7., where the standard case
can also be fitted with SNSI with a value of Am%1 outside
its 30 allowed values as shown in Ref. [36]. This means for
the off-diagonal parameters 1., and 7., it will be sufficient
to minimize Am%1 within its current 3o range to obtain the
correct upper bounds on these parameters. The scenario is
slightly interesting for ;. For this parameter, we obtain an
open-ended contour, implying that SNSI can mimic the stan-
dard scenario with a value of Am%1 outside its current 3o
values. However, we checked that the change in the sensitiv-
ities while estimating the upper bounds in both the cases i.e.,
when Am%1 is minimized within its 30 values vs the case
when Am%l minimized with a flat prior, are very similar. For
this reason, we have chosen to vary this parameter within
its 30 values throughout our analysis. From this figure we
also see that the allowed parameter space for DUNE is more
constrained compared to P2SO experiment. The combined
analysis of DUNE and P2SO further constrains the allowed
region, implying the fact that combined data from different
experiments can enhance the sensitivities of the individual
experiments. Note that one can further constrain the allowed
regions between |n4g| and Am% | by combining atmospheric
neutrino oscillation experiments with the long-baseline neu-
trino experiment as discussed in Ref. [53].

In the top row of Fig. 2, we have shown the sensitivity
limits on the off-diagonal SNSI parameters for both P2SO
and DUNE experiments. In each panel, the red curve repre-
sents the sensitivity for DUNE experiment while the green
curve is for P2SO. We have shown a combined sensitivity
of these two experiments, which is represented by the blue
curve. From the panels, we see that the bound on [n| is
stronger than [7|, and the bound on |7, is the weakest
among all. The sensitivities of DUNE and P2SO are very
similar and the combined analysis of DUNE and P2SO can
enhance the sensitivity on SNSI parameters. It is very inter-
esting to note that all these three off-diagonal parameters
mimic the standard scenario even when they assume non-
zero values. For 1e /Ner /Nue, this degeneracy appears at
0.08/0.21/0.61, respectively. This degeneracy can be clearly
understood from the lower panels of Fig. 2, where we have
shown the appearance channel probability as a function of
energy E for P2SO. Left panel is for 1., and the right panel
is for n,,;. The orange curve corresponds to the standard sce-
nario and the green dashed curve corresponds to the value of
the SNSI parameters for which the degeneracy occurs. The
degeneracy is reflected by the fact that these two curves are
completely overlapping. The blue curve, where there is no
degeneracy, is separated from the other two curves. Similar
results can also be obtained for the DUNE experiment.
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Table 3 Sensitivity limits on the SNSI parameters at 90% C.L. from DUNE and P2SO experiments
SNSI parameter DUNE P2SO DUNE + P2SO
Value Phase (¢) Value Phase (¢) Value Phase (¢)
Nep 0.15 136° 0.17 145° 0.13 132°
Ner 0.25 —-9° 0.26 —6° 0.247 —9.5°
Nut 0.75 —149° 0.78 —152° 0.73 —146.5°
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To understand the role of the phases of the off-diagonal SNSI
parameters, we have shown the upper bounds in the [ny5/-
¢ap plane at 90% C.L. in Fig. 3. In each panel, the red (green)
colored contour is the allowed parameter space for DUNE
(P2SO) experiment and the dark purple colored contour is
for the combination of DUNE and P2SO. In these panels, the
degeneracies that we see in Figs. 1 and 2 are also visible. From
these panels, we understand that the sensitivity of the off-
diagonal parameters depends on the values of the associated
phases. For example, in the case of n.,, the sensitivity is
weak around ¢, = 136°, where we obtain our upper bound.
However, if ¢, happens to be around 0, then the upper bound
of 1, will be much stronger. In Table 3, we have listed the
upper bounds of the off-diagonal SNSI parameters and their
corresponding values of the phases, as obtained from DUNE
and P2SO.

4.2 Mass ordering sensitivity

Figure 4 displays the variation of mass ordering sensitiv-
ity as a function of true |n4g|. The experiment’s ability to
reject the wrong mass ordering when determining the true
mass hierarchy as normal ordering is shown in Fig. 4. We
have done the analysis by considering two cases for the true
value of ¢ug as 0 and —90°. The left/middle/right panel
shows the mass ordering sensitivities for the SNSI param-
eters [Nepl/|Merl/Inuz |, respectively. The red (green) curve
represents the sensitivity for the DUNE (P2SO) experiment.
Solid (dashed) curves are for ¢gge = 0(—90°). The behav-
ior of the curves with respect to 14g is almost similar for
the cases 7¢;,, and n.;. As 14g increases, the sensitivity ini-
tially decreases and then it increases. For 7, the sensitiv-
ity decreases continuously. The behavior is similar for both
DUNE and P2SO.

To understand the behavior of the mass ordering curves
in Fig. 5, we tried to look at the effect of minimization of
the different oscillation parameters. In this figure, the left,
middle and right panels are the sensitivities in presence of
Nep» Ner and 1,7, respectively. In each cases the true value
of ¢up is considered to be 0. In each panel, the orange
curve is the scenario when minimization is done over all
the oscillation parameters, while the magenta curve is the
scenario without any minimization over any parameters. The
blue/brown/green curve is obtained with minimizing over
only 8cp/623/¢ap, respectively. This figure provides some
important insights. For 7n,,¢, if ¢,; is not minimized in the
test, then the behavior of the curve will be the same as 7.,
and 7, i.e., sensitivity will first decrease as 1, increases
and then it will increase. In this case, because of the degen-
eracy with ¢g, the behavior of the curve gets changed. For
New, We see that even when all the parameters are fixed, the
behaviour of the curve remains the same, reflecting the fact
that this behaviour does not arise due to the parameter degen-

@ Springer

eracy. For n.;, one can see the effect of degeneracies asso-
ciated with ¢, and §¢ p. The behavior of the mass ordering
curves for ¢g§e = —90° can be explained in a similar way.

4.3 CP violation sensitivity

In Fig. 6, we have shown CP violation (CPV) sensitivity for
all possible true values of SNSI parameters 7qg and ¢ug.
The upper (lower) panel is for DUNE (P2SO) experiment.
CP violation sensitivity signifies the ability to exclude the
CP conserving values of 6cp. Here, we have considered the
maximum CP violation scenario for §8)= —90°. The color
shades in each panel show the CPV sensitivity in terms of
\/)Tz . It is very interesting to see that in the presence of all
three off-diagonal SNSI parameters, the CP sensitivity of
both the experiments can become extremely small. This is
reflected by the combinations of some |14g| — ¢op for which
we obtain the dark blue regions. Table 4 shows the values of
[nap| and ¢up for which the CP sensitivities of both experi-
ments are almost lost.

4.4 Octant sensitivity

Figure 7 shows the octant sensitivity as a function of |ng]
for the DUNE and P2SO experiments. Octant sensitivity sig-
nifies the capability of the experiments to exclude the pos-
sibility of the wrong octant of 63. We have obtained the
sensitivity by taking into account the true octant of 6,3 in the
lower octant (LO) and higher octant (HO) in the test hypoth-
esis. In the left/middle/right panel, we have shown the octant
sensitivity in presence of |7¢.|/|Nez|/|nuc| and red (green)
curves are for DUNE (P2SO) experiment. For the parameters
[ | and |nec|, we observe a peak around 0.4 whereas for
[n,.z ], the sensitivity decreases steadily as n increases. These
behaviours are mainly governed by the parameter degenera-
cies associated with the parameter ¢yg.

4.5 Precision of sin? 6»3 and Am%l

In this section, we aim to show the effect of SNSI param-
eters on the precision measurement of sin2 653 and Am%l.
Figure 8 shows the allowed parameter space between sin” 653
and Am%l in the presence of SNSI parameters as well as in
the standard interaction (SI) case at 90% C.L.. We have con-
sidered a benchmark value [744/=0.1 in both the true and
the test scenario for all the cases of |74g]. Furthermore, we
looked into two scenarios for the true value of ¢qg, which
are —90° and 0. In each row, left/middle/right panel is for
[Mepl/IMex|/IMnur ], respectively. The values of Am%1 in the
y-axis correspond to the current 3o range of this parameters.
In each panel, solid and dashed contours are for DUNE and
P2SO0, respectively. The red contour represents the allowed
region in SI case, while the green/blue contour symbolizes
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Fig. 6 CP violation sensitivity as a function of |14| and ¢4p for DUNE (upper) and P2SO (lower) experiments

the allowed region for the true value of ¢yp as —90°/0. The
true point is represented by the black star in each plot.

First let us focus on the upper row where the test value
of ¢p is varied over all the allowed values, considering that
exact value ¢yg is not known. In the presence of SNSI param-
eters, the allowed parameter space increases in size compared
to the SIcase, which implies that the precision of these param-

eters gets worsen in the presence of SNSI. The deterioration
of sensitivity along the Am%1 direction is not very signifi-
cant for either DUNE or P2SO in the presence of 7., and
ner. However, both experiments show a loss of sensitivities
in the precision of 63 which is evident from the existence of
allowed regions in the wrong octant. For 1, the precision
of both Am%l and 6»3 gets deteriorated for P2SO whereas
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Table 4 Values (?f SNSI SNSI parameter DUNE P2SO
parameters at which CP
sensitivity is lost for DUNE and Value Phase (¢) Value Phase (¢)
P2S0 experiment
Nep 0.47 44° 0.47 44°
0.50 50° 0.49 49°
0.52 55¢ 0.51 54°
0.48 48° 0.47 47°
Net 0.48 46° 0.45 46°
0.50 48° 0.47 47°
0.53 50° 0.50 49°
0.49 47° 0.46 46°
Nyt 0.18 6° 0.18 8°
Fig. 7 Octant sensitivity as a

function of |nyg| for DUNE and
P2SO experiments. Here, the
true octant considered to be in
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DUNE sees only a deterioration in Am% 1- The deterioration
of the 6,3 precision is mainly of the worsening of the octant
sensitivity at these values of  which we can see from Fig. 7.

To understand the deterioration of the precision of Am%l
in presence of 1,, let us focus on the lower row of Fig. 8
where we have kept ¢qg to be fixed to its true values. Here
interestingly we see that the the precision of Am%l became
close to the standard value for 7,,; implying the fact that the
the phase ¢,; was solely responsible for the deterioration of
the precision of Am%l.

Here we would like to mention that the inclusion of atmo-
spheric neutrino oscillation data with long-baseline experi-
ments can further improve the precision of these parameters.

5 Summary and conclusion

In this paper, we have studied the impact of the off-diagonal
SNSI parameters in the future long-baseline neutrino oscilla-
tion experiments DUNE and P2SO. In our analysis, we have
found that Am%1 does not play a significant role in deriving
bounds on the SNSI off-diagonal parameters, in contrast to
the diagonal parameters, as discussed in Ref. [36]. For the
parameters 7., and n.;, SNSI can be fitted with the standard
three flavour scenario, with a value of Am%l within its cur-
rent 30 range. However, for 1,.;, values of Am%1 beyond its
current 3o values can fit SNSI with the standard scenario. For
all these three off-diagonal parameters, we have identified a
degeneracy where the standard three flavour scenario mimics
the SNSI scenario even for non-zero values of 7., ne; and
nuz- We have also found out that the bounds on the SNSI
parameters also depend on the phases associated with them.
Among the three parameters, the bound on 7, is strongest
and the bound on 7,,; is weakest. The sensitivities of both
experiments are very similar in this regard.

Next, we tried to understand how the sensitivities of these
experiments get affected if one assumes that the off-diagonal
SNSI exists in Nature. Regarding the mass ordering sensitiv-
ity, we have shown that as 7, increases from zero, the sensi-
tivity initially decreases and then increases for the parameters
New and 1, Whereas for the parameter 7, , it decreases con-
tinuously. We have explained this behaviour from the argu-
ment of degeneracies among different parameters. For CP
sensitivity, the conclusions for the off-diagonal parameters
are very similar as the diagonal parameters i.e., for some
combinations of [nyg| and ¢y, the CP sensitivity of both
the experiments can be very small or even they can vanish.
Regarding octant sensitivity, for the parameters |n,,| and
[nez], we observe a peak around 0.4 whereas for |n,.|, the
sensitivity decreases steadily as 1 increases. Finally, with
respect to the precision of the atmospheric mixing parame-
ters Am%1 and 6,3, we find that the presence of off-diagonal
SNSI leads to a reduction in their sensitivity compared to

the standard scenario, specially for 6>3. When the phase of
the complex n parameter is fixed in the test spectrum, the
deterioration in the precision of Am%1 for the case n,; gets
resolved.

In conclusion, we would like to emphasize that if non-
zero off-diagonal SNSI exists in nature, it will alter the phe-
nomenology of the long-baseline experiments in a very non-
trivial way. For example, depending on the values of these
parameters, they can either completely mimic the standard
scenario or can wash out their CP sensitivity. Therefore, it
is very important to look for the existence of this theory in
the current and future data of the neutrino oscillation exper-
iments.
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