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As the two phenomena nonstandard interaction (NSI) in neutrino propagation and Lorentz invariance
violation (LIV) modify the Hamiltonian of neutrino oscillation in a similar fashion, it is very difficult to
distinguish these two effects. The only difference between them lies in the fact that NSI depends on the
matter density, whereas LIV is independent of the earth matter effect. Therefore for a fixed baseline
experiment, where matter density is constant, the theories describing NSI and LIV are exactly equivalent.
However, as the present and future bounds of the NSI and LIV parameters are not equivalent, one can
distinguish these two scenarios in the long-baseline neutrino experiments depending on their statistics with
respect to the present and future bounds of these parameters. In this paper, we attempt to differentiate
between LIVand NSI in the context of DUNE and P2SO, as these two future experiments are believed to be
sensitive to the strongest matter effect and will have very large statistics. Taking LIV in the data and NSI in
theory, our results show that indeed it is possible to have good discrimination between LIV and NSI. The
best separation between LIVand NSI at 3σ C:L: is achieved for the parameter aμμ with P2SO. In this case,
the value of the LIV parameter, for which separation is possible, lies within its future bound if one considers
the value of NSI parameter to be constrained by the present experiments. Between DUNE and P2SO, the
latter has better sensitivity for such discrimination.

DOI: 10.1103/PhysRevD.107.075036

I. INTRODUCTION

The Standard Model (SM) of particle physics is quite
successful in explaining the interaction of the elementary
particles. However, it is well known that SM cannot unravel
some of the experimental observations, e.g., tiny neutrino
masses and neutrino oscillation. Hence, neutrino oscillation
opens up the window for beyond the SM physics. Various
neutrino oscillation experiments, like solar-, atmospheric-,
reactor-, and accelerator-based ones, have measured the
oscillation parameters with great precision within the
standard three flavor framework [1]. Thus, the phenomenon
of neutrino oscillation also provides a great opportunity to
explore several new physics scenarios beyond the standard
three flavor framework.

Two of these new physics scenarios are nonstandard
interactions (NSI) in neutrino propagation [2–4] and
Lorentz invariance violation (LIV) [5], which are studied
extensively in neutrino oscillation experiments. In case
of nonstandard interactions, the initial and final flavor
of the neutrinos can be different due to the interactions of
the propagating neutrinos with the earth matter [6]. On the
other hand, it has been shown that Lorentz symmetry,
which is one of the fundamental symmetries of quantum
field theory related to space and time, can be violated in the
low energy theories and, hence, can be detected through
neutrino oscillation [7]. The effect of both NSI and LIVare
well explored in the context of the neutrino oscillation. For
studies on NSI, we refer to Refs. [8–43] and, for studies in
LIV, we refer to Refs. [44–58]. Although the physics
behind NSI and LIV are quite different, the modification
in the Hamiltonian of neutrino propagation due to NSI and
LIVare very similar. The only difference lies in the fact that
the effect of NSI is more prominent in the presence of
matter, whereas LIV is not affected by the matter density.
Therefore, in neutrino oscillation experiments, it is arduous
to distinguish the effects of NSI and LIV. Recently, an effort
was made to distinguish these two phenomena in the
context of atmospheric neutrino experiment ICAL [59]
where one can have different earth matter densities over
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various baseline lengths. For long-baseline experiments,
where the matter density is constant, the theories of NSI
and LIVare exactly equivalent. However, as the present and
future bounds of the NSI and LIV parameters are not in
the equal footing, it is possible to discriminate these two
scenarios in the long-baseline experiments. Depending
on the value of matter density and statistics, one can have
a significant difference between the two theories. In this
paper, for the first time we study the possibility of
distinguishing NSI and LIV at the following long-baseline
neutrino experiments: Deep Underground Neutrino
Experiment (DUNE) [60] in Fermilab with a baseline of
1300 km and Protvino to Super-ORCA (P2SO) [61] at
KM3NeT [62] facility with a baseline of 2595 km. These
two future experiments will have the most notable matter
effect and higher statistics. In this work, our strategy will be
to take LIV in the simulated data and NSI in theory and
study the capability of these two future neutrino oscillation
experiments to distinguish LIV from NSI, using current and
future bounds of the NSI parameters. As future experiments
will be able to put stronger bounds on the NSI parameters,
we expect a higher distinguishability of LIV from NSI
when we use the future bounds of the NSI parameters in the
analysis.
The paper is organized as follows. In the next section, we

present the theoretical background of NSI and LIV and
illustrate how the Hamiltonian of the neutrino oscillation
gets modified by the presence of NSI and LIV. Then we
discuss the specification of the experiments and the details
of numerical analysis that has been used in our calculation.
After that, we will briefly outline the present and future
possible bounds on the NSI and LIV parameters. Then
we will estimate the sensitivity of DUNE and P2SO to
discriminate between the two phenomena with respect to
their present and future possible bounds. Finally, we
summarize our results and conclude.

II. THEORETICAL BACKGROUND

The neutral current nonstandard interaction between the
propagating neutrinos and fermions in the earth matter can
be written in terms of the interaction Lagrangian [4]

LNSI ¼ −2
ffiffiffi
2

p
GFϵ

fC
αβ ðν̄αγμPLνβÞðf̄γμPCfÞ; ð1Þ

where GF represents the Fermi constant, ϵfCαβ are the NSI
parameters characterizing the strength of nonstandard
interactions with α, β ¼ e; μ; τ, the fermion fields are
represented by f ¼ e; u; d, and PC with C ¼ L; R stand
for the left and right chiral projection operators. For the
neutrino propagation in the earth, the relevant combinations
of the NSI parameters are expressed as

ϵαβ ¼
X

f¼e;u;d

ϵαβ
Nf

Ne
¼

X
f¼e;u;d

ðϵfLαβ þ ϵfRαβ Þ
Nf

Ne
; ð2Þ

where Nf represents the number density of f fermion. For
the Earth matter, which is considered as neutral and
isoscalar, one can have Nn ≃ Np ¼ Ne, which essentially
implies Nu ≃ Nd ≃ 3Ne. Hence, one can write the NSI
parameters as

ϵαβ ≃ ϵeαβ þ 3ϵuαβ þ 3ϵdαβ: ð3Þ

The effective Lagrangian density describing LIV in neu-
trino interactions can be written as [50,63,64]

LLIV ¼ −
1

2
½pμ

αβν̄αγμνβ þ qμαβν̄αγ5γμνβ

− irμναβν̄αγμ∂ννβ − isμναβν̄αγ5γμ∂ννβ�; ð4Þ

where pμ
αβ, qμαβ, rμναβ, and sμναβ are the Lorentz violating

parameters in the flavor basis. As only the left-handed
neutrinos exist in nature, the LIV parameters can be
parametrized by the following observable quantities, which
are combinations of pμ

αβ, q
μ
αβ, r

μν
αβ, and sμναβ:

ðaLÞμαβ ¼ ðpþ qÞμαβ; and ðcLÞμναβ ¼ ðrþ sÞμναβ; ð5Þ

where ðaLÞμαβ are related to CPT violating neutrino inter-
actions and ðcLÞμναβ are associated with CPT even, Lorentz
violating interactions. For long baseline experiments the
effective Hamiltonian in the presence of both NSI and LIV
can be written as

H ¼ Hvac þHmat þHNSI þHLIV; ð6Þ

where Hvac and Hmat represent the vacuum and standard
matter Hamiltonian whereas HNSI and HLIV represent the
NSI and LIV Hamiltonian. The different components of the
Hamiltonian can be expressed as

Hvac ¼
1

2E
U

0
B@

m2
1 0 0

0 m2
2 0

0 0 m2
3

1
CAU†; ð7Þ

Hmat ¼
ffiffiffi
2

p
GFNe

0
B@

1 0 0

0 0 0

0 0 0

1
CA; ð8Þ

HNSI ¼
ffiffiffi
2

p
GFNe

0
B@

ϵee ϵeμ ϵeτ

ϵ�eμ ϵμμ ϵμτ

ϵ�eτ ϵ�μτ ϵττ

1
CA; and ð9Þ

HLIV ¼

0
B@
aee aeμ aeτ
a�eμ aμμ aμτ
a�eτ a�μτ aττ

1
CA−

4

3
E

0
B@
cee ceμ ceτ
c�eμ cμμ cμτ
c�eτ c�μτ cττ

1
CA; ð10Þ
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where the parameters m1, m2, and m3 represent the masses
of the neutrinos, which enter into the neutrino oscillation
probabilities as Δm2

21 ¼ m2
2 −m2

1 and Δm2
31 ¼ m2

3 −m2
1.

The Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix
U contains three mixing angles θ12, θ13, and θ23 and one
Dirac type phase δCP. If we neglect the contribution from
the CPT conserving LIV parameters, then the effect of NSI
is analogous to LIV as can be seen in Eq. (10). The only
difference is that NSI effects explicitly depend on the
matter density while LIV is independent of matter. From the
above equations, one can obtain the correlation between
the NSI and LIV parameters as

aαβ ¼
ffiffiffi
2

p
GFNeϵαβ: ð11Þ

The matter potential part can be written as

ffiffiffi
2

p
GFNe ≃ 7.5Xe

ρ

1014 ðg=cm3Þ eV; ð12Þ

where Xe is the relative electron number density and for a
neutral medium Xe ¼ 0.5. The matter density is given by ρ
in the units of g=cm3. From the above two equations, we
obtain

aαβ ¼ 3.75 ×
ρ

ðg=cm3Þ × 10−23 ϵαβ GeV: ð13Þ

For long-baseline experiments ρ is approximately constant.
Therefore, we understand that, for an upper bound of the
NSI parameter with the value ϵαβ, it can be distinguished
from LIV only if the LIV parameters are larger than
3.75 × ρ × 10−23 ϵαβ GeV. For DUNE, the value of ρ is
2.848 g=cm3 and for P2SO the value is 2.95 g=cm3. In the
next section, we will see that the present and future bounds
of the NSI and LIV parameters are not connected by the
above relation and, therefore, it is possible to separate these
two scenarios in DUNE and P2SO with respect to their
current/future bounds. In this case, the significance of
the separation will depend on the statistics of both the
experiments.

III. EXPERIMENTAL SETUP AND
SIMULATION DETAILS

We have used the GLoBES [65,66] software package to
simulate DUNE and P2SO.We have further used additional
plugins of GLoBES to implement NSI [67] and modified
the NSI probability engine accordingly to incorporate LIV.
For simulating the long-baseline experiment P2SO,

we use the same configuration as used in Ref. [68]. The
Protvino accelerator houses a 1.5 km-diameter U-70
synchrotron that generates a 450 KW beam corresponding
to 4 × 1020 POT annually for P2SO configuration. The
Super-ORCA detector located at a distance of 2595 km
from Protvino, which is ten times more dense than the

ORCA detector, will be used in the P2SO experiment.
Three years in neutrino mode and three years in antineu-
trino mode made up to a total runtime of six years for
P2SO. In P2SO, the energy window for event calculation
ranges from 0.2 to 10 GeV.
For DUNE, we have used the official GLoBES files

corresponding to the technical design report [69]. At a
distance of 1300 km from the neutrino source at Fermilab, a
40 kt liquid argon time-projection chamber detector with a
power of 1.2 MW is placed. The total runtime for DUNE is
seven years comprising of 3.5 years in neutrino mode and
3.5 years in antineutrino mode, corresponding to 1.1 × 1021

POT annually.
For the estimation of the sensitivity, we use the Poisson

log-likelihood and assume that it is χ2 distributed:

χ2stat ¼ 2
Xn
i¼1

�
Ntest

i − Ntrue
i − Ntrue

i log

�
Ntest

i

Ntrue
i

��
; ð14Þ

where Ntest and Ntrue are the number of events in the test
and true spectra, respectively, and i is the number of energy
bins. The systematic is incorporated by the method of pull
[70,71]. The best-fit values of the standard oscillation
parameters and their 1σ ranges are adopted from NuFIT
[1], which are listed in Table I. The NSI and LIV
parameters and their current and future bounds are pre-
sented in Tables III and IV, and will be discussed in detail
in the next section. Utilizing the built-in minimizer in
GLoBES and incorporating the priors corresponding to

TABLE I. The values of oscillation parameters that we con-
sidered in our analysis. Standard oscillation parameters consid-
ered from [1] with their corresponding 1σ errors.

Parameters True values �1σ

sin2 θ12 0.304þ0.013
−0.012

sin2 θ13 0.0222þ0.00068
−0.00062

sin2 θ23 0.573þ0.018
−0.023

δCP½∘� 195þ52
−25

Δm2
21 [10−5 eV2] 7.42þ0.21

−0.20

Δm2
31 [10−3 eV2] 2.515þ0.028

−0.028

TABLE II. The values of systematic errors that we considered
in our analysis: “norm” stands for normalization error, “Sg”
stands for signal, and “Bg” stands for background.

Systematics P2SO DUNE

Sg-norm νe 5% 2%
Sg-norm νμ 5% 5%
Bg-norm 12% 5% to 20%
Sg-shape 11% � � �
Bg-shape 4% to 11% � � �
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their 1σ uncertainties, we marginalized over all the relevant
parameters in our analysis. The NSI parameters are varied
and marginalized according to Table III. For δCP, we have
not considered any prior initially and allowed it to vary
freely. For systematic uncertainties, we have considered the
overall normalization and shape errors corresponding to
signal and background. We list the values of systematic
errors for P2SO and DUNE in Table II. It should be noted
that the DUNE GLoBES file contains no shape error. We
show all our results for the normal hierarchy of the neutrino
masses, i.e., for Δm2

31 > 0.

IV. BOUNDS ON NSI AND LIV PARAMETERS

In Table III, we have listed the current and future bounds
on the NSI parameters at 90% confidence limit (C.L.) The
upper bounds on the NSI parameters are calculated in many
studies [2–4,41,42,72,73]. The bounds on the NSI param-
eters can be either model dependent or model independent.
For our study, we consider only the model independent
bounds. The strongest current bounds for ϵeμ, ϵee, and ϵμμ are
calculated inRef. [41] by considering the global data. For the
parameters ϵeτ and ϵμτ, the current strongest bounds come
from the Super-Kamiokande data [74] whereas for εττ a
stronger bound has been obtained in the KamLAND+SNO/
Super-K data [72]. In future, the strongest bounds for the
parameters ϵeμ, ϵeτ, and ϵee are expected to come fromDUNE
[33] and regarding parameters ϵμτ and ϵττ the best future
bounds will come from PINGU [75]. For the parameter ϵμμ,
the stringent future bound is expected to come from the
neutrino factory experiments [72]. From Table III, we
understand that future experiments will be able to put an
order of magnitude better constraints on the NSI parameters,
compared to current bounds except ϵμμ.
In Table IV, we have shown the bounds on LIV

parameters from different neutrino experiments at
90% C.L. Currently the Super-Kamiokande experiment
can give strong bounds on aeμ, aeτ, and aμτ [48]. The
current best limits on LIV parameters aee, aμμ, and aττ are
obtained from combination of NOνA and T2K [50]. In
future, very constraint limits on all parameters except aμτ
and aττ are expected from the combination of DUNE and
P2O as discussed in Ref. [46]. ICAL experiment can put the

strongest bound on aμτ as discussed in Ref. [47]. To the best
of our knowledge, the future model independent bound on
the parameter aττ is yet to be determined. From Table IV,
we understand that future experiments will be able to put an
order of magnitude better bounds on the LIV parameters,
compared to current bounds except aμτ.
Note that the bounds on different NSI and LIV param-

eters are calculated with different initial conditions. For
example, with different values of oscillation parameters,
inclusion of a different number of parameters at a time, etc.
Therefore, it would be improper to treat all the bounds at
the same footing and it only gives us an order of magnitude
estimation.
From Tables III and IV, we see that the present/future

bounds of the NSI and LIV parameters do not obey the
equivalence relation as given in Eq. (13). For example,
the bound on ϵμμ, is one order of magnitude stronger than the
bound onaμμ. This provides the opportunity to separate these
two phenomena in the fixed density experimentswith respect
to their bounds, which we will see in the next section.

V. DISCRIMINATION AT PROBABILITY LEVELS

In this section, we will try to distinguish between NSI
and LIV effects at the probability level with the long
baseline experiments. The neutrino oscillation probabilities
are modified in the presence of NSI and LIV. The
probability of finding a neutrino νβ from a α type neutrino
να, after the propagation of distance L, is

Pαβ ¼ jhνβjναðLÞij2 ¼ jhνβje−iHLjναij2; ð15Þ

where H is the effective Hamiltonian in presence
of LIV or NSI effects, which we discussed earlier. Exact
expression for oscillation probability can be found in
Refs. [8,11,12,20,25,76–81].
In these calculations, it is shown that the NSI as well as

LIV parameters corresponding to eμ, eτ, and ee sectors
have leading order contribution to the appearance proba-
bility, i.e., νμ → νe, while the NSI and LIV parameters
involving μμ, μτ, and ττ sectors affect significantly to the
survival probability νμ → νμ. Therefore, while discussing
the separation between NSI and LIV for eμ, eτ, and

TABLE III. Current and future bounds on NSI parameters at
90% C.L.

NSI

Parameter Current bound Future bound

ϵeμ <0.3 [41] ½−0.036;þ0.034� [33]
ϵeτ ½−0.19; 0.13� [74] ½−0.031;þ0.031� [33]
ϵee <4 [41] ½−0.206;þ0.278� [33]
ϵμμ <0.068 [41] <0.0307 [72]
ϵμτ <0.011 [74] ½−0.0043; 0.0047� [75]
ϵττ ½−4.4; 3.9� [72] ½−0.03; 0.017� [75]

TABLE IV. Current and future bounds on LIV parameters in the
units of 10−23 GeV at 90% C.L.

LIV

Parameter Current bound Future bound

aeμ <2.4 [48] <0.39 [46]
aeτ <4.24 [48] <0.55 [46]
aee ½−49.5;þ26.5� [50] ½−1.95; 2.46� [46]
aμμ ½−10; 11� [50] ½−1.24; 1.39� [46]
aμτ <0.79 [48] ½−0.19; 0.18� [47]
aττ ½−9.8; 8.2� [50] � � �
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ee (μμ, μτ, and ττ) sectors, we will use appearance
(disappearance) probability only. In our analysis, we have
considered one parameter at a time for each NSI and LIV
scenario. Therefore, in our study, we have six independent
LIV parameters and six independent NSI parameters. Note
that if we do not consider one parameter at a time and rather
consider all the parameters at the same time, then number of
independent parameters in each LIV and NSI cases would
be five. This is because, when one considers all the
parameters at the same time, then one can always subtract
a matrix proportional to the identity without changing the
oscillation probabilities, which leaves only two of the
diagonal parameters to be independent.
First, let us discuss the separation between NSI and LIV

effects corresponding to the parameters sensitive to the
appearance channel. Figure 1 shows the oscillation prob-
ability for the νe appearance channel as a function of
neutrino energy for the P2SO experiment. The left/middle/
right panel corresponds to the parameter eμ=eτ=ee. In each
panel, the standard three flavor case (SI) is represented by
the solid magenta curve and black dashed curve represents
muon flux of P2SO in arbitrary unit. Therefore, the energy
region covered by the black curve shows the region to
which the P2SO experiment is sensitive. In these panels, the
red (green) dashed curve shows the probability including
NSI to SI with the value of the NSI parameters correspond-
ing to their current (future) upper bounds as given Table III.
For the LIV parameter, we choose a value (cyan) for which
a 3σ separation between LIVand NSI is obtained for P2SO,
considering the constraints on the NSI parameters from the
future experiments as given in Table V. The first thing we
observe from these panels is that the first oscillation
maxima of P2SO is within the corresponding flux envelope
in a standard case as well as in NSI and LIV scenarios. We
also note that in all the three panels, around the first
oscillation maximum, the cyan curve is always sandwiched
between the magenta and red curves but it is mostly outside
the region between the magenta and green curves. Or in
other words, the difference between SI and NSI is higher
(lower) as compared to the difference between SI and LIV
for the case of present (future) bound of the NSI

parameters. Therefore, it will be very easy to match the
probability of LIV with the NSI probability, i.e., the
possibility of a degeneracy between NSI and LIV will
be more when the NSI parameters are varied within their
current upper bounds, compared to their future bounds.
This in turn leads to the fact that the distinction between
NSI and LIV would be higher, when we consider the future
bounds of NSI parameters compared to their current
bounds for a given value of LIV parameter. Among these
three parameters, we expect the separation between NSI
and LIV to be very weak for ee, if we consider the current
bound of the NSI parameter.
Now let us discuss the separation between NSI and LIV

corresponding to the parameters, that are sensitive to the
disappearance channel, as shown in Fig. 2. The plots in the
lower panel are same as Fig. 1 but for the disappearance
channel and for the parameters μμ (left panel), μτ (middle
panel), and ττ (right panel). We have followed the same
philosophy as the appearance channel for choosing the
values of NSI and LIV parameters, i.e., red (green) curve
shows the probability including NSI to SI with the values of
the NSI parameters corresponding to their current (future)
upper bounds. The cyan curve is for the LIV parameter
and we choose its value such that a 3σ separation between
LIV and NSI is obtained for P2SO considering the future
bounds of the NSI parameters. As it is difficult to visualize
different probabilities at the first minimum, in the upper

P2SO

0.00
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0.20

0.30

0.40

0.50

2 4 6 8 10

P
�e

Energy (GeV)
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�e�=0.034
ae�=0.9�10-23

�� Flux
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�e�=0.031
ae�=0.85�10-23

�� Flux
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FIG. 1. Appearance probability as a function of neutrino energy for the P2SOexperiment in presence of (ϵeμ,aeμ), (ϵeτ,aeτ), and (ϵee,aee).

TABLE V. Values of LIV parameters in the units of 10−23 GeV
for which a 3σ separation with NSI is possible for present (future)
bounds on the NSI parameters.

LIV Parameters

Parameter P2SO DUNE

aeμ 3.7 (0.9) 3.7 (0.95)
aeτ 1.9 (0.85) 2 (1.5)
aee −ð6.4Þ −ð7.7Þ
aμμ 1.3 (0.85) 3.2 (2.8)
aμτ 0.2 (0.14) 0.44 (0.38)
aττ −ð0.7Þ −ð2.65Þ
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panel, we have plotted the probability difference between
SI to NSI and SI to LIV. From these plots, we also see that
the difference between SI and NSI is either higher or equal
to SI and LIV, when we consider the values of NSI
parameters corresponding to their current bounds and it
is lower when we consider the values of NSI corresponding
to their future bounds. Therefore, as in appearance channel,
we expect to have better separation between LIV and NSI
for future bounds of NSI compared to their current bounds.
Among these three parameters, the separation for ττ is
found to be very weak if we consider the current bounds of
the NSI parameters.
For DUNE, we have checked that the behavior of the

probability plots are very similar to that of P2SO, and
therefore we do not present the figures for DUNE.

VI. ELIMINATION OF DEGENERACY

In order to discriminate the degeneracy between NSI and
LIV phenomena, we have calculated χ2min considering LIV
exists in nature and NSI as the test hypothesis, i.e.,

χ2 ∼ Ntestðϵtestαβ ≠ 0; atestαβ ¼ 0Þ − Ntrueðϵtrueαβ ¼ 0; atrueαβ ≠ 0Þ:

We have obtained sensitivities for two cases of the NSI
parameters, i.e., minimizing the NSI parameters either
within their current bounds or their future bounds. In
Fig. 3, we have shown the sensitivities for the parameters

that appear in the appearance channel probabilities, i.e., eμ,
eτ, and ee, and, in Fig. 4, we have presented the
sensitivities for the parameters appearing in the disappear-
ance channel probabilities, i.e., μμ, μτ, and ττ. In each
figure, the plots in the upper panel are for DUNE and in the
lower panel are for P2SO. In each panel, the blue curve
represents the sensitivity for the current range of the NSI
parameters and the red curve represents the sensitivity
for the future bounds of the NSI parameters. The black
horizontal lines correspond to Δχ2 ¼ 4 and 9, represent the
benchmark sensitivities of 2σ and 3σ, respectively.
The panels in Figs. 3 and 4 can be interpreted in the

following way. In these panels, a nonzero value of the Δχ2
signifies the sensitivity to discriminate LIV from NSI. On
the other hand, the values of aαβ for which Δχ2 ¼ 0, one
cannot distinguish LIV from NSI at all. The values of aαβ,
for which Δχ2 is greater than 9, it is possible to separate
LIV from NSI at 3σ C:L: From the figures, we see that in
general the separation between LIV and NSI is better if we
consider future bounds of the NSI parameters, compared to
the present limits. This improvement is more in eμ and eτ
sectors compared to the μμ and μτ sectors. For the
parameters ee and ττ, it is impossible to discriminate
LIV from NSI, if we consider the current ranges of the NSI
parameters. Between the experiments DUNE and P2SO,
better separation between NSI and LIV is obtained for
P2SO except for the eμ sector.
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In Table V, we have listed the values of LIV parameters
for which a 3σ separation with NSI is possible.
From the table, we understand that the better discrimi-

nation between LIV and NSI is possible for the P2SO
experiment. Regarding a 3σ discrimination between LIV

and NSI, from Tables V and IV, we can infer the following
in the context of P2SO:
(1) The best discrimination between LIV and NSI is

possible for the μμ sector. For this sector, it is
possible to have a separation for the value of LIV
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parameter within its future bound, if one considers
the value of NSI parameter to be constrained by the
present experiments.

(2) For the sectors eτ and μτ, the discrimination is
possible for the values of LIV parameters within
their present bounds but outside their future bounds,
if one considers the values of NSI parameters to be
constrained by the present experiments.

(3) For eμ sector, discrimination occurs for the values of
LIV parameter within its present bound but outside its
future bound, if one considers the value of the NSI
parameter to be constrainedby the future experiments.
For values of NSI parameter inside the present bound,
the values of LIV parameter for which discrimination
is possible lie outside the present bound.

(4) Regarding the sectors ee and ττ the sensitivity is
worst. For these two cases, the separation is
possible for the values of LIV parameters within
their present bounds and outside the future bound
(for ee), if one considers the values of NSI
parameters to be constrained by the future experi-
ments. However, no separation is possible if one
considers the NSI parameters to be constrained by
the present experiments.

To understand the results in a better way, in Fig. 5, we
examined the same situation in a different way. This figure
depicts the contours when we consider LIV in true and test
this theory against the NSI hypothesis using its future range
at 3σ C:L: The red and blue contours are for DUNE and

P2SO, respectively. The horizontal black dashed lines
represent the future limits of NSI parameters. The top
row is for eμ, eτ, and ee components and the bottom row is
for μμ, μτ, and ττ components.
The area inside the contours represent the values of the

LIV parameters that cannot be distinguished from the NSI
parameters at the 3σ level. The region outside the contours
allows us to discriminate NSI from LIV at the same or
higher confidence level. From these panels, we can also see
that, in general, the sensitivity is higher for P2SO than
DUNE except the eμ sector. To have a clear understanding
of the values of LIV parameters for which we can separate
them from NSI, we proceed as follows. If the latter values
are constrained by the future experiments, then we draw
vertical gray lines in the top left panel such that the left
vertical line intersects the lower future bound of NSI and
the P2SO curve, while the right vertical line intersects the
upper future bound of NSI and the P2SO curve. Therefore,
for the values of aeμ that lie outside the gray vertical lines, it
is possible to have 3σ separation with ϵeμ, considering ϵeμ is
constrained by future experiments. Similar exercise can be
done for the other parameters too. We have checked that
conclusions obtained in these panels are consistent with
Figs. 3 and 4 and therefore with Table V.

VII. SUMMARY

In this paper, we made an attempt to discriminate NSI
and LIV in the context of the long-baseline experiments
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DUNE and P2SO. Though the origin of the NSI and LIV
theories are very different, they manifest themselves in a
similar fashion in the Hamiltonian of the neutrino oscil-
lation. The only difference is that the phenomenon of
NSI depends on the earth matter density whereas LIV is
independent of the matter density. Therefore, in the fixed
baseline experiments where the matter density is constant,
it is very difficult to distinguish NSI from LIV, as these
effects become almost identical. However, as the present
and future bounds of the NSI and LIV parameters are not
equivalent, it is possible to separate these two theories with
respect to their present/future bounds in the long-baseline
experiments. Our choice of the experiments are motivated
by the fact that DUNE and P2SO are the two long-baseline
experiments that can have the most probable sensitivity to
matter effect with the highest possible statistics.
In our work, we demonstrated the possibilities of

discriminating LIV from NSI taking the present and future
bounds of the NSI parameters. While compiling the bounds
on the NSI and LIV parameters, we found that the future
bounds of the NSI and LIV parameters are one order of
magnitude better than the present available bounds except
the parameters ϵμμ and aμτ. At the probability level, we have
seen that the separation between LIV and NSI is better
when one considers the future bounds on the NSI param-
eters compared to their present bounds. Considering LIV
in the data and NSI in theory, we find that indeed the
capability of DUNE and P2SO to distinguish LIV from
NSI improves when one considers the future bounds of
the NSI parameters compared to present bounds. For the
parameters ee and ττ, it is impossible to separate LIV

from NSI for the current bounds of NSI parameters. The
improvement in the sensitivity due to the future bounds
on NSI is higher in the parameters that appear in the
appearance channel, compared for the ones in the dis-
appearance channel. Between the two experiments, the
sensitivity of P2SO is better than DUNE except in the eμ
sector. Our results show that the best discrimination
between LIV and NSI is possible at 3σ C:L: for the
parameter aμμ. In this case, the value of the LIV parameter
falls inside its future bound if one considers the value of the
NSI parameter to be constrained by the present experi-
ments. The worst sensitivity comes from the sectors ee and
ττ. For these parameters, one cannot separate LIV from NSI
if one considers the NSI parameters to be constrained by the
present experiments.
To conclude, we find that the P2SO experiment is best

suited to discriminate between the NSI and LIV scenarios
and in particular, the new physics effects associated with
the μμ sector.
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