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Abstract Effects of physics beyond the standard model in
the neutrino sector are conveniently incorporated through
non-standard interaction parameters. Assuming new physics
in the form of dimension-6 vector operators, a recent
global analysis of neutrino oscillation data including results
from COHERENT experiment suggests two favourable new
physics scenarios. These are LMA-Light (with normal mass
ordering) and LMA-Dark (with inverted mass ordering) sec-
tors of parameters. In this work, we study the effects of new
physics solutions on Leggett–Garg-type (LGtI) inequality
which quantifies temporal correlations in the system along
with flavour entropy and genuine tripartite entanglement
which can be considered as measures of spatial correlations.
We show that the violation of LGtI for νμ energy around
3 GeV in the DUNE experimental set-up can not only be
an indication of presence of new physics but such a new
physics is expected to be in the form of LMA-Dark sector
with inverted ordering. Further, we show that the LMA-Light
solution, in general, decreases the values of all measures
of quantum correlations in comparison to their SM predic-
tions. On the other hand, the Dark solution can significantly
enhance the values of these measures.

1 Introduction

The currently running experiments at the LHC along with
the experiments such as BaBar and Belle have provided
several engrossing evidences of physics beyond the Stan-
dard Model (SM) of electroweak interactions. These include
hints of Lepton Flavour Universality (LFU) violation in the
decays induced by the charged current quark level transition
b → clν (l = e, μ, τ ) [1] as well as in the neutral current
b → s l+l− (l = e, μ) [2,3] decays. The preferred Lorentz
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structure(s) of the possible new physics [4–12] can be real-
ized through several extensions of the SM.

The effects of new physics can also manifest in the neu-
trino sector. The experimental facilities in neutrino physics
are now tending towards higher precision and have poten-
tial to probe such sub-leading effects. This has triggered
a considerable interest in the neutrino physics community.
The new physics effects in neutrino interactions are conve-
niently incorporated through effective Non-Standard Inter-
action (NSI) parameters [13–25].

SM can be assumed to be the low energy renormalizable
approximation, containing only dimension D ≤ 4 opera-
tors, of a complete theory existing at much higher mass scale
∼ Λ, the new physics effects of which can be included in
terms of operators having higher dimensional Lorentz struc-
tures (D > 4) constructed out of SM fermion fields. In this
work, we restrict ourselves to dimension-6 vector operators
which may show sub-leading effects in long baseline (LBL)
neutrino experiments such as Deep Underground Neutrino
Experiment (DUNE).

In a recent analysis, bounds on NSI parameters were
obtained by performing a global fit at all relevant data in
the neutrino sector. This includes coherent neutrino-nucleus
scattering data from COHERENT experiment [25]. In this
analysis, two new physics scenarios have been identified as
the most favourable solutions to the global data:

1. LMA-Light sector (0 < θ12 < π/4) with normal order-
ing (NO),

2. LMA-Dark sector (π/4 < θ12 < π/2) with inverted
ordering (IO).

These new physics effects can also affect the temporal and
spatial correlations present in the system. The most popular
criteria to test spatial quantum correlations is Bell’s inequal-
ity. However, till date, it is not clear how such measurements
can be performed in the neutrino sector using the current
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experimental set-ups. These spatial correlations can also be
quantified in terms of flavour entropy [26,27] and genuine
tripartite entanglement [27]. These are basically measures of
entanglement embedded in the system.

On the other hand, the determination of temporal cor-
relations based on the assumptions of macrorealism (MR)
and noninvasive measurement (NIM) and usually quanti-
fied in terms of Leggett–Garg inequalities (LGI) is exper-
imentally feasible in the context of neutrino oscillations. In
fact, violations of a class of such inequalities, Leggett–Garg-
type inequalities (LGtI), using data from MINOS and Daya
Bay experiments have been demonstrated in Refs. [28,29],
respectively. The LGtI is constructed by replacing the NIM
condition by a weaker condition called stationarity [30]. Such
inequalities are more suited for the study of temporal cor-
relations in the neutrino sector in comparison to the LGIs
as measurement of neutrinos destroys the NIM assumption.
Further, LGtIs can be expressed in terms of neutrino survival
and transition probabilities [28,31].

In this work we study new physics effects, in particular
the impact of two new physics solutions obtained in [25],
on temporal correlations in neutrino oscillations quantified
in terms of LGtI. We intended to identify parameter space
where violation of LGtI can provide unambiguous signatures
of new physics. Further, we also study NSI effects on flavour
entropy and genuine tripartite entanglement present in the
neutrino system. Moreover, we also analyze correlations of
these observables with the neutrino transition probability. We
present our results in the context of upcoming LBL DUNE
experimental set-up. We show that the violation of LGtI for
νμ energy ≈ 3 GeV in the DUNE experimental set-up can
not only be an indication of presence of new physics but such
a new physics is expected to be in the form of LMA-Dark
sector of θ12 with IO.

The new physics effects in the context of quantum correla-
tions were first incorporated in [32] where the NSI effect on a
measure of quantum coherence was studied. While this work
was in preparation, the article [33] appeared on the arXiv
where NSI effects on LGI was studied. It was shown in [33]
that LGI violation can be enhanced as compared to the stan-
dard scenario for specific choices of NSI parameters. In this
work we study LGtI under the effects of NSI, however, apart
from the study of suppression and enhancement in the value
of LGtI parameter over the SM value, we focus on identifying
the parameter space where one can get unequivocal imprints
of new physics. Additionally, we study NSI effects on spatial
correlations as well.

The Plan of this work is as follows. In Sect. 2, we illustrate
the dynamics of neutrino oscillations within SM interaction
as well in the presence of NSI. We also define the measures of
temporal and spatial quantum correlation used in this work.
Then in Sect. 3, we present and explain our results. Finally,
we conclude in Sect. 4.

2 Formalism

In this section, we present the theoretical framework of our
analysis. We start with the dynamics of neutrino oscillations
under the effect of both SM interaction and NSI in Sects. 2.1
and 2.2, respectively. Then in Sect. 2.3 we define the corre-
lation measures used in this work.

2.1 Neutrino oscillation in matter

Let us consider that the neutrino is produced initially in the
flavour state |να〉 (α = e, μ, τ) at time t = 0 . The flavour
state is related to the mass eigenstate |νi 〉 (i = 1, 2, 3) by the
so called 3 × 3 unitary mixing matrix (U ) (PMNS matrix)
as,

|να〉 =
3∑

i=1

U∗
αi |νi 〉. (1)

Time evolved mass eigenstates at time t can be represented by
|νi (t)〉 = e−iHm t |νi 〉 = e−i Ei t |νi 〉, where Hm is the Hamil-
tonian of neutrino propagation in mass basis and Ei are the
eigenvalues corresponding to |νi 〉. Then the time evolution
of the flavour state is given as,

|να(t)〉 = e−iH f t |να〉 = U f (t)|να〉, (2)

where H f = UHmU † is the Hamiltonian of neutrino oscil-
lation in flavour basis.

The Hamiltonian H f in the flavour basis, when neutrino
propagates in matter, is given as

H f = Hvac + Hmat

= U

⎛

⎝
E1 0 0
0 E2 0
0 0 E3

⎞

⎠ U † + A

⎛

⎝
1 0 0
0 0 0
0 0 0

⎞

⎠ , (3)

where A = ±√
2G F Ne is standard matter potential, G F

is the Fermi constant and Ne is the electron number den-
sity. The sign of A is positive for neutrinos and negative for
anti-neutrinos. Following the framework of [34], in the ultra-
relativistic limit t ≡ L , the flavour evolution operator can be
obtained as

U f (L) = e−iH f L = φ

3∑

a=1

e−i Lλa
1

3λ2
a + C1

×
[
(λ2

a + C1)I + λa T̃ + T̃ 2
]
, (4)

where T = Hm − tr(Hm)I/3 is the traceless matrix,
φ = exp(−i L tr(Hm)I/3) and T̃ = U T U †. Further,
λa (a = 1, 2, 3) are the eigenvalues of T -matrix and C1 =
Det (T ) tr(T −1).
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2.2 Non standard interaction in neutrino oscillation

In addition to the standard interactions, the neutrino dynam-
ics can also be affected by NSI. Effects of NSI can be more
visible for long baseline experiments, such as DUNE, which
has the baseline L ≈ 1300 km and energy range of neutri-
nos E = 1−10 GeV [35] (with maximum neutrino-flux in
the range E ≈ 3−4 GeV [36]). NSI can be classified in two
types: charged current (CC)-NSI and neutral current (NC)-
NSI. CC-NSI mainly affects neutrino production and detec-
tion processes [37,38], while NC-NSI affects the neutrino
propagation in matter via coherent forward elastic scatter-
ing [25]. The effect of incoherent scattering is neglected in
case of Earth matter density ρ ∼ 2.8 gm/cc, as the mean
free path for the process is much larger than Earth’s diame-
ter when the neutrino energy is lower than ∼ 105 GeV [39].
The CC-NSI is strictly constrained, at least by an order of
magnitude in comparison to the NC-NSI [38], due to bounds
coming mainly from the Fermi constant, CKM unitarity, pion
decay and the kinematic measurements of the masses of the
gauge bosons MZ and MW .

SM can be considered the lower energy effective theory of
some higher dimensional theory valid at much higher energy
scale. Therefore, the effective Lagrangian can be expressed
in terms of higher dimensional (d) non-renormalizable oper-
ators (Oi,d),

Le f f = LSM + 1

Λ

∑

i

Ci,5Oi,5 + 1

Λ2

∑

i

Ci,6Oi,6 +· · · (5)

Here Λ is the scale of new physics and Ci ’s are the coeffi-
cients encapsulating the short-distance physics. Beyond SM,
dimension-5 Weinberg operator is the first higher dimen-
sional operator which can generate small neutrino mass after
electroweak symmetry breaking. However, the required new
physics scale is ∼ 1013 GeV for the generation of neutrino
mass of the order of 1 eV, which is beyond the energy range
of LHC [40–42]. Operators of dimension-6 and 8 are studied
extensively in [20,43]. In our work, we are focusing on lep-
ton number conserving dimension-6 four-fermion operators
which can significantly affect neutrino oscillations through
NSI [44]. Lagrangian for CC and NC-NSI are represented
using the dimension-6 operators as following [45,46]

LCC−N SI = 2
√

2G Fε
f f ′,L
αβ (ν̄αγ μ PLlβ)( f̄ ′γμ PL f )

+ 2
√

2G Fε
f f ′,R
αβ (ν̄αγ μ PLlβ)( f̄ ′γμ PR f ),

LNC−N SI = 2
√

2G Fε
f,L
αβ (ν̄αγ μ PLνβ)( f̄ γμ PL f )

+ 2
√

2G Fε
f,R
αβ (ν̄αγ μ PLνβ)( f̄ γμ PR f ). (6)

Here, PL ,R = (1 ∓ γ 5)/2 are left and right handed chiral-

ity operators. ε f f ′
αβ and ε

f
αβ are the dimensionless coefficients

which give relative strength of NSI for CC and NC, respec-
tively. For CC-NSI, f �= f ′ and f, f ′ = u, d while for
NC-NSI, f = e, u, d.

The concept of NSI was first introduced in [47] in terms of
flavour changing neutral current (FCNC) as shown in Eq. (6).
In the limit ε

f
αβ → 0, SM result is restored. When ε

f
αβ ∼ 1,

the new physics effects have the same strength as SM weak
interaction. ε

f
αβ �= 0 for α �= β implies lepton flavour viola-

tion (LFV) and ε
f
αα �= ε

f
ββ shows lepton flavour universality

violation (LFUV). For neutrino oscillation in matter, vector
part of NSI, ε

f
αβ = ε

f,L
αβ + ε

f,R
αβ , is relevant. For detailed

review on NSI, see [48].
In the presence of NSI, the Hamiltonian in flavour basis

given in Eq. (3) is modified as,

H f = U

⎛

⎜⎝
0 0 0

0
Δm2

21
2E 0

0 0
Δm2

31
2E

⎞

⎟⎠ U †

+ A

⎛

⎝
1 + εee(x) εeμ(x) εeτ (x)

εμe(x) εμμ(x) εμτ (x)

ετe(x) ετμ(x) εττ (x)

⎞

⎠ . (7)

Here E = E1 + E2 + E3. From Hermiticity condition, εαβ =
ε∗
βα . The off-diagonal terms are in general considered to be

complex and can be given as

εαβ = |εαβ |eiφαβ . (8)

The NSI parameters appeared in Eq. (8) are related to those
in Eq. (6) as

εαβ =
∑

f =e,u,d

N f (x)

Ne(x)
ε

f
αβ. (9)

Here N f (x) is the fermion density and x is the distance trav-
elled by neutrino in matter. From charge neutrality of matter,
Np = Ne. Considering the quark structure of proton and neu-
tron into account, we have Nu = 2Np+Nn , Nd = Np+2Nn .
Hence, one can write

εαβ = εe
αβ + (2 + Yn)εu

αβ + (1 + 2Yn)εd
αβ, Yn = Nn/Ne.

(10)

In our analysis, the PMNS matrix is considered to
be different from its usual parameterization by a fac-
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tor P=Diag(eiδ, 1, 1). The modified mixing matrix Uv =
PU P∗, can be expressed as

Uv(θ12, θ23, θ13, δ)

=
⎛

⎝
c12c13 s12c13eiδ s13

−s12c23e−iδ − c12s13s23 c12c23 − s12s13s23eiδ c13s23

s12s23e−iδ − c12s13c23 −c12s23 − s12s13c23eiδ c13c23

⎞

⎠ ,

(11)

where ci j = cosθi j , si j = sinθi j and δ is the C P violating
phase. Due to the consideration of complex NSI parameters,
there appears extra phase factor φαβ which can affect the
correct estimation of δ. To get rid of this difficulty PMNS
matrix is specifically chosen as given in Eq. (11). This has
been discussed in detail in [25]. Another difficulty arises due
to CPT symmetry under which the vacuum Hamiltonian has
to transform as, Hvac → −H ∗

vac. As a consequence, the
mass ordering Δm2

31 gets reversed and the octant of θ12 is
shifted from 0 < θ12 < π/4 to π/4 < θ12 < π/2. To restore
the CPT invariance of the neutrino oscillation probability in
the presence of NSI, the following transformations are to be
made simultaneously,

sin θ12 ↔ cos θ12,

Δm2
31 → −Δm2

31 + Δm2
21,

δ → π − δ,

εee − εμμ → −(εee − εμμ) − 2,

εττ − εμμ → −(εττ − εμμ),

εαβ → −ε∗
αβ. (12)

From the global analysis including both oscillation and
COHERENT data as shown in [25], we are left with two
degenerate solutions: (i) LMA-Light solution (θ12 ≈ 34o)
with small NSI values and (ii) LMA-Dark octant (π/4 <

θ12 < π/2) with large values of NSI parameters. Oscillation
data alone cannot lift this degeneracy. Hence non-oscillatory
experiments such as COHERENT are useful to constraint
NSI parameters [49]. In a recent analysis of COHERENT
experiment including time and energy information [50], it
has been shown that LMA-Dark solution is discarded for a
broad range of NSI parameters where the mediator mass is
above ∼ O(10) MeV. However, a few models have been
constructed where a mediator of mass ∼ 10 MeV is able to
produce sufficiently large NSI [22,51,52].

2.3 Quantum correlation quantities

Here we will briefly discuss some of the spatial as well as
temporal quantum correlation measures used in this work.

Flavour entropy In classical information theory the Shannon
entropy generally measures the uncertainty in the state of the
physical system. In other words, it quantifies the information

gained by learning about the outcome attained by measuring a
system. A quantum mechanical analogue of Shannon entropy
is von Neumann entropy, defined as S(ρ) = −ρ log2 ρ for
a system represented by density matrix ρ. It is zero for pure
states and can attain its maximum value, log d, for a d-
dimensional mixed state. If the compound system is pure,
such as neutrinos, a standard measure of entanglement for
a multipartite system can be defined as the sum of the von
Neumann entropy of the reduced density matrix obtained by
taking the trace over each one of the subsystems involved.
Moreover, this measure can be considered as an absolute
entanglement measure for a tripartite system since its nonzero
value ensures the existence of the nonzero entanglement at
least in one bipartition. For the three flavour neutrino oscil-
lation system we name it flavour entanglement entropy and
can write it as a concave function of transition probabilities
[26,27],

S(|U f i j |2) = −
3∑

j=1

|U f i j |2 log2(|U f i j |2) (13)

−
3∑

j=1

(1 − |U f i j |2) log2(1 − |U f i j |2), (14)

where i = 1, 2, 3 corresponding to initial neutrino flavour
α = e, μ, τ , respectively and U f is the evolution operator
for neutrino system. Minimum value of S = 0, i.e., no entan-
glement condition is obtained if any one of Pαβ = 1 and the
maximum value or upper bound, S = 2.75, of this parameter
can be approached when Pμe = Peμ = Pμτ = 1

3 , i.e., all the
three flavours are equally probable.

Genuine tripartite entanglement Another measure of tripar-
tite entanglement, in the genuine sense, can be defined as
cube of the geometric mean of von Neumann entropies of
each bipartite section and can be expressed as following [27]

G(|U f i j |2) = Π j=1,2,3 H(|U f i j |2), (15)

where i = 1, 2, 3 corresponding to α = e, μ, τ and H(x) =
−x log2(x) − (1 − x) log2(1 − x). Here, G is called a mea-
sure of genuine entanglement since the nonzero value of this
measure can be obtained only when all the subsystems are
entangled with each other. G will be zero if any of the sub-
systems is not entangled with the rest of the system.

Leggett–Garg type inequality (LGtI) The above two mea-
sures of entanglement can be considered as measures of cor-
relations between spatially separated systems. Leggett–Garg
inequalities (LGI), based on the assumptions of (i) macro-
realism (MR), i.e., a macroscopic system with two or more
macroscopically distinct states available to it will always be
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Table 1 1σ interval of NSI
parameters taken from Ref. [25]

Parameters LMA-Light + NO (∼ 1σ interval) LMA-Dark + IO (∼ 1σ interval)

εee − εμμ [−0.5, 0.25] [−2.5, −1.75]

εττ − εμμ [0, 0.1] [−0.2, 0]

|εeμ| [0, 0.1] [0, 0.1]

|εeτ | [0, 0.75] [0, 0.25]

|εμτ | [0, 0.02] [0, 0.025]

φeμ [67.5◦, 281.25◦] [0◦, 90◦], [247.5◦, 360◦]

φeτ [0◦, 360◦] [0◦, 360◦]

φμτ [0◦, 360◦] [0◦, 360◦]

δ [180◦, 315◦] [213.75◦, 360◦]

available in one of those states, and (ii) noninvasive measure-
ment (NIM), i.e., it is possible to perform a measurement on
a system without even disturbing its dynamics, capture the
correlations among measurements performed on a system at
different times. Mainly, LGIs were introduced to manifest
macroscopic coherence which means that up to what level
quantum mechanics is applied on a many-particle system
exhibiting decoherence [53]. On the other hand, LGI tests
also give space to test the notion of realism which intro-
duces the concept of hidden-variable theories and implies
that a physical system posses predefined values of all of
its parameters independent of measurement [54,55]. There-
fore, the violation of these inequalities will indicate that such
hidden-variable theory cannot be considered as an alternative
to describe the time evolution of a quantum mechanical sys-
tem.

The LGI parameter is basically a linear combination of
autocorrelation functions C(ti , t j ) = 1

2 T r [{Q̂(ti ), Q̂(t j )}
ρ(t0)] with ρ(t0) being the initial state of a given system
at time t = 0 and can be written as [53]

K3 = C(t1, t2) + C(t2, t3) − C(t1, t3) ≤ 1. (16)

Here, Q̂ is a dichotomic observable, i.e., Q̂ = ±1 with
Q̂ = +1 if the system is found in the target state and Q̂ =
−1 otherwise. Measurement of neutrinos destroys the N I M
assumption. Hence the weaker condition of stationarity is
applied to relax this assumption [30]. Due to the stationarity
condition, functions C(ti , t j ) now depend only on the time
difference t j − ti . The K3 quantity can be written as [28,31,
56]

K3 = 2C(0, t) − C(0, 2t) ≤ 1, (17)

for t1 = 0 and t2 − t1 = t3 − t2 ≡ t .

K3 = 1 + 2Pαβ(2L , E) − 4Pαβ(L , E). (18)

Here we have applied the condition t ≡ L for ultrarelativistic
neutrinos. It was shown in [28] that the parameter K3 can be

determined experimentally by making use of the condition
Pαβ(2L , E) = Pαβ(L , Ẽ) by suitable choice of E and Ẽ .

3 Results and discussions

In this section, we analyze various measures of quantum cor-
relations present in the neutrino system for the SM and NSI
interactions. We present our results for the DUNE experi-
ment set up. The values of NSI parameters (within 1σ inter-
val) have been extracted from the global analysis of neu-
trino oscillation and coherent neutrino scattering COHER-
ENT experimental data as given in Table 1. Here, the effect
of parameter εe

αβ is neglected [25]. We also make use of
the values of standard neutrino oscillation parameters from
a recent analysis [57] which is given in Table 2. The mat-
ter density potential, ρ, is taken to be 2.8 gm/cc which is
appropriate for the DUNE experiment.

We first discuss the behaviour of temporal correlations
under the influence of NSI and SM interactions as portrayed
in Fig. 1. The results are summarized in Table 3. Since, our
aim is to explore the signatures of new physics, hence, in
Table 3 we have provided specific ranges of neutrino-energy
and δC P where one can significantly distinguish the effects
of NSI and SM interaction. Later, we also perform a similar
analysis for spatial correlation measures.

Temporal correlation The behaviour of K3 for three flavour
neutrino oscillation scenario is depicted in Fig. 1 in case of
SM interaction and NSI effect for Dune experimental setup
(L = 1300 km, E = 1−10 GeV). In Table 3 we have indi-
cated peculiar ranges of δC P for specific neutrino-energies
where K3 parameter exceeds its classical bound. It can be
seen in Fig. 1 and Table 3 that the parameter K3 is sensitive
to NSI and SM interaction for both normal and inverted mass
ordering and is violated for almost entire energy spectra of
1–10 GeV. However, for certain energy values, K3 violation
is observable only for specific choices of possible solutions.
For example:
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Table 2 Standard neutrino oscillation parameters with 1σ intervals
obtained in [57]

Parameters Best fit ±1σ

θ◦
12 34.3±1.0

Δm2
21 × 10−5 eV2 7.5+0.22

−0.20

θ◦
23(NO) 48.79+0.93

−1.25

θ◦
13(NO) 8.58+0.11

−0.15

|Δm2
31| × 10−3 eV2 (NO) 2.56+0.03

−0.04

θ◦
23(IO) 48.79+1.04

−1.30

θ◦
13(IO) 8.63+0.11

−0.15

|Δm2
31| × 10−3 eV2 (IO) 2.46 ± 0.03

– At E ≈ 3 GeV, K3 can exceed the classical limit only for
the LMA-Dark sector + IO scenario.

– At E ≈ 2 GeV, for π/2 � δ � 23π/16, violation of K3

is possible only for SM interaction (with IO).

Moreover, it can be seen for the lower energies (E ≈
1−1.5 GeV) and higher (E ≈ 8−10 GeV) energy values,
it is rather difficult to distinguish the effects of SM inter-

action and NSI. These facts are illustrated in Fig. 2 where
K3 is plotted with δ for E = 3 GeV (upper), 1 GeV (mid-
dle) and 9 GeV (lower) considering the νμ → νe channel.
The implementation of LGtI test requires measurements of
neutrino transition probability at multiple spatial positions.
For e.g, in order to measure the LGtI parameter K3, one
needs to measure νμ → νe transition probability at two dis-
tinct spatial positions L and 2L which is not possible as the
baseline is fixed in the current neutrino experimental facili-
ties. However, the measurements at L and 2L for the fixed
energy E can be translated to the measurements performed
for two distinct energy values E and Ẽ satisfying the relation
P(E, 2L) = P(Ẽ, L) for a fixed baseline L [28]. There-
fore one can implement the LGtI tests using data obtained in
a broad neutrino-energy spectrum. However from the entire
dataset only those paired measurements can be utilized for
which P(E, 2L) = P(Ẽ, L). Hence measurements with
very high statistics would be required to establish a clear
signature of new physics through LGtI violations at DUNE.

Spatial correlations The prediction for genuine tripartite
entanglement for different scenarios are shown in the upper
panel of Fig. 3. It is found that the NSI (LMA-Light + NO)

Fig. 1 K3 has been plotted in the E − δ plane in case of SM-interaction with NO (first), LMA-Light + NO (second), SM + IO (third) and
LMA-Dark + IO scenario (fourth) in the context of DUNE experiment (L = 1300 km, E = 1 − 10 GeV)

Table 3 Specific ranges of δ

have been provided for distinct
values of neutrino-energy where
temporal correlation parameter
K3 exceeds the value 1, i.e.,
LGtI is violated

E in GeV SM + NO LMA-L + NO SM + IO LMA-D + IO

1.0 5π /16–23π /16 5π /16–11 π /8 – 0–2π

1.5 0–21π /16 0–9π /8 0–2π 0–2π

2.0 – – π /2–23π /16 –

2.5 – – – –

3.0 – – – 5π /8–27π /16

3.5 14π /16–5π /4 – – 0–2π

4.0 π /4–25π /16 7π /16–5π /4 – 0–2π

4.5 0–2π π /8–11π /8 – 0–2π

5.0 0–2π 0–2π – 0–2π

6.0 0–2π 0–2π – 0–2π

7.0 0–2π 0–2π – 0–2π

8.0 0–2π 0–2π 5π /8 0–2π

9.0 0–2π 0–2π 0–π 0–2π

10.0 0–2π 0–2π 0–2π 0–2π
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Fig. 2 Parameter K3 is plotted with respect to δ (radian) at E = 1 GeV
(upper), E = 3 GeV (middle) and E = 9 GeV (lower) for the case of
SM-interaction with NO (blue solid curves), LMA-Light + NO (green
dashed), SM + IO (red dot-dashed) and LMA-Dark + IO scenario (pur-
ple dotted). These plots are obtained in the context of DUNE experi-
mental setup (i.e., L = 1300 km)

appears to suppress the value of entanglement in comparison
with the entanglement in case of SM for normal mass order-
ing. It is seen that in case of SM + NO, large value of entan-
glement (> 0.23) is attained for 4 GeV ≤ E ≤ 5.5 GeV
with 0 ≤ δ ≤ π and 7π/4 ≤ δ ≤ 2π . On the other hand, in
the same energy interval, the entanglement is reduced due to
LMA-Light + NO and remains in the range 0.13 � G � 0.16
for all values of δ. In case of SM interaction, maximum
value of G (≥ 0.33) is approached, while with NSI (LMA-
Light + NO) effects, such a large value is not allowed.

In case of SM interaction with IO, the genuine entangle-
ment attains quite low value (� 0.19) which is evident from
the plot in the third column of upper panel of Fig. 3 (except
for a very narrow region at E ∼ 1 GeV, where G > 0.33).
Conversely, NSI (LMA-Dark + IO) effects, enhances G up
to ∼ 0.26 in the range 4 GeV ≤ E ≤ 5 GeV with a large
amplification (G > 0.33) around 2 GeV for all values of δ.

Further, it can be seen in the lower panel of Fig. 3, that the
variations of flavour entropy in the E − δ plane are almost
similar for all the four scenarios (SM and NSI with NO and
IO). The maximum value of flavour entropy is always ≈ 2.32.
This indicates that unlike genuine entanglement, the effect
of NSI on the residual entanglement is extremely small.

Since DUNE aims to observe νμ → νe oscillation channel
[35], we presented the correlation of K3, G and S parame-
ters with probability P(νμ → νe) in Fig. 4. The purpose
of these plots is to show the correlation of distinct nonclas-
sicality measures with experimentally observable quantities
in neutrino oscillations. Here red and green dots illustrate
respectively, the cases of SM and NSI interactions. It is
clear that in case of NO, the maximum value of probabil-
ity P(νμ → νe) can be ∼ 0.08 for the SM interaction, while
NSI (LMA-Light) sector can suppress this probability up to
≈ 0.06. Similarly, violation of LGtI will be enhanced in case
of SM interaction (i.e., the value of K3 is � 1.1), whilst, NSI
(LMA-Light) decreases this violation up to K max

3 ∼ 1.08. It
is interesting to note that the violation of K3 at probability
P ∼ 0.05 can be induced only due to SM interaction in case
of normal mass ordering.

For IO, LMA-Dark sector of parameters enhances the
value of P(νμ → νe) up to ∼ 0.11 and also increases the
violation of LGtI, i.e., K max

3 ∼ 1.22. While SM prefers a rel-
atively lower value of both P(νμ → νe) and K3, it can be seen
from the plot that if K3 is violated for P(νμ → νe) > 0.07,
then it can be due to LMA-Dark solution only.

Similar features are observed in case of genuine entangle-
ment G. For example, the maximal value of G (∼ 0.35) can
be obtained for probability P(νμ → νe) ∼ 0.08 in the SM.
The LMA-Light scenario reduces the maximum value of G
to 0.3 for P(νμ → νe) ≈ 0.06. In case of IO, Gmax ≈ 0.32
can be achieved for P(νμ → νe) ≈ 0.065 for SM interac-
tion. On the other hand, for LMA-Dark sector G as well as
P(νμ → νe) are enhanced largely, such as, Gmax ≈ 0.5 for
P(νμ → νe) ≈ 0.115. Also, the maximum value of flavour
entropy S remains in the range 2−2.5 when P(νμ → νe)

varies within 0.08−0.12 for different scenarios.

4 Conclusions

We study the effects of NSI on temporal correlations quan-
tified in terms of LGtI as well as spatial correlations quanti-
fied in terms of flavour entropy and genuine tripartite entan-
glement in the oscillating neutrino system and compare the
results with the SM scenario. We find that, in case of nor-
mal mass ordering, LGtI violation of its classical bound in
the presence of SM interaction is large in comparison to NSI.
Conversely, in case of inverted mass ordering, LGtI-violation
is enhanced for the LMA-D scenario over the SM interaction.
Similar features have been observed in case of genuine entan-
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Fig. 3 Genuine tripartite entanglement G (upper figures) and flavour
entropy S (lower figures) have been plotted in the E − δ plane in
case of SM-interaction with NO (first column), LMA-Light + NO (sec-

ond column), SM + IO (third column) and LMA-Dark + IO scenario
(fourth column) in the context of DUNE experiment (L = 1300 km,
E = 1−10 GeV)

Fig. 4 This figure represents the correlation of nonclassicality measure K3 (first column), genuine tripartite entanglement G (second column) and
flavour entropy S (third column) with transition probability P(νμ → νe)

glement measure, while the flavour entropy, which is a mea-
sure of residual entanglement, is not affected significantly.
An interesting result of this work is that if LGtI is violated,
i.e., K3 exceeds its classical bound, at E ≈ 3 GeV (energy
corresponding to the maximum neutrino flux at DUNE), then
this would be possible only for LMA-Dark solution with IO,
thus pointing towards the existence of new physics. In the
wake of observational implications, we have also presented

correlation plots between oscillation probability and various
correlation measures.
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