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Abstract The burgeoning intersection of particle physics
and quantum information science unveils significant connec-
tions, particularly in the context of neutrinos—fundamental
particles that challenge our understanding of mass, mixing,
and coherence at the quantum level. This work investigates
the quantum informational aspects of two-flavor neutrino
oscillations, treating neutrino flavor change as a dynamic
carrier of quantum resources in addition to a fundamental
lepton physics phenomenon. Employing realistic experimen-
tal parameters from the Daya Bay, KamLLAND, and MINOS
experiments, we systematically evaluate four key quantum
metrics: quantum coherence, entanglement, local quantum
Fisher information (LQFI), and Bell non-locality. Our for-
malism utilizes time-dependent density matrices, incorpo-
rating environmental interactions modeled by a correlated
dephasing channel to capture both Markovian (memory-
less) and non-Markovian (memory-retaining) regimes. In the
Markovian regime, coherence and LQFI exhibit exponential
decay, with MINOS demonstrating the highest persistence of
quantum features attributed to its long baseline (735 km) and
high energy range (0.5-50 GeV). KamLLAND, with a medium
baseline and moderate energy, shows intermediate behavior,
while Daya Bay’s short baseline limits the survival of these
quantum properties. Notably, Bell non-locality violation in
the Markovian regime is exclusive to MINOS under high
classical correlation strength, whereas Daya Bay and Kam-
LAND remain within classical bounds. Across both regimes,
particularly the non-Markovian where information backflow
enhances coherence and entanglement, MINOS consistently
emerges as the most robust setup for the preservation of quan-
tum information.
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1 Introduction

Neutrinos, often referred to as the “ghost particles” of the uni-
verse, are among the most enigmatic constituents of the Stan-
dard Model of particle physics. Despite possessing incredibly
small masses and carrying no electric charge, neutrinos play
a crucial role in shaping our understanding of the fundamen-
tal forces and components of the universe. These particles
interact only via the weak nuclear force and gravity, render-
ing them nearly impervious to ordinary matter. As a result,
trillions of neutrinos pass through our bodies every second—
undetected and unimpeded—making their study a challeng-
ing yet highly rewarding pursuit in modern physics [1,2].
The phenomenon of neutrino oscillations, initially proposed
by Bruno Pontecorvo, has fundamentally altered our com-
prehension of these particles. Oscillations occur when neu-
trinos, produced in specific flavor states (electron, muon, or
tau), propagate as a quantum superposition of mass eigen-
states. This behavior challenges the Standard Model’s initial
assumption that neutrinos are massless and offers strong evi-
dence for the possibility of non-zero neutrino masses [3,4].
The underlying physics of neutrino oscillations depends on
the interplay between mass-squared differences Am?, mix-
ing angles, and energy baselines, all of which determine the
probability of flavor transitions. These parameters, investi-
gated through decades of experimental research, form the
cornerstone of modern neutrino physics.

Experimental efforts such as those undertaken by Daya
Bay, KamLAND, and MINOS have been pivotal in char-
acterizing the parameters that govern neutrino oscillations.
Each of these experiments targets distinct aspects of neu-
trino behavior, from short-baseline reactor antineutrino stud-
ies (Daya Bay), to medium-baseline reactor experiments
(KamLAND), and long-baseline accelerator-based investi-
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gations (MINOS). By leveraging their unique configura-
tions, these experiments probe different oscillation regimes,
enabling a comprehensive understanding of mixing angles,
mass-squared differences, and flavor-transition probabilities
[5-7]. The disappearance of electron antineutrinos released
by nuclear reactors over brief baselines (364-1912m) is the
main focus of the Daya Bay experiment. Its accurate mea-
surements of the effective mass-squared difference Am2, and
the mixing angle 613 have set a benchmark for understand-
ing the smallest of the neutrino mixing angles [8]. Kam-
LAND, by contrast, detects electron antineutrinos from mul-
tiple nuclear reactors at medium baselines (approximately
180km). It played a crucial role in confirming solar neutrino
oscillation parameters, particularly the mass-squared differ-
ence Am%2 and the mixing angle 01, [6,9]. Finally, MINOS
is along-baseline experiment that investigates muon neutrino
oscillations over a distance of 735 km. It has provided strin-
gent constraints on Am%2 and the mixing angle 63, thereby
deepening our understanding of atmospheric neutrino oscil-
lations [7]. While the physics of neutrinos has tradition-
ally focused on flavor transitions and mass hierarchy, recent
advances have unveiled their potential to serve as natural lab-
oratories for exploring quantum information concepts. Neu-
trino oscillations inherently exhibit quintessential quantum
properties, including coherence, entanglement, and sensitiv-
ity to external perturbations. Investigating these properties
provides deeper insights into the interplay between classical
and quantum correlations and highlights the role of environ-
mental decoherence in shaping quantum systems [10,11].
Characterizing the quantum behavior of systems in quan-
tum information science relies on key metrics such as quan-
tum coherence, entanglement, local quantum Fisher infor-
mation (LQFI), and Bell non-locality. Quantum coherence,
a fundamental property of quantum mechanics, quantifies a
system’s ability to maintain superposition states. In the con-
text of neutrino oscillations, coherence reflects their oscilla-
tory behavior as they transition between flavor states, offer-
ing insights into how environmental interactions affect these
transitions and how classical correlations can help sustain
quantum behavior [12]. Entanglement, a hallmark of quan-
tum mechanics, describes the non-separable correlations
within composite quantum systems. In two-flavor neutrino
models, where flavor states are superpositions of mass eigen-
states, such long-range correlations naturally arise, making
neutrino systems excellent candidates for exploring the inter-
play between entanglement and environmental decoherence
[13]. LQFI quantifies quantum correlations within a discord-
like framework by measuring a system’s sensitivity to exter-
nal perturbations. In neutrino systems, LQFI is used to assess
the degree of non-classical correlations and their suscepti-
bility to environmental effects; high LQFI values indicate
robust quantum correlations and a system’s capacity to retain
information despite decoherence [14,15]. Finally, Bell non-
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locality reveals the intrinsically non-classical nature of neu-
trino oscillations through violations of Bell inequalities. This
property directly measures non-local quantum behavior in
neutrino systems, demonstrating correlations that defy clas-
sical realism and potentially enabling applications in quan-
tum communication and cryptography [16,17].

Decoherence plays a significant role in neutrino oscilla-
tions, particularly in environments where interactions with
matter or radiation lead to a loss of quantum coherence.
This study employs the correlated dephasing channel frame-
work, which models environmental effects as classical corre-
lations between successive interactions of the neutrino sys-
tem. By analyzing the impact of decoherence on quantum
metrics, we gain insights into how environmental factors
influence the dynamics of neutrino systems [18]. The dynam-
ics of neutrino oscillations are influenced by the Markovian
or non-Markovian characteristics of the environment. In the
Markovian regime, defined by brief environmental correla-
tion times, the system’s evolution is dictated by exponen-
tial decay, resulting in a rapid loss of coherence. In con-
trast, the non-Markovian regime introduces memory effects,
which manifest as oscillatory dynamics. Together, these two
regimes capture a broad spectrum of environmental influ-
ences, allowing for a comprehensive analysis of quantum
behavior in neutrino systems [19,20].

In this work, we consider a two-flavor neutrino model sub-
jected to a classically correlated dephasing channel, which
introduces classical correlations between successive interac-
tions within the system [21]. This dephasing channel serves
as a framework for modeling environmental effects. Through
this lens, we explore how neutrino systems maintain quantum
properties in both Markovian and non-Markovian regimes
[19]. By incorporating experimental parameters from Daya
Bay, KamLLAND, and MINOS, we analyze the influence of
mass-squared differences, mixing angles, and baselines on
the quantum information metrics of neutrino systems. Our
results highlight the nuanced interplay between environmen-
tal decoherence and neutrino oscillations, offering a fresh
perspective on the quantum behavior of these elusive parti-
cles.

2 Bipartition mapping in neutrino oscillations

Bipartite quantum systems, consisting of two subsystems A
and B, embody key principles such as entanglement, coher-
ence, and non-locality. These systems are mathematically
described by the tensor product of their individual Hilbert
spaces, H 4 and H g, forming the composite space Hs @ H p.
The richness of bipartite systems lies in their ability to exhibit
correlations that defy classical explanations [22]. The joint
orthonormal basis for the bipartite system H 4 @ H p is defined
as [23]
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104 ®1j)s = lir jaskity ;267" (1)

and the general density matrix describing a quantum state of
such a bipartite system in this basis is given by

da—1dp—1

pas= Y > pijuli. i)k 1, )

i,k=0 j,I=0

where p;; i are the matrix elements in the joint basis.

For pure states, the density matrix elements simplify to
Oijkl = G ja,’:l, where a;; are the coefficients of the state
vector. To describe the quantum state of a subsystem, one
traces out the other subsystem. For subsystem A, the reduced
density matrix is

da—1 (dp—1 da—1
pa= Y | D pijwi |l atkl= D" pilida 3)
i,k=0 \ j=0 i,k=0

Neutrino flavor states (v,, v, v;) are not direct eigenstates
of mass but are quantum superpositions of the mass eigen-
states (v, v2, v3), linked by the neutrino mixing matrix. In
the two-flavor approximation, this matrix is parameterized by
a mixing angle 6 and determines the oscillatory behavior of
neutrinos. This behavior is influenced by physical parameters
such as the mass-squared difference Am?, energy, and travel
distance [3,4]. Consequently, neutrino oscillations make neu-
trinos a natural laboratory for studying bipartite quantum
systems, where flavor states form one subsystem and mass
eigenstates form another, enabling rigorous analysis using
tools such as density matrices and reduced states.

In fact, the flavor states are expressed as linear superpo-
sitions of mass eigenstates |v;) (i = 1, 2), governed by the
neutrino mixing matrix;

2
Vo) =Y Usilvi), “)

where U,; are elements of the mixing matrix parameterized
by a single mixing angle 6. The oscillation probability for
a neutrino transitioning from one flavor to another over a
propagation distance x is given by:

Am®x )
4E )’

where Amz, E and x are the mass-squared difference, neu-

trino energy, and propagation distance, respectively [13,23,

24].
The neutrino’s flavor state can be expressed as

Py, (x) = sin*(20) sin® <

[ve (7)) :aaa(t)|va)+aaﬁ(t)|vﬂ), (6)

where ayq () and aqg(t) are the time-dependent probability
amplitudes. Mapping these states into the composite two-
qubit basis yield

[ve) = le), [vu) = lepu), N

resulting in the time-evolved state:

[Ve (1)) = aee(t)10e) + aep(t)ept). ®)

The density matrix for the neutrino system in the specified
basis {|ee), lep), [e), )} is given by

Peu(t) = len) (el lac, (11> + |pe)(pelldaee (1)]?
+ |pe)eptlace (Nag, (1) )
+ lep) (elae, (al, (1),

Here, the off-diagonal terms represent quantum coherence
between the flavor states. In a correlated dephasing channel,
classical correlations and decoherence are introduced via the
parameter 7(#), leading to the modified density matrix [25]

Peu(t) = lep) (el lac, (1)1 + |e)(pellaee (t)]?
+ |pe)lepln(t)ace(ag, () (10)
+ lep) (e n(t)ae, (Has, (1),

where (t) = f2(t)+[1 — f2(t)]y,and f(¢) is the dephas-
ing function. In a completely correlated dephasing channel,
where y = 1, n equals 1. Thus, the density operator (10) will
remain time-independent in this particular instance.

When employing a wave packet approach [26-28], the
density matrix p, (x, t) describing the evolution of a neutrino
state depends on both position and time. This time-dependent
density matrix, integrated over time to capture the system’s
evolution under a correlated dephasing channel, is expressed
in terms of the elements ng (x) as follows

Pep(x) = lep)(ep| Fy, (x) + |we) (epln(t) Fyy (x)
(11)
+ lew) (peln(t) Fy, (x) + |e){pe| Fy,, (x),
where the elements ng (x) are defined as
ng(x) = ZU;‘jUakfjk(x)UﬂjU;k. 12)

Here, Uy; and Uy are elements of the PMINS mixing matrix.
The function fji(x) represents the wave-packet overlap,
encoding the quantum mechanical interference between dif-
ferent mass eigenstates. The elements of the density matrix
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depend on the wave-packet overlap function fji(x), given
by

AmZ, x Am?2, x 2

. k jk
fir(x) =exp | —i—+— — : (13)
! 2E 4\/§E20x

which encapsulates the quantum mechanical interference
between different mass eigenstates. This formalism empha-
sizes how the dynamics of the neutrino system are influenced
by both quantum coherence and classical correlations.

The function f(¢), which is defined as follows, allows the
parameter 7(¢) to further integrate the Markovian or non-
Markovian aspect of the system:

f@) =exp (—%) |:cosh (%) +

with v = /|1 — 1672|. Regarding the system’s dynamics,
the regime is classified as Markovian when 7 < 1/4, tran-
sitioning to a non-Markovian regime when t > 1/4, which
reflects the increasing significance of memory effects.

We leverage experimental data and parameters from three
prominent neutrino oscillation experiments; Daya Bay [29],
KamLAND [9,30], and MINOS [31,32]. Each of these
experiments provides unique insights into neutrino oscilla-
tion physics, focusing on distinct aspects of flavor transitions.

The Daya Bay experiment is a short-baseline reactor
antineutrino disappearance study that investigates electron
antineutrinos emitted by nuclear reactors at baselines rang-
ing from 364m to 1912m. Operating within the energy
range £ € [1MeV, 8 MeV], Daya Bay has played a cru-
cial role in precisely measuring the smallest neutrino mix-
ing angle, 013, and the effective mass-squared difference,
Am2, = (2.42J_r8:}(1)) x 1073 eV2. These results have sig-
nificantly advanced our understanding of the subdominant
mixing in neutrino oscillations [33]. In contrast, the Kam-
LAND experiment, a medium-baseline reactor antineutrino
disappearance study, examines electron antineutrinos origi-
nating from multiple nuclear reactors, with an effective base-
line of approximately L = 180 km. Operating in the energy
range £ € [2MeV, 10 MeV], KamLAND confirmed criti-
cal parameters of solar neutrino oscillations, including the
mass-squared difference Am%2 = 7.49 x 107 eV? and the
mixing angle 61». This experiment was pivotal in resolv-
ing the solar neutrino problem and establishing the Large
Mixing Angle (LMA) solution [34]. On the other hand,
the MINOS experiment is a long-baseline, accelerator-based
study of muon neutrino disappearance over a distance of
L = 735km. Operating at significantly higher energies
E € [0.5GeV, 50 GeV], MINOS has provided stringent con-
straints on the atmospheric neutrino oscillation parameters,
including Am32, = (2.321012) x 1073 eV? and the mixing

sinh (%)} . (14
v
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angle 6»3. Its findings have been instrumental in advancing
our understanding of dominant mixing in atmospheric neu-
trino oscillations [35].

The measurement parameters from each experiment (Am?,
mixing angles, baselines (L), and energy ranges (E)) serve
as critical inputs for our analysis. While both Daya Bay
and KamLAND focus on electron-antineutrino disappear-
ance, they probe different oscillation regimes due to vari-
ations in baseline lengths and energy ranges. In contrast,
MINOS examines muon-neutrino disappearance, offering
complementary insights into neutrino oscillations at high
energies and long baselines. These experimental parameters
are summarized in Table 1. By incorporating these param-
eters into the two-flavor model, we systematically analyze
the evolution of quantum criteria under both Markovian and
non-Markovian regimes. This approach not only reveals the
quantum informational features inherent to neutrino oscil-
lations but also highlights how experimental configurations
influence quantum behavior in these elusive systems.

The dynamics of quantum information properties reveals
the profound impact of environmental interactions, includ-
ing those modeled by a correlated dephasing channel where
the introduction of classical correlations significantly affects
the evolution of these quantum metrics. By analyzing data
from the Daya Bay, KamLAND, and MINOS experiments,
we explore how these metrics evolve in both Markovian
and non-Markovian regimes, providing valuable insights into
the interplay between quantum information and neutrino
physics.

3 Pairwise quantum criteria in two-flavor neutrino
oscillations

3.1 Quantum coherence

The simultaneous existence of several states in superposition
is known as quantum coherence, and it is a fundamental char-
acteristic of quantum systems [ 12]. This characteristic is vital
for numerous quantum technologies, such as quantum com-
puting and quantum cryptography, as it enables systems to
exhibit interference effects, thereby facilitating precise reg-
ulation and control of their behavior. This property is also
central to the oscillatory behavior of neutrinos, as coherence
directly governs the flavor-transition probabilities. Despite
its importance, coherence is highly susceptible to environ-
mental interactions, which can lead to decoherence and the
loss of quantum characteristics. Consequently, preserving
coherence remains a critical challenge in the advancement
of practical quantum technologies. Studying coherence in
neutrino systems thus provides insight into how neutrino
oscillations interact with their environment [36]. To quantify
quantum coherence, several measures have been developed
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Table 1 Summary of the key parameters for the Daya Bay, KamLAND, and MINOS experiments, including mass-squared differences, mixing

angles, baselines, and energy ranges

Experiment Oscillation parameters Baseline and energy range

Daya Bay Am?2, = (2.427519) x 1073 eV? L =364—1912m, E = 1-8MeV
sin? 26,3 = 0.084 % 0.005

KamLAND Am?, =7.49 x 1077 eV? L =180km, E = 2—10MeV
tan? 201, = 0.47

MINOS Am3,y = (2.32100%) x 1073 eV? L =735km, E = 0.5-50GeV

sin? 263 = 0.95 & 0.035

[37]; among these, the widely used /{-norm of coherence is
described as

CulpM1="Y_ lpij 0,
i#]

15)

where the off-diagonal components of the density matrix are
represented by p;;(t). Equation (15) represents the /1-norm
coherence as the sum of absolute values for off-diagonal com-
ponents in the selected basis [38,39]. The system state from
Eq. (11) can be used to concisely represent the /1 -norm coher-
ence as

Ci o] =2 (In@) FE, (0] + In() Fl(0)]) - (16)

The coherence dynamics of neutrino oscillations were
analyzed using the /{-norm, a measure that quantifies the
degree of quantum superposition. Figure 1 presents these
results across six graphs, capturing both Markovian and
non-Markovian regimes for the Daya Bay, KamLLAND, and
MINOS experiments. Each graph provides insights into how
experimental parameters, such as baseline distance L and
energy range E, influence the preservation of coherence.

In the Markovian regime, depicted in panels (a)-(b)-(c),
the coherence exhibits an exponential decay characteristic of
systems without memory effects. For Daya Bay (Fig. 1a), the
coherence does not exceed 0.3. This behavior is attributed to
the experiment’s short baseline L € [364 m, 1912 m] and rel-
atively moderate energy range E € [1 MeV, 8 MeV], both of
which limit the extent of quantum interference. KamLAND
(Fig. 1b), with its significantly longer baseline L = 180km
and intermediate energy range E € [2MeV, 10 MeV],
achieves a higher coherence value exceeding 0.5, reflect-
ing the enhanced quantum superposition facilitated by the
experimental setup. Meanwhile, MINOS (Fig. 1c), with the
longest baseline L = 735 km and the highest energy range
E € [0.5GeV, 50 GeV], shows coherence values approach-
ing 1. This outcome underscores the strong preservation of
quantum coherence in experiments with extended propaga-
tion distances and higher energy scales. Across all three
experiments, an increase in the classical correlation parame-

ter y leads to a corresponding rise in coherence, emphasizing
the critical role of 7(¢) in sustaining quantum superposition
states. In the non-Markovian regime, as illustrated in pan-
els (d), (e), and (f), the coherence dynamics exhibit oscilla-
tory decay due to memory effects. For Daya Bay (Fig. 1d),
coherence remains below 0.3, which, while consistent with
the Markovian regime, shows oscillations indicative of a
feedback mechanism where temporarily lost information is
partially recovered by the system. Similarly, KamLAND
(Fig. le) demonstrates coherence exceeding 0.5, with its
oscillatory nature reflecting the prolonged retention of quan-
tum correlations enabled by non-Markovian channels. In
MINOS (Fig. 1f), coherence approaches 1, mirroring Marko-
vian behavior yet highlighting how memory effects further
enhance coherence over time.

These results collectively reveal how environmental inter-
actions, governed by Markovian or non-Markovian dynam-
ics, interplay with experimental parameters to influence
coherence in neutrino oscillations. The consistent increase
in coherence with higher values of y across all regimes and
experiments reinforces the significance of the classical cor-
relation parameter in preserving quantum properties. Fur-
thermore, the oscillatory decay observed in non-Markovian
systems emphasizes the role of memory effects in sustaining
coherence, offering a richer perspective on the dynamics of
neutrino systems under varying environmental influences.

3.2 Bipartite entanglement of formation

In this section, we explore bipartite entanglement in elemen-
tary particle physics. We’ll demonstrate that the entangle-
ment of a balanced superposition of two particle flavors can
be expressed in terms of flavor oscillation transition proba-
bilities, which can then be exploited for quantum informa-
tion tasks. To do this, we derive explicit expressions for the
entanglement of formation in a two-flavor neutrino system,
using the density matrix p., (x) while a correlated dephasing
channel is present.

For a system prepared in a mixed state, a measure that sat-
isfies the quantum entanglement requirements is the entan-

@ Springer
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(b): KamLAND, Markovian

(c): MINOS, Markovian

(a): Daya Bay, Markovian
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Fig. 1 Time dependence of quantum coherence in the Markovian regime with 7 = 0.1 and the non-Markovian regime with t = 5 for 40 = 2,
T =0.0l and y =0, 0.4, 0.8, and 1, in Daya Bay, KamLAND and MINOS

glement of formation Er(p.,). It is defined as the minimal
entanglement obtained over all pure state decompositions of
a bipartite mixed state [40]. It is written

Er(pe) = min > piE (), (17)

where the minimization considers all possible pure spec-
tral decompositions of the mixed state p. This entanglement
quantifier is defined as the decomposition of a state that
minimizes local entropies. For pure bipartite states, it corre-
sponds directly to their local entropies. However, determin-
ing this measure analytically is difficult, as it requires consid-
ering all possible decompositions of a multipartite quantum
state. Wootters [41] proposed a simple solution by giving an
explicit formula for the formation of entanglement states of

@ Springer

two qubits. It is expressed as

1 1 —C(pepn)?
EF(peu):h( i 3 (Pp,))’

where /1 (x) is the binary entropy function 2(x) = —x log, (x)—
(1 —x)log,(1—x),and C(p,) is the Wootters concurrence
defined mathematically as [42]

Clpe) = max [0, /3y — /o2 — /o3 = \/a].

with the non-Hermitian operator p., 0., has eigenvalues v;
that are arranged in descending order (1 > v > U3 > U4).
The spin-flipped density matrix g, is defined as follows

(18)

Pen = (02 ® a})ps, (00 ® 0}),
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where o) = aﬁ = ((z) _Ol> being the Pauli-y matrix. In our

neutrino mixing matrix, the spin-flipped matrix is given by

Pep = lep){ep| Fpy,, (x) + |ped(epln(t) Fyy, (x)

(19)
+ lep)(peln(t) Fj, (x) + |ne){uel F,,(x),
and the eigenvalues of the operator pe Oc;, are
2 2
91 =40 Fo, (0|7, 02 = (F5,x) — F,(x))",
3 =0, 94 =0. (20)

Substituting these eigenvalues into the concurrence for-
mula, we get

C(pey) = max{0, 2 (1) FE, ()] — FS(x) — FS,, (1)}, (21)

The entanglement dynamics of neutrino oscillations,
quantified by the entanglement of formation, reveal the com-
plex interplay between environmental interactions and quan-
tum correlations. The results are presented in two sets of
panels: Fig. 2a—c correspond to the Markovian regime, while
Fig.2d-f illustrate the non-Markovian regime. These fig-
ures represent data from the Daya Bay, KamLAND, and
MINOS experiments, respectively, providing comparative
insights into the behavior of entanglement under different
experimental configurations and environmental dynamics.

In the Markovian regime, entanglement exhibits a mono-
tonic decay, a characteristic of systems dominated by memo-
ryless environmental interactions. For the Daya Bay experi-
ment (Fig. 2a), the entanglement of formation remains below
0.15. This limited entanglement can be attributed to the
relatively short baseline (L € [364m, 1912 m) and mod-
erate energy range (E € [1MeV, 8MeV), which restrict
the quantum interference effects essential for generating
robust entanglement. KamLAND experiment (Fig. 2b), with
its extended baseline (L = 180 km) and intermediate energy
range (E € [2MeV, 10MeV), displays a higher entan-
glement value exceeding 0.3, reflecting the favorable con-
ditions for stronger quantum correlations. In contrast, the
MINOS experiment (Fig. 2c) is characterized by the longest
baseline (L = 735km) and the highest energy range
(E € [0.5GeV, 50 GeV). Here, the entanglement of forma-
tion approaches 1. This behavior underscores the enhanced
preservation of entanglement in systems with longer propa-
gation distances and higher energy scales. Across all three
experiments, the classical correlation parameter y exerts a
significant influence, with higher values of y leading to
increased entanglement, highlighting the role of classical cor-
relations in sustaining quantum properties.

The non-Markovian regime, shown in Panels 2d, 2e, and
2f, exhibits oscillatory entanglement dynamics. This behav-

ior stems from the inherent feedback mechanism in non-
Markovian systems, where information temporarily lost to
the environment is partially retrieved. For the Daya Bay
experiment (Panel 2d), entanglement stays below 0.15 but
displays pronounced oscillations, which indicates recurring
interactions with the environment. KamLAND (Panel 2e)
shows a similar oscillatory pattern, with entanglement val-
ues exceeding 0.3, reflecting the prolonged retention of quan-
tum correlations due to non-Markovian memory effects. The
MINOS experiment (Panel 2f) achieves entanglement values
close to 1, with oscillations amplifying the preservation of
quantum correlations over time. These oscillations become
especially prominent at higher values of y, highlighting the
combined role of non-Markovian dynamics and classical cor-
relations in enhancing quantum entanglement.

Overall, these entanglement dynamics highlight the differ-
ing effects of Markovian and non-Markovian environments
on quantum correlations in neutrino oscillations. The results
show that memory effects in non-Markovian systems can not
only preserve but also periodically revive entanglement, pro-
viding a deeper understanding of how neutrinos behave in
different environmental settings. This analysis offers a com-
prehensive view of how experimental parameters and envi-
ronmental regimes shape the quantum characteristics of neu-
trino oscillations, paving the way for further exploration of
quantum phenomena in complex systems.

3.3 Metrological non-classical correlations in two-flavor
neutrino oscillations

Recently, significant efforts have been made to establish the
validity of quantum entanglement in quantum metrology. It
has been shown that, in unitary processes, entanglement leads
to a notable improvement in the accuracy of parameter esti-
mation. Entanglement can even be exploited as a quantum
resource to overcome the standard quantum limit and reach
the Heisenberg limit [43—46]. This leads to a natural question:
is it possible to relate and quantify quantum correlations in
terms of quantum Fisher information? Several recent studies
have explored this, with an important result being the intro-
duction of a new measure of quantum correlations based on
quantum Fisher information [47-50]. The LQFI has been
introduced to deal with discord-like pairwise quantum cor-
relations. This quantizer provides a better understanding of
how quantum correlations contribute to the accuracy of quan-
tum metrology. It also satisfies the key properties required
for a good quantum correlation measure. It is also invari-
ant under any local unitary operation and, for pure quantum
states, it coincides with geometric discord. We will denote
this measure by F(pap), which corresponds to the optimal
LQFI obtained using the measurement operator Hy4, acting
only on part A of the bipartite system AB [51]:
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40 =2,T =0.01 and y =0, 0.4, 0.8 and 1, in Daya Bay, KamLAND and MINOS

F(pap) = min F(pap, Ha), (22)
A

with F(p4p, H) representing the QFI. It is remarkable that
the authors [51] proved that the optimization defined by equa-
tion (22) is feasible, and that LQFI is

F(pap) =1 — Amax, (23)

in the specific case where subsystem A is a qubit. In this case,
Amax, the maximum eigenvalue of the symmetric matrix M
representing the correlations between subsystems A and B,
is computed as follows

@ Springer

24iq;
My =3 21U o, @ 1) (1o @ T1Y3). (24)

i qi +4q;

where g; are eigenvalues of p4 (1), V; are the corresponding
eigenstates, and o, 0, denote the Pauli matrices in x, y, and
z directions acting on the first qubit, / is the identity operator
acting on the second qubit.

For the system considered, applying Eqgs. (11) and (24)
allows us to obtain the expressions of F; = 1 — M, and
Fy = 1 — M,y in terms of the model parameters:

Mez =1 =420 (IFL 0P + [ F, (0)2) (25)



Eur. Phys. J. C (2025) 85:1349

Page 9 of 14 1349

where 1(t) = f2(t)+[1— f2(t)]y accounts for the system’s
correlation parameter, and

(In@OF& ) F ) 17) (1FE, 01 + | FE (0)17)

My =4 2 .
(1= (Fg0PR = 1FLPR)°)
(26)
Accordingly, the LQFI can be expressed as
F(p) = min(Fy, F2). 27)

The LQFI, which quantifies the sensitivity of neutrino
systems to parameter variations, provides critical insights
into the interplay between quantum correlations and envi-
ronmental influences. Figure 3 illustrates the LQFI dynamics
across six panels, highlighting both the Markovian and non-
Markovian regimes for Daya Bay, KamLAND, and MINOS.
Each graph demonstrates how experimental configurations,
such as baselines and energy ranges, affect the retention of
quantum correlations.

In the Markovian regime, depicted in panels (a), (b), and
(c) of Fig. 3, LQFI exhibits exponential decay consistent with
the lack of memory effects. For Daya Bay (Fig.3a), LQFI
starts at 0 for y = 0, indicating the absence of classical
correlations, and rises to over 0.6 for y = 0.4 and 1 for
y = 1. Notably, the results for y = 0.8 are absent, suggest-
ing that rapid decoherence suppresses LQFI for intermedi-
ate correlation values. This behavior reflects the relatively
short baseline (L € [364m, 1912 m]) and moderate energy
range (E € [1MeV, 8 MeV]), limiting the system’s sensi-
tivity to local perturbations. KamLAND (Fig.3b), with its
medium baseline (L = 180km) and broader energy range
(E € [2MeV, 10 MeV), sustains LQFI across all values of
y, ranging from O for y = 0 to over 0.8 for y = 0.8.
This behavior underscores the system’s enhanced sensitiv-
ity to local measurements, facilitated by its experimental
configuration. Conversely, MINOS (Fig.3c) demonstrates
significantly lower LQFI, with values peaking near 0.2 for
y = 1. The high energy range (E € [0.5 GeV, 50 GeV]) and
extended baseline (L = 735 km) amplify decoherence, sup-
pressing quantum correlations and diminishing sensitivity to
local perturbations.

In the non-Markovian regime, illustrated in panels (d),
(e), and (f) of Fig.3, LQFI exhibits oscillatory decay pat-
terns attributed to memory effects. For Daya Bay (Fig. 3d),
while the overall trend remains consistent with the Marko-
vian regime, the oscillations reflect the partial recovery of
quantum correlations due to feedback from the environment.
KamLAND (Fig. 3e) retains higher LQFI values with promi-
nent oscillatory patterns, particularly for y > 0.4, indicating
that non-Markovian dynamics enhance sensitivity to param-
eter changes over time. MINOS (Fig. 3f), though exhibit-

ing relatively lower LQFI, also displays oscillatory behavior,
demonstrating that memory effects can partially counteract
decoherence even in systems with long baselines and high
energy ranges.

Overall, the results highlight the significant impact of
experimental configurations on LQFI dynamics in neutrino
systems. While the Markovian regime reveals the limitations
imposed by short memory times, the non-Markovian regime
underscores the advantages of memory effects in preserving
quantum correlations. The increasing LQFI with higher y
across all regimes and experiments emphasizes the critical
role of classical correlations in enhancing system sensitiv-
ity to local perturbations, offering valuable insights into the
quantum behavior of neutrinos under various environmental
conditions.

3.4 Bell non-locality in two-flavor neutrino oscillations

Bell non-locality describes a fundamental quantum phe-
nomenon in which measurements on entangled particles
reveal correlations that cannot be explained by classical
physics. Introduced by John Bell, it probes the limits of clas-
sical realism through violations of Bell inequalities [17,52].
This phenomenon demonstrates that the behavior of these
particles is intrinsically nonlocal and rules out the existence
of local hidden variables. Neutrino systems, owing to the
quantum superposition of their mass eigenstates and the
entanglement of their flavor states, provide a unique testing
ground for Bell non-locality. Violations of the Bell-CHSH
inequality in such systems highlight their intrinsically quan-
tum nature and reveal non-classical correlations that cannot
be reproduced by local hidden variable theories [53]. For
2x2 quantum systems, the Bell-CHSH inequality serves as
the primary tool to demonstrate the nonlocality of a state.
The detection of this nonlocality relies on the violation of
the inequality, which is defined as follows

|{BcusH)pl < 2, (28)

where (Bcush), = tr(pBcusn) represents the expectation
value of the Bell operator Bcysy with respect to the quantum
state p. The maximum possible violation of this inequality,
known as the Bell parameter, is expressed as [54,55]:

Bax(p) = max [{Bcush) p| = 2v/ N (0). (29)

Here, the quantity N '(p) is computed from the eigenvalues
w; (i = 1,2,3) of the matrix X7 X', where X has elements
Xy = tr(poy, ® 0y) and o, ;, denote the Pauli matrices [56].
For the model under consideration, the matrix N (p) is given
by

N (p) = max(Ni, NV2), (30)
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Fig. 3 Time dependence of LQFI in the Markovian regime with 7 = 0.1 and the non-Markovian regime with 7 = 5 for 4w = 2 and T = 0.01.

y =0,0.4,0.8 and 1 in Daya Bay, KamLAND and MINOS

where the quantity A/j captures the correlations arising from
off-diagonal coherence terms

N =8n()F . 31
with F;, (x) represents the wave-packet overlap for the off-

d1agonal terms, and the quantity N, includes contributions
from both diagonal and off-diagonal terms

Ny =4 |n@FE, 0 + (FE () — F& ()7, (32)

where

Fo(x) =Y U},
k.j

Flp() = Z
k.j

Uekfjk(x)Uej Ue*k,

. i (33)
UMjUMkfjk(x)quUuk'

Violation of inequality (28) highlights the extent to which
quantum correlations can exceed classical expectations, and

@ Springer

is established if and only if the value of N'(p) is greater
than 1. Moreover, ' (p) provides an effective measure for
quantifying the degree of Bell non-locality in a bipartite state
[57,58].

Bell non-locality, characterized by the Bell parameter
Bmax, provides a critical metric for evaluating the extent to
which neutrino systems exhibit correlations beyond classical
realism. Figure4 illustrates the dynamics of B for Daya
Bay, KamLLAND, and MINOS in both Markovian and non-
Markovian regimes, with six panels labeled (a) through (f).
These results reveal how baseline lengths, energy ranges, and
the classical correlation parameter y influence the manifes-
tation of Bell non-locality in neutrino oscillations.

In the Markovian regime, shown in panels (a), (b), and
(c) of Fig.4, the behavior of B, reflects the absence of
memory effects, leading to exponential decay of quantum
correlations. For Daya Bay (Fig.4a), Bpax remains entirely
below the classical limit of Bpax = 2, regardless of the
value of y. This sub-classical behavior is consistent with the
short baseline (L € [364 m, 1912 m]) and moderate energy
range (E € [1 MeV, 8 MeV]), which limit the development
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Fig. 4 Time dependence of Bell non locality in the Markovian regime with t = 0.1 and the non-Markovian regime with 7 = 5 for 4w = 2 and
T =0.01. y =0,0.4,0.8 and 1 in Daya Bay, KamLAND and MINOS

of strong quantum correlations. KamLAND (Fig. 4b), with its
longer baseline (L = 180 km) and intermediate energy range
(E € [2MeV, 10 MeV]), approaches the classical limit for
higher values of y. Specifically, for y = 1, Bpax peaks
around 1.5, indicating enhanced quantum correlations com-
pared to Daya Bay. However, it remains within the classi-
cal limit, reflecting the system’s sensitivity to the interplay
between decoherence and baseline effects.

In contrast, MINOS (Fig. 4c) demonstrates a distinct tran-
sition from sub-classical to supra-classical behavior. For
lower values of y (y = 0 and y = 0.4), Bnax remains
below 2, consistent with classical correlations. However, for
y = 0.8 and y = 1, Bmax surpasses the classical limit,
reaching nearly 3. This supra-classical behavior underscores
the significant role of MINOS’s long baseline (L = 735 km)
and high energy range (E € [0.5GeV, 50 GeV]) in foster-
ing robust quantum correlations, leading to observable non-
locality.

The non-Markovian regime, depicted in panels (d), (e),
and (f) of Fig.4, introduces memory effects that manifest
as oscillatory decay in Bmax. For Daya Bay (Fig.4d), the
sub-classical behavior persists, with Bpax remaining below
2 for all values of y. Similarly, KamLAND (Fig.4e) retains
its sub-classical nature, albeit with pronounced oscillations
for higher y, emphasizing the dynamic interplay between
the neutrino system and the correlated dephasing channel. In
MINOS (Fig.4f), the non-Markovian regime preserves the
supra-classical behavior observed for y = 0.8 and y = 1
in the Markovian case. The oscillatory patterns highlight the
enhanced feedback of information between the environment
and the system, sustaining strong quantum correlations over
time. These results underscore the significant role of non-
Markovian effects in amplifying Bell non-locality, particu-
larly in systems with substantial classical correlations and
favorable experimental configurations.
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Overall, the analysis of Bpyax across different regimes
and experiments demonstrates the profound influence of
baselines, energy ranges, and classical correlations on the
manifestation of Bell non-locality in neutrino systems.
While Daya Bay and KamLAND predominantly exhibit
sub-classical behavior, MINOS stands out as a platform for
observing genuine quantum non-locality, particularly in the
presence of non-Markovian dynamics. These findings pro-
vide a deeper understanding of how environmental interac-
tions and experimental parameters shape the quantum nature
of neutrino oscillations.

4 Conclusion

The investigation of quantum resources in two-flavor neu-
trino oscillations offers an unprecedented opportunity to
bridge the gap between quantum information theory and
particle physics. By analyzing coherence [12], entanglement
[41], local quantum Fisher information [59], and Bell non-
locality [52] within the framework of correlated dephasing
channels [19], this work demonstrates how environmental
interactions, baseline length, and neutrino energy shape the
persistence of quantum correlations in open quantum sys-
tems. The comparative study of Daya Bay [5], KamLAND
[6], and MINOS [7] experiments provides a concrete illustra-
tion of how physical configurations can amplify or suppress
quantum features, offering valuable insight into the inter-
play between experimental design and quantum information
dynamics. A central finding of this study is the sensitivity
of quantum coherence and entanglement to the propagation
conditions of neutrinos. The short baselines and moderate
energies at Daya Bay constrain the degree of sustained quan-
tum interference, resulting in limited preservation of coher-
ence and lower entanglement values. KamLAND, operating
at intermediate scales, reveals more robust quantum signa-
tures, benefiting from extended propagation distances and
broader energy ranges. MINOS, with its long baseline and
high-energy spectrum, consistently demonstrates the most
pronounced resilience across all quantum metrics. These
variations underscore the crucial role of propagation length
and energy in shaping the informational content of neutrino
states.

The comparative analysis of Markovian and non-Markovian
regimes further highlights the impact of environmental
memory on quantum correlations. Markovian dynamics,
dominated by irreversible information loss, impose expo-
nential decay on coherence, entanglement, and sensitivity.
In contrast, non-Markovian dynamics introduce oscillatory
revivals, reflecting the backflow of information from the envi-
ronment to the system [19]. This phenomenon is particularly
pronounced for KamLAND and MINOS, where extended
baselines enhance the role of memory effects, facilitating
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the periodic resurgence of entanglement and non-locality.
These results emphasize the importance of including mem-
ory effects in realistic models of neutrino dynamics.

The role of classical correlations, represented by the
parameter y, emerges as a unifying theme across all metrics.
Higher values of y consistently enhance quantum coherence,
extend the lifetime of entanglement, and amplify violations
of the Bell inequality. This indicates that classical-quantum
interplay can mitigate environmental decoherence, thereby
sustaining quantum behavior. The analysis of LQFI provides
an additional perspective by quantifying the parameter sen-
sitivity of the system. While MINOS initially displays lower
baseline sensitivity, its performance is significantly improved
under strong classical correlations, highlighting the stabiliz-
ing role of y in open quantum environments.

The evidence for Bell non-locality in neutrino oscillations
is especially noteworthy. Violations of the Bell inequality in
the MINOS configuration, even under Markovian conditions,
establish neutrinos as a natural platform for probing non-
local quantum correlations. In the non-Markovian regime, the
persistence and oscillatory amplification of supra-classical
behavior further illustrate the robustness of neutrino systems
as testbeds for foundational questions in quantum mechan-
ics. These findings position neutrino oscillations not merely
as phenomena of particle physics [4] but as dynamic labora-
tories for exploring the principles of quantum information.

In summary, this work has established a unified framework
for understanding how coherence, entanglement, sensitivity,
and non-locality evolve in neutrino systems under environ-
mental influences. The comparative analysis of experimental
configurations reveals that long baselines and higher ener-
gies enhance quantum resources, while classical correlations
and non-Markovian memory effects act as stabilizers against
decoherence. These insights advance both the theoretical
understanding of neutrino oscillations and their potential role
in quantum information science. At the same time, this inves-
tigation opens the door to several pressing research direc-
tions. A natural extension concerns the inclusion of three-
flavor dynamics, where the richer interference patterns may
significantly reshape the evolution of coherence, entangle-
ment, and non-locality under realistic experimental condi-
tions. In astrophysical settings such as supernovae or the early
universe, collective oscillations and matter effects [60] could
either sustain or strongly suppress quantum resources, rais-
ing fundamental questions about their robustness in extreme
environments. Another intriguing possibility is whether neu-
trino systems (owing to their extraordinarily weak interaction
with matter) could be envisioned as carriers of quantum infor-
mation across astrophysical distances. Furthermore, insights
into the interplay between classical correlations and memory
effects may guide the design of future neutrino experiments,
optimizing their ability to probe quantum informational fea-
tures. Finally, the parallels between neutrino oscillations in
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correlated dephasing channels and noise-resilient protocols
in quantum technologies suggest that lessons from neutrino
physics might inspire new approaches for engineering robust
quantum communication channels.

These questions outline a clear pathway for integrating
neutrino physics with broader developments in quantum
information theory and quantum technology. By pursuing
these directions, future research can not only deepen our
understanding of fundamental quantum behavior in neutrino
systems, but also uncover novel opportunities for interdisci-
plinary applications at the interface of particle physics and
quantum information science.
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