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Abstract. This review explores the interplay between quantum information
theory and high-energy physics, emphasizing how decoherence effects and uncon-
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as the Dirac or Majorana nature of neutrinos and potential CPT violation. It
further discusses the use of entanglement measures as novel probes of axion-
mediated interactions, outlining interdisciplinary strategies to test the limits of
the Standard Model and explore new physics beyond it.
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1. Introduction

In high-energy physics, the behavior and dynamics of elementary particles are most com-
monly described by scattering amplitudes between asymptotic states in the framework
of flat spacetime. This approach, known as the S -matrix formalism [1], has proven to be
highly effective, particularly in the context of collider physics, where it provides a clear
and powerful tool for analyzing particle interactions. The success of this framework,
however, is not without its limitations. When applied to situations where spacetime
curvature, long-range correlations, or environmental influences play a significant role,
the S -matrix approach encounters conceptual challenges. In such cases more sophist-
icated approaches are required to capture the full complexity of particle dynamics in
these non-trivial settings. At the same time, while the Standard Model of particle phys-
ics offers a robust framework for understanding a broad range of phenomena involving
fundamental particles and their interactions, it is important to acknowledge that it does
not constitute the final theory of elementary particles. Indeed, although the Standard
model has been remarkably successful in explaining many observed phenomena, there
remain unresolved questions and unexplained phenomena that lie outside its purview.
For example, phenomena such as particle mixing [2–16], which involves the transform-
ation of one type of particle into another, and the quantum features of gravitation
[17–25] are not fully accounted for within the Standard Model. It is therefore necessary,
on the one hand, to advance our knowledge of particle physics by abandoning certain
restrictive assumptions and models, and on the other to adopt new analytical tools.

Among the various approximations, perhaps the most pivotal to relax is the idealized
assumption of an isolated system, neglecting interactions with its surrounding environ-
ment. Indeed, this inevitable interaction leads to a range of non-trivial effects, such as
dissipation and decoherence, that cannot be neglected. The theory of open quantum
systems (OQS) [26–28] has gained significant attention over recent decades, as it offers
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powerful tools for addressing the complexities introduced by environmental coupling
thereby enabling more accurate predictions of quantum system behavior in real-world
settings, such as experimental setups. Originally developed within the framework of
quantum optics, it has been used to investigate the role of dissipation and irreversibility
in various particle physics phenomena [29–32], with the initial motivation being the
analysis of quantum gravity effects. Indeed, spacetime, treated as a dynamical variable,
undergoes fluctuations of both classical and quantum in nature, and these fluctuations
lead to decoherence in quantum systems (see [33] for a review). Moreover, incorporating
gravity into the quantum systems description is not merely a step toward more real-
istic modeling; it represents a low-energy quantum mechanical approach to reconciling
quantum mechanics with general relativity, potentially circumventing the need for more
sophisticated theories, such as string theory [34] or loop quantum gravity [35]. Finally,
beyond gravitational effects, modeling quantum systems as open systems is crucial for
uncovering novel aspect of physical phenomena [29–32].

The environment-induced decoherence mechanism and the corresponding quantum
to classical transition cannot be explained without resorting to the concept of entan-
glement [36, 37]. Indeed, even the basic measurement process requires the system and
the measurement apparatus to correlate, causing system wave function to collapse.
The environment can be understood as the collection of degrees of freedom that are
dynamically coupled to the system of interest and become entangled with it. It is this
continuous interaction, effectively a form of monitoring, that drives the system towards
decoherence [36]. Entanglement thus constitutes a fundamental element in addressing
the dynamics of OQS and has sparked growing interest within the particle physics com-
munity. Moreover, from a broader perspective, the application of quantum information
concepts and techniques is becoming increasingly pervasive in physics, ranging from
many-body systems [38], to black hole physics [39], and the AdS/CFT correspond-
ence [40], emerging as a new paradigmatic framework for exploring and understanding
physical phenomena, and representing a fundamental ingredient in the future research
road-map of particle physics (see [41] for a review). This review aims to highlight the role
of entanglement as a fundamental tool for investigating physics beyond the Standard
Model in the more realistic scenario of a non-isolated system.

We start considering particle mixing, that occurs when particles identified by defin-
ite flavor states are, in fact, quantum superpositions of mass eigenstates with slightly
different masses [42, 43]. This small mass difference makes the system highly sensit-
ive to external perturbations, such that even weak interactions can induce observable
modifications in the oscillation frequencies. This enhanced sensitivity forms the found-
ation of several experimental proposals designed to probe the physical consequences of
flavor mixing [43]. As paradigmatic example of particle mixing we consider neutrinos
mixing, since they interact only via gravity and the weak force. Moreover, although
the weak force is stronger than gravity, its range is extremely limited (on the order of
d= 10−16− 10−18m), meaning it can be neglected over distances larger than d, where
gravitational interactions dominate. In this context, the quantum information approach
provides a promising avenue for advancing our understanding of neutrinos. Indeed,
although the key neutrinoless double beta decay could provide insight into the nature of
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neutrinos and several experimental setups has been proposed to detect this process [44–
46], no conclusive results have yet been obtained. The inclusion of decoherence effects
in neutrino oscillation formulas can introduce dependencies on the Majorana phase, a
characteristic that could be used to distinguish between Dirac and Majorana neutri-
nos (see section 3 and [29–32] for an in-depth discussion). Furthermore, this approach
offers a pathway to exploring how off-diagonal dissipators can be used to identify the
nature of neutrinos, with one important consequence being the potential violation of
CPT symmetry [47–52].

The second paradigmatic case we consider concerns the search for axions, hypothet-
ical light (ma ≃ 10−6− 10−2) [53, 54], neutral particles that interact extremely weakly
with ordinary matter, and is intimately related to the longstanding and unresolved
strong CP problem [55–62]. Indeed, in the Standard Model of particle physics, the QCD
Lagrangian contains a term that could, in principle, break the combined symmetry of
charge conjugation (C) and parity (P) whereas no such violation is tested in QCD pro-
cesses (see [43] and references therein). A possible solution was proposed by Peccei and
Quinn [55, 56], who introduced a new global symmetry that is spontaneously broken at
a high energy scale. This mechanism leads to the emergence of a new pseudo-Nambu–
Goldstone boson, subsequently identified as the axion [53–58, 63–65]. Axions have also
emerged as compelling dark matter candidates [66–70]. If they exist, axions produced in
the early Universe, e.g., via the decay of the Peccei–Quinn symmetry, could constitute
a significant fraction of cold dark matter. Despite their extremely low mass and weak
coupling to ordinary matter, they could exert a gravitational influence on the large-scale
structure of the Universe, and its existence might be inferred through indirect observa-
tions. Owing to these strong theoretical motivations, numerous experiments have been
devised to search for axion-like particles (ALPs), despite the extreme weakness of their
interactions. Most efforts rely on axion–photon coupling [71–76]. Moreover, more recent
approaches explore quantum geometric phases and axion–photon mixing [77, 78] and
from studying axion–nucleon and axion–lepton interactions [79, 80]. Nonetheless, no
experimental evidence for ALPs has been found so far. In this review we show that it
is possible to detect indirectly the axion based on the entanglement generated between
two fermions through axion-mediated interactions, namely the entanglement could serve
as indirect evidence of pseudoscalar interactions, thereby supporting the existence of
axions and ALPs.

The paper is structured as follows. In section 2, we recall the fundamental con-
cepts and formalism used to describe OQS, namely, systems that are not isolated but
interact with their surrounding environment. In particular, we introduce the Gorini–
Kossakowski–Lindblad–Sudarshan (GKLS) master equation, which is widely employed
under the assumptions of weak coupling and Markovian dynamics. These tools are then
applied in subsequent sections to the study of neutrino oscillations in the presence of
gravitational interactions and, more generally, under decoherence effects. Finally, we
outline the key concepts and methods related to entanglement, which underlies the
emergence of decoherence and the associated phenomenology. In section 3, we invest-
igate two-flavor neutrino oscillations. We begin by reviewing the idealized case of a
perfectly isolated system, and then demonstrate that, when mutual gravitational inter-
actions between neutrinos are taken into account, translational symmetry is broken,
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which in turn leads to CPT symmetry violation. We then consider a more general scen-
ario incorporating decoherence effects, described by the GKLS master equation. Within
this framework, we identify conditions under which CP symmetry, and consequently
CPT symmetry, is violated. This phenomenon is further connected to the possibility of
probing the fundamental nature of the neutrino, specifically whether it is a Dirac or a
Majorana particle. In section 4, we demonstrate how the emergence of entanglement at
times t > 0 between two fermions, initially prepared in a product state at t =0, can be
linked to a hypothetical interaction mediated by an axion field. Finally, in In section 5,
we summarize our main findings and outline possible directions for future research,
highlighting how our results may contribute to ongoing efforts in theoretical modeling
and experimental investigations in particle physics through the lens of entanglement.

2. OQS and entanglement

In this section, we briefly introduce the fields of OQS and entanglement theory, with an
emphasis on aspects relevant to the subsequent discussion. For a more comprehensive
treatment, we refer the reader to the literature [26, 37, 81].

A realistic description of the evolution of a quantum system S must necessarily
account for its interaction with the surrounding environment E, with which it exchanges
energy and/or information. As a result, the evolution is no longer unitary, and the
reduced state of the system cannot be described by a pure state, but rather by a mixed
state represented by a density matrix. Conceptually, the state of the system at a given
time t > 0 can be obtained by considering the global unitary evolution of the combined
system–environment (SE) and subsequently tracing out the environmental degrees of
freedom (ρS(t) = TrE[ρSE(t)])(see figure 1). This is the most straightforward approach,
and it is indeed the method we adopt in section 3 to obtain the reduced density matrix
describing the evolution of a single neutrino interacting with a surrounding neutrino
environment. Nevertheless, a dedicated mathematical framework has been developed to
account for such situations. This mathematical description of the interaction is provided
by a dynamical map, which evolves the initial state of the system according to ρS(t) =
Φ[ρ(0)]. In order to preserve the positive semi-definiteness of the density matrix for all
possible initial states, including those entangled with ancillary systems, the map Φ must
be completely positive (CP) [37]. This requirement ensures that the physicality of the
quantum state is maintained throughout the evolution.

Although the dynamical map formalism is the most general framework, capable of
describing both Markovian and non-Markovian processes, as well as cases involving
strong SE coupling, in many practical situations, the weak-coupling and memoryless
Markovian approximations are sufficient. Under these conditions, the reduced dynamics
of the system admits a simple microscopic description in terms of the GKLS master
equation [81]

dρS (t)

dt
=−i [H,ρS (t)]+LGKLS [ρS (t)] (1)
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Figure 1. A realistic description of the dynamics of a quantum system S must
incorporate its interaction with the surrounding environment E. While the joint
system–environment evolution, governed by the HamiltonianHSE =HS+HE+HInt

(with HInt denoting the interaction term), is unitary, the reduced dynamics of the
system is non-unitary as a consequence of this interaction. The reduced density
matrix describing the system at time t > 0 can be obtained by tracing out the
environmental degrees of freedom from the evolved total state, or equivalently, by
applying a dynamical map to the initial system state. This map must be CP in
order to preserve the physicality of the state [81].

where H is the full system plus environment Hamiltonian, and LGKLS is the dissipator

LGKLS [ρS (t)] =−i [H,ρS (t)]+
N 2−1∑
i,j=1

γij

[
LiρS (t)Lj −

1

2
{LjLi,ρS (t)}

]
. (2)

The jump operators Li, with i = 1, . . . ,N , where N is the dimension of the system’s
Hilbert space (dimHS =N), characterize the dissipative part of the dynamics. The
eigenvalues of the positive semidefinite matrix γ represent the relaxation rates associated
with the various decay modes of the open quantum system. In section 5, we make use
of equation (1) to describe the non-unitary evolution of two-flavor neutrinos.

The other quantum mechanical concept we shall rely on is entanglement [37, 82].
Although the existence of entangled states has been known since the early days of
quantum mechanics [83, 84], it took several decades before the phenomenon was sys-
tematically studied through the formulation of Bell inequalities [85], and subsequently
confirmed by experimental tests, most notably those performed by Aspect and collab-
orators [86]. A major boost in the study of entanglement came in the 1990s, with the
realization that it constitutes a fundamental resource for quantum technologies such as
quantum teleportation [87], superdense coding [88], and quantum cryptography [89, 90].
Today, entanglement is widely regarded as one of the pillars of what is often referred to
as the ‘Second Quantum Revolution’ [91]. The definition and quantification of entangle-
ment are most naturally introduced in the simplest case of a bipartite system. Moreover,
since we are dealing with a SE setting, we will illustrate the basic concepts in this
framework.

According to the postulates of quantum mechanics, the Hilbert space of the total
system, comprising both the system and its environment, is given by the tensor product
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of the individual Hilbert spaces, H =HS⊗HE. As a consequence of the superposition
principle, the state of the composite system can be expressed as |ψSE⟩=

∑
in
cin |in⟩,

where in = (i1, i2) is a multi-index labeling the basis states of the two subsystems. The
indices i1 and i2 run over orthonormal bases of H S and H E, respectively. In general
|ψSE⟩ ̸= |ψS⟩⊗ |ψE⟩, namely, at variance with the classical case, the total state is not
always a product state of the 2 separate systems. This general impossibility captures
the phenomenon of entanglement, which, in contrast to the classical case, allows for the
creation of exponentially large superpositions with only linear physical resources.

In our setting, the initial SE state is assumed to be pure and factorized, |ψSE⟩=
|ψS⟩⊗ |ψE⟩. If no interaction occurs between the system and the environment, the state
of the system remains pure even after discarding the environmental degrees of freedom.
It is then the interaction with the environment that generates entanglement. As a result,
tracing out the environment leads to a mixed reduced state ρS. We can then measure
the entaglement content of ρS through its purity

P (ρS (t)) = Tr
[
ρ2S (t)

]
. (3)

We apply this expression in section 3 to quantify the entanglement induced by
gravitational interactions between a neutrino and its surrounding neutrino background.
Furthermore, in section 4, we consider the Rényi-2 entropy, defined as

S2 (ρS (t)) =− ln [P (ρS (t))] , (4)

to evaluate the entanglement between two fermions as an indirect signature of their
interaction, mediated by an axion.

3. Neutrino oscillation, CPT symmetry violation, and the nature of the neutrino

Since we are interested in neutrino mixing, in this section we briefly review some aspects
of neutrinos oscillations relevant to this case, referring the reader to the literature [43]
for further details. Furthermore, we consider only the oscillation between two neutrinos
with well-defined flavor, and refer the reader to the literature for the general three-flavor
oscillation framework [4, 5]. The significance of this phenomenon lies in the fact that
the observation of neutrino oscillations provides experimental evidence that neutrinos
have mass, a feature not accounted for within the Standard Model.

In the most general case, the mixing relations can be written as [4, 5]

|νe⟩= cos[Θ] |ν1⟩+eiϕ sin [Θ] |ν2⟩
|νµ⟩=−e−iϕ sin [Θ] |ν1⟩+cos[Θ] |ν2⟩

(5)

Where Θ is the mixing angle, ϕ is the Majorana phase, and |ν1⟩ , |ν2⟩ are the states
with definite mass m1,m2 respectively. Equations (5) are compatible with two possible
natures of the neutrino, namely, it may be either a Dirac or a Majorana particle. In the
Dirac scenario (ϕ=0), neutrinos and antineutrinos are distinct particles, as is the case
for charged fermions. In contrast, in the Majorana framework, neutrinos are their own
antiparticles, implying lepton number violation and offering a natural explanation for
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the smallness of neutrino masses through the seesaw mechanism [92]. If we now consider
the evolution of the neutrino as a closed systems, namely neglecting any interaction
with the surrounding environment, the Hamiltonian describing the mixed fields can be
written as

Hmix = E+
c2

2E

(
m2

1 |ν1⟩⟨ν1|+m2
2 |ν2⟩⟨ν2|

)
= ω0σ

z, (6)

where ω0 =
c2

2E (m
2
1−m2

2), E is the energy of the particle, which is assumed to bemi ≪ E,
and where in the final step we have neglected terms proportional to the identity. Under
the effect of the Hamiltonian equation (6) the time evolution of a generic flavor state
|νA⟩ (with A= e,µ) leads to a non vanishing probability PνA→νB with A ̸=B (B = e,µ),
to observe a change in the flavor state. It is straightforward to show [4, 5] that the
probability to have a flavor oscillation is given by

PνA→νB
νB→νA

= |
〈
νA/B

∣∣e−iHmixt
∣∣νB/A

〉
|2 = sin2 [2Θ]sin [ω0t] . (7)

This results is the well-known Pontecorvo formula. From equation (7) we see that it in
not possible to distinguish between the Dirac and Majorana nature of the neutrinos,
as it does not depend on the Majorana angle ϕ. Furthermore, these oscillations do not
violate CPT symmetry, since CPT implies that the transition probability of neutrinos
and antineutrino are equal under particle-antiparticle exchange, combined with space
and time inversion.

We now examine the scenario in which a neutrino undergoes gravitational inter-
actions with a surrounding neutrino background. In particular, we assume that the
particles travel in the space with the same energy and in the same direction, and the
validity of the equivalence principle between inertial and gravitational mass. The prob-
lem can be addressed in full generality by considering the case of N neutrinos interacting
gravitationally (see [93] for a comprehensive treatment). In this review, we focus on the
simplest case of two neutrinos, which is sufficient to capture the essential physics, and
briefly comment on the extension to more general scenarios.

The Hamiltonian governing the evolution is given by

H= ω (σz1 +σz2)+Ω σz1 ·σz2 , (8)

where ω = ω0+ g(m2
1−m2

2),Ω = g(m1−m2)
2, g =− G

4di,j
, G being the gravitational con-

stant, and d is the distance between the two particles. As discussed in section 2 at t > 0
the evolution of the 1(2)-th neutrino will not be unitary, due to the reciprocal interac-
tion in equation (8). To obtain the expression for its reduced density matrix, we then
evolve the full system and then trace out the degrees of freedom associated with the
2(1)-th neutrino. It is straightforward to show that the purity equation (3) reads [93]

P
(
ρ1(2) (t)

)
= 1− 1

2
sin4 (2θ)sin2 (2tΩ) (9)

From equation (9) we see that in presence of mixing (θ ̸= 0,π/2, and t ̸= (nπ)/2Ω) the
effect of the gravitational interaction is to entangle the two particle. reducing the purity.
This fact may be regarded as supporting the quantum character of gravity, given that
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quantum correlations and entanglement cannot arise through classical interactions, but
only via a quantum channel [94].

The presence of entanglement also leads to a violation of time-reversal T and then
CPT symmetry. In fact, let us suppose to have two identical systems, except for the ini-
tial state, namely |ψA(0)⟩= |νA⟩⟨νA| , |ψB(0)⟩= |νB⟩⟨νB|, with A ̸=B. If we now compute
the probability for these two cases we obtain [93]

PνA→νB
νB→νA

=
1

2
sin2 (2θ) [cos(2ωt)cos(2Ωt)± cos(2θ)sin(2ωt)sin(2Ωt)] . (10)

From equation (10) we see that the CP symmetry is preserved, since these expres-
sions do not depend on the Majorana phase ϕ. On the contrary, we see that ∆T =
PνA↔νB −PνB↔νA ̸= 0 (it is zero only for t ̸= π/Ω and kπ/4,k ∈ Z), namely the time
reversal symmetry is violated and consequently the CPT one. We have thus demon-
strated that gravity, in a system of self-interacting mixed particles, leads to a violation
of CPT symmetry. This violation is linked to the generation of entanglement among
the constituents of the system, which arises due to a mass difference between the free
fields. Furthermore, owing to the additive nature of the gravitational interaction, the
degree of CPT violation scales proportionally with both the number of particles in the
system and its density.

An alternative approach, discussed in the literature in the context of decoherence
effects in neutrino mixing, involves describing the process using the GKLS equation
(equation (1)), which is applicable to long-baseline experiments. In fact, considering
the mixing between two flavors, the dynamics on one of the neutrinos can be analyzed
by studying the mathematical properties of the dissipator, without specifying any par-
ticular form of the Hamiltonian [32]. Expanding equation (1) in the SU (2) basis we
get [32]

dρλ
dt

σλ = 2ϵijkHiρj (t)σλδλk+Dλµρµ (t)σλ (11)

with ρµ =Tr(ρσµ),µ ∈ [0,3] and Dλµ is a 4× 4 matrix. The most general form for Dλν is
obtained imposing that the first raw and the first column of Dλµ is equal to 0 to ensure
probability conservation, obtaining

Dij =−

γ1 α β
α γ2 δ
β δ γ3

 , (12)

with α,β ∈ R real, and γi > 0, for i,j = 1, . . . ,3. From equation (12) it is clear that dif-
ferent evolutions can be considered according to its specific form (see [31] for a com-
plete classification). In particular we consider the simplest case of non-diagonal form
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of equation (12), putting β = δ = 0, γ1 = γ2 = γ, and |α|⩽ γ3/2⩽ γ ∀t, due to the com-
plete positivity condition. By solving equation (11) through equation (12) it is possible
to show that [32]

ρ(t) =
1

2

(
ρ0 (t)+ ρ3 (t) ρ1 (t)− iρ2 (t)

ρ1 (t)+ iρ2 (t) ρ0 (t)− ρ3 (t)

)
,

ρ1 (t) = e−γt
[
ρ1 (0)cosh(Ωαt)− ρ2 (0)

sinh(Ωαt)

Ωα
Γ−

]
,

ρ2 (t) = e−γt
[
ρ1 (0)

sinh(Ωαt)

Ωα
Γ+ + ρ2 (0)cosh(Ωαt)

]
,

ρ3 (t) = ρ3 (0)e
−γ3t.

(13)

and where Γ± = α+∆M 2/2E,Ωα =
√
α2−∆M 4/4E2. The components ρi(0), with

i = 1, . . . ,3, depend on the initial density matrix of the neutrino in a definite flavor
state. From equations (13) and (5), one can compute the probability of flavor oscilla-
tion, PνA→νB =Tr[ρA(0)ρB(t)], for A ̸=B, as well as the corresponding process for anti-
neutrinos, Pν̄A→ν̄B =Tr[ρĀ(0)ρB̄(t)], and from these the violation of the CP symmetry

∆M
CP = PνA→νB −Pν̄A→ν̄B =−sin2 (2θ)

αsin(2ϕsin(Ωαt))

Ωα
e−γt, (14)

where Ωα =
√
α2−∆2, with ∆ =∆m2/(2E). Moreover, for the case of transitions pre-

serving their flavors we have ∆A↔A
CP = PνA→νA −Pν̄A→ν̄A =−∆M

CP. Hence, the observed CP
violation arises solely from decoherence effects and pertains exclusively to Majorana
neutrinos (ϕ ̸=0). In contrast, Dirac neutrinos do not exhibit any CP violation in the
survival probabilities. These results clearly reveal an asymmetry between neutrinos and
antineutrinos, which stems from the presence of the Majorana phase: specifically, when
the Majorana phase is set to zero, this asymmetry vanishes. This behavior implies that
if neutrinos are indeed Majorana particles, then their oscillations would exhibit CP
violation, whereas this would not occur if they were Dirac particles.

4. Probing axion by means of entanglement

In this section, we examine the hypothetical interaction between two fermions medi-
ated by an axion field, with the goal of establishing a method to infer the existence
of the axion through its entanglement-generating effects. From a quantum information
perspective, it is well known that any nontrivial quantum channel—that is, any phys-
ical interaction capable of transmitting information–necessarily gives rise to quantum
correlations in the form of entanglement [94, 95]. Accordingly, if a bipartite fermionic
system is prepared in an initial product state and a subsequent measurement reveals
the presence of entanglement between the two fermions, this implies that an inter-
action must have taken place during the evolution. However, it must be emphasized
that fermions inherently experience various other fundamental interactions, such as
electromagnetic or weak forces, which can likewise induce entanglement over time. To
isolate the contribution due specifically to the axion-mediated interaction, it is there-
fore essential to employ suitable shielding techniques, dynamical decoupling protocols,
or other experimental strategies that suppress or account for entanglement generation
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from standard interactions [96]. By carefully selecting appropriate time windows and
parameter regimes, one can ensure that the residual entanglement due to known inter-
actions is either negligibly small or effectively vanishing, thereby allowing any nonzero
entanglement to be ascribed, within experimental uncertainty, to the hypothesized axion
exchange.

The two body potential due to axion exchange is:

V (r) =−
g2pe

−mr

16πM 2

[
σ1 ·σ2

(
m

r2
+

1

r3
+

4

3
πδ3 (r)

)
− (σ1 · r̂)(σ2 · r̂)

(
m2

r
+

3m

r2
+

3

r3

)]
(15)

where gp is the effective axion-fermion coupling constant, m is the axion mass, r is
the modulus of the relative distance between the fermions, σi is the three dimensional
vector of Pauli operators defined on the ith fermion and M is the fermion mass. This
potential leads to the following interaction Hamiltonian:

Hp =−
g2pe

−mr

16πM 2r3
[
m2r2σz1σ

z
2 +(mr+1)Λ

]
(16)

where Λ = 2σz1σ
z
2 −σx1σ

x
2 −σy1σ

y
2 . In order to quantify the entanglement, we deal with a

system made of two identical spin-12 fermions and study the time evolution. We write
the state of the system as

Ψ(r1,r2,s1,s2; t) =R (R,r; t)ψ (s1,s2; t) (17)

where R is a function which depends on the center of mass position R and r= r1− r2
is the relative position of the two fermions. The spin wave function is the product space
Hspin

1

⊗
Hspin

2 . In some specific condition we can neglect the spatial wave function and
focus on the spin part [96]. Initially the spin state is fully separable:

|ψ (0)⟩= |ϕ(0)⟩1⊗ |ϕ(0)⟩2
|ϕ(0)⟩i = cos(θ) |↑⟩i+eiϕ sin(θ) |↓⟩i

(18)

where we have swapped to a more clear Dirac notation and we have dropped the spin
arguments s1,s2. To detect entanglement caused specifically by axions between two
fermions, other sources of entanglement must be minimized. Strong and weak nuclear
forces can be ignored at sufficiently large distances (r > 10−12m). Gravitational and
electrostatic interactions only produce global phase shifts and do not create entangle-
ment since they do not depend on spin. However, the magnetic dipole–dipole interaction
remains a relevant source that needs to be addressed, whose Hamiltonian is

Hµ =− 1

4πr3
g2q2e
16M 2

Λ, (19)

with g is the g-factor and qe the charge of the electron. This dipole–dipole magnetic
interaction, mediated by massless photons, is long-range and sensitive to spin states,
meaning it can contribute to entanglement. However, by carefully choosing the time
interval for the measurement, its effect can be minimized.
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The system evolves under a unitary operator |ψ(t)⟩= U(t) |ψ(0)⟩ determined by the
total Hamiltonian, which includes both the magnetic and axion contributions:

U(t) = e−itHT

Ht =−A
r3

[
Λ+Be−mr(m2r2σz1σ

z
2 +Λ(mr+1)

] (20)

where A= g2q2e
64πM 2 is the strength of the magnetic interaction and B = 4gp

αg2 is the strenght

of the axion interaction. To quantify the entanglement between the two fermions we
consider the Rényi-2 entropy, since it has the advantage to be experimentally accessible.

From equation (4) we have

S2 (t) =− ln

[
1− sin4 (2θ)

2
sin2 (Γt)

]
(21)

where Γ = 6A
r3 [1+

B
3 e

−rm(3+ 3rm+ r2m2)]. From equation (21) it is evident that the
entanglement is generated by both the dipole–dipole magnetic interaction and by the
presence of axion. Neverthless, giving the form of equation (21), we can find the time
t= nt* such that

S2(nt
*) =− ln

[
1− sin4(2θ)

2
sin2

(
nπ(1+

Be−mr

3
(3+3mr+m2r2)

)]
≃ sin4(2θ)

2
n2π2B2e−2mr(1+mr+

m2r2

3
)2,

(22)

in which the the dipole–dipole magnetic interaction no longer contributes. Since B ∝ g2p,
the Rényi-2 entropy vanishes in the absence of axion interactions (gp → 0). Therefore,

the observation of entanglement at specific times t= nt* can be unambiguously ascribed
to axion-mediated interactions, thus providing indirect evidence for the existence of
axions. From a possible future experimental point of view, the parameter regimes, mass
and coupling strength, where the proposed entanglement signal might be detectable
relative to magnetic dipole–dipole background are given by a mass range (10−3− 1) eV.
This mass range is the most used in the literature [97–100], where experimental con-
straints have been obtained on the coupling constant. For a complete numerical analysis
we refer to [96], where the authors has considered for a mass m= 10−3 eV a coupling
constant gCP = 0.0327, for m =0.05 eV a coupling constant gCP = 0.0348 and for m =1,
gCP = 0.0674.

5. Conclusion

The interplay between quantum information theory and high-energy physics can offer
novel perspectives and tools to probe fundamental aspects of nature. As paradigmatic
example, we have shown that interactions between neutrinos and their surrounding
environment can modify the standard neutrino oscillation framework, giving rise to
decoherence effects and unconventional oscillation patterns. These deviations from the
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standard oscillation behavior can, in principle, be detected in neutrino experiments
and may provide valuable insight into the underlying properties of neutrinos, such as
whether they are Dirac or Majorana particles, and whether new physics mechanisms
are at play. Moreover, we have highlighted that the same decoherence mechanisms may
also open a potential pathway to testing the possible violation of CPT symmetry, one of
the most fundamental symmetries in quantum field theory and a pillar of the Standard
Model. Detecting any indication of CPT violation would have profound implications,
requiring a radical revision of our current understanding of fundamental interactions
and spacetime structure.

In addition to the study of neutrino dynamics, we have demonstrated how well-
known quantities from quantum information science, such as entanglement measures,
can be fruitfully employed in the context of high-energy particle interactions. In par-
ticular, we have proposed that the generation of entanglement between two fermions,
when properly isolated from other interactions, could serve as an indirect probe of
axion-mediated forces. This approach complements traditional detection techniques
for axions and similar weakly interacting light particles, potentially enhancing sens-
itivity in parameter regimes that are otherwise challenging to explore with conven-
tional methods. It is important to emphasize that the ideas presented in this article
are, in principle, already experimentally testable, since the parameter regimes used for
both the neutrino and axion analyses have been derived from the most recent exper-
imental constraints [31, 32, 93, 96]. The ideas presented here underscore the poten-
tial of cross-disciplinary approaches that merge concepts from quantum information,
particle physics, and quantum field theory. By leveraging the powerful framework of
quantum correlations, decoherence, and entanglement dynamics, it becomes possible
to design novel experimental strategies and theoretical models that test the limits of
the Standard Model and probe possible extensions motivated by unsolved problems
such as the nature of dark matter, the matter–antimatter asymmetry, and the possible
breakdown of fundamental symmetries. Future investigations should aim to refine these
theoretical predictions, quantify experimental feasibility under realistic conditions, and
identify specific experimental setups, such as long-baseline neutrino detectors or ded-
icated entanglement-sensitive measurements, that can maximize sensitivity to these
subtle quantum effects. In this way, the synergy between quantum information science
and high-energy physics not only deepens our understanding of the quantum structure
of fundamental interactions but also opens promising avenues for the discovery of new
physics in upcoming experimental programs.
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