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Physical systems in real life are inextricably linked to their surroundings and never completely separated
from them. Truly closed systems do not exist. The phenomenon of decoherence, which is brought about by
the interaction with the environment, removes the relative phase of quantum states in superposition and
makes them incoherent. In neutrino physics, decoherence, although extensively studied has only been
analyzed thus far exclusively in terms of its dissipative characteristics. While it is true that dissipation, or
the exponential suppression, eventually is the main observable effect, the exchange of energy between the
medium and the system, is an important factor that has been overlooked up until now. In this work, we
introduce this term and analyze its consequences.
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I. INTRODUCTION

We do not know yet the absolute neutrino masses. We do
know however that these masses are nonzero and non-
degenerate. We learned that much because we have
observed neutrino flavor transitions. There, thanks to the
fact that the mass differences are negligible as compared to
the energy uncertainty in the generation and detection
processes, the different mass eigenstates cannot be iden-
tified and therefore, the states of the created and detected
neutrinos, which are flavor eigenstates, are expressed as a
coherent superposition of mass eigenstates. The dynamics
of the neutrinos is governed by the quantum Liouville
equation or von Neumann equation for the density matrix.
As a result, the evolution is unitary, and coherence—
represented by the density matrix’s off-diagonal terms—is
preserved during the propagation.
This coherence, however, can be lost, as exemplified by

solar neutrinos (depending on their production point) during
their journey from the interior of the Sun to the Earth. In this
scenario, decoherence arises from the separation of thewave
packet, corresponding to the neutrino mass eigenstates,
over distances due to their disparate group velocities.

Nevertheless, this process remains unitary and can be
addressed within the standard framework.
Likewise, when the neutrinos are weakly connected to

the environment and get entangled with it during their
propagation, a different kind of decoherence can occur. If
the environment is added to our Hilbert space, the evolution
becomes unitary once more. But because of the vastness of
the environment and our ignorance of its properties, we are
forced to trace over its degrees of freedom, which gives, in
general, rise to nonunitarity [1]. Nevertheless, under the
conditions assumed in our formalism, probability will be
conserved even in this case.
In neutrino physics, this type of decoherence, called

quantum decoherence, has been studied so far, only
focusing on its dissipative aspects. The main reason is that
decoherence is thought to occur as a byproduct of thermal-
ization, where an open system equilibrates by exchanging
energy with its environment. Although it is true that in the
long term, dissipation, that is, the exponential suppression,
takes over, exchanging energy with the medium, i.e.,
extracting or dumping energy into the system, is an aspect
that cannot be neglected and has been ignored so far.
To take into account this exchanging energy with the

medium, here we will add to the standard Hamiltonian an
interaction term between the neutrino system and the field
from the environment, mimicking the well-known atom-
field Hamiltonian interaction that produces the Rabi oscil-
lations in the context of quantum optics [2]. The Rabi
oscillations phenomenon occurs when a coherent light field
interacts with a two-level atom, leading to a periodic
exchange of energy between the external field and the
atom. This interaction causes the atom to oscillate between
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its ground state and excited state. Rabi oscillations have a
wide range of applications, see [3] and references therein.
Like in quantum optics, this effective neutrino-field inter-
action term can potentially inject energy into the neutrino
system and extract energy from it. The exploration of the
phenomenology of this interaction term is well-motivated
since it has been largely ignored in the current literature on
quantum decoherence and neutrinos.
Furthermore, we assume that gravity is the source of the

environment, the so-called gravitational decoherence, and
therefore is blind to the particle-antiparticle difference. It is
important to note that recently [4], it has been pointed out
that gravity, even being fundamentally classical, can cause
decoherence in a coherent quantum system that is coupled
to the diffusion of the metric and its conjugate momenta.
The latter reinvigorated the importance of studying how
quantum decoherence affects any quantum coherent sys-
tem, such as the neutrino system.
Specifically, our approach posits that gravity induces

both the field-environment interaction and the associated
decoherence effects. This scenario arises when the effective
average action (EAA) is applied in the context of quantum
gravity [5,6], using a bimetric framework with a constant
background metric and a quantum fluctuating metric. In
this framework, the quantum fluctuations in the metric can
lead to decoherence [7], while the background metric may
introduce, for instance, violations of the equivalence
principle effects. These effects can be incorporated into
the Hamiltonian, being that, under certain conditions, can
emulate Rabi oscillations.

II. OPEN QUANTUM SYSTEM APPROACH

The evolution of the neutrino system within a pervasive
environment is achieved by solving the Lindblad equation
[8], which is used for a nonmodel-dependent environment

dρðtÞ
dt

¼ −i½H; ρðtÞ� þ L½ρðtÞ� ð1Þ

In this equation, ρðtÞ represents the neutrino density
matrix over time, and L½ρðtÞ� is the linear map [9] that
encompasses nonstandard damping effects. This term
opens the possibility of evolving from pure states to mixed
states.
L½ρðtÞ� is defined as follows:

L½ρðtÞ� ¼ −
1

2

X
j

fA†
jAjρðtÞ þ ρðtÞA†

jAjg þ
X
j

AjρðtÞA†
j

ð2Þ

Here, Aj represents a set of operators with j ¼
1; 2;…; n2 − 1 for n neutrino generations. These operators
must be hermitian to ensure the Rover time increase of the
von Neumann entropy.

On the other hand, the usual way to deal with Eq. (1),
assuming a two-neutrino system, is to write the operators ρ,
H and Aj as:

ρ ¼ 1

2

X
ρμσμ; H ¼ 1

2

X
hμσμ; Aj ¼

1

2

X
ajμσμ

ð3Þ

where μ is running from 0 to 3, σ0 is the identity matrix and
σk, are the Pauli matrices which obey the condition
½σi; σj� ¼ 2iϵijkσk. Given the Hermiticity of the Aj, the
matrix Lμνð≡L½ρðtÞ�Þ is real and symmetric and it is written
as: Lkj ¼ 1

2

P
l;m;n ða⃗n:a⃗lÞϵknmϵmlj with the components

Lμ0 ¼ L0μ ¼ 0 due to the probability conservation.
Furthermore, since the elements Lkj are defined using
scalar products they satisfy the Cauchy-Schwartz inequal-
ities and the complete positivity condition, which is to
assure that the eigenvalues of ρðtÞ are positive at any time.
Considering all the above, the Eq. (1) can be decom-

posed as

ρ̇0 ¼ 0; ρ̇k ¼ ðHkl þ LklÞρl ¼ Mklρl ð4Þ

withHkl ¼
P

j hjϵjlk. Thus, the solution of ρðtÞ given in its
matrix form is

ϱðtÞ ¼ eMtϱð0Þ ð5Þ

where ϱ is a three-dimensional column vector and
M≡Mkl. The eMt can be expressed by

eMt ¼DeMDtD−1≡ ½eMt�il ¼MilðtÞ¼
X
k

DikeλkD−1
kl ð6Þ

with MD ¼ Diagðλ1; λ2; λ3Þ. Therefore, we can get the
neutrino oscillation probability

Pνα→νβ ¼ TrðραðtÞρβÞ ¼ 1

2
þ 1

2

X
i;l

ρβi ð0ÞMilðtÞραl ð0Þ

¼ 1

2
þ 1

2
ðϱβð0ÞÞTϱαðtÞ ð7Þ

A. Hamiltonian of the model

In our approach the effective (total) Hamiltonian com-
prises two pieces

Ĥeff ¼ Ĥosc þ Ĥint;

the Ĥosc is the standard Hamiltonian for the two-neutrino
oscillation system, which is given by
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Ĥosc ¼
�Δ

−Δ

�
¼ Δσ̂3 ð8Þ

Here, Δ ¼ Δm2=2Eν. The second piece Ĥint entails the
interaction between the neutrino system and the environ-
ment-field, and is given by

Ĥint ¼
�

0 eiαλ

e−iαλ 0

�
¼ λ cos α σ̂1 − λ sin α σ̂2

¼ λ½σ̂þeiα þ σ̂−e−iα� ð9Þ

consequently Ĥeff, written in the vacuummass-eigenstate, is

Ĥeff ¼
�

Δ eiαλ

e−iαλ −Δ

�
ð10Þ

This nondiagonal part of the Hamiltonian resembles a
nonquantized version of the atom-field interaction
Hamiltonian used in quantum optics, where λ represents
the intensity of the neutrino-environment field interaction,
while α is a complex phase inherited from the environment
field. Meanwhile, the terms σ̂þ and σ̂− will allow the
neutrino conversion and survival modes, being their role in
the atom-field interaction to produce the Rabi oscillations, a
well-known phenomenon in quantum optics [1]. This term,
which violates Lorentz invariance but preserves CPT, was
initially noted in [10], yet it has not been thoroughly
examined or discussed in the existing literature on quantum
decoherence and neutrinos. Its presence distinguishes our
study from others. It indeed has some similarities to the
well-known Standard Model effective (SME) coefficients,
as we will see later. Here, we assume that the coherent field
arises from the environment, having this one a gravitational
origin. Thus, the interaction of this field with the neutrino
system cannot differentiate between particles and antipar-
ticles. As a result, the environment (or the quantum foam)
will play two roles. On one side, it induces decoherence in
the neutrino system, while on the other, it generates a
coherent field that can interact with this system.
As a concrete example, these off-diagonal Hamiltonian

terms can be generated from equivalence principle violation
(VEP) effects. Here we have that

ĤVEP
eff ¼

�Δ 0

0 −Δ

�
þ U†ðθÞUðθGÞ

�Δγ̃ 0

0 −Δγ̃

�

×U†ðθGÞUðθÞ ð11Þ

where Δγ̃ encloses the difference between the couplings of
the (two) neutrino gravitational eigenstates νG. The con-
nection between the latter and the neutrino mass eigenstates
νm is equal to: U†ðθÞUðθGÞνG ¼ νm. The UðθÞ and UðθGÞ

are the 2 × 2 unitary mixing matrix where θ is the mixing
angle connecting the mass eigenstates and flavor eigen-
states, while θG is the mixing angle connecting the latter
eigenstates with the gravitational ones [11,12]. Therefore,
for having a similar structure to the one described in
Eq. (10), the condition θ ¼ θG þ π

4
should be satisfied (we

have considered the complex phase as zero). On the other
hand, the decoherence effects, as we mentioned earlier, can
arise from stochastic fluctuations from the metric field,
which also has a (quantum) gravitational origin [13,14]. It is
good to mention that, based on the formalism developed in
our work, it is possible to interpret that the coherent field is
independent of the environment. Indeed, applying a similar
reasoning to the one used for VEP [see Eq. (11)], the off-
diagonal Hamiltonian terms in themass eigenstates basis can
also be obtained when a CPT-odd interaction term is added
and the condition θ ¼ θb þ π

4
being θb the mixing angle

connecting the flavor basis with the CPT-odd neutrino
interaction eigenstates [15]. These CPT-odd neutrino inter-
action eigenstates play an analog role that the neutrino
gravitational eigenstates.
Therefore, in this setup, λ is the dimension-full interaction

strength, and α is a real phase. It has to be emphasized that
this interaction does not change sign when going from
neutrino to antineutrino, unlike the so-called nonstandard
interactions. Moreover, bounds on this coupling do not exist
yet. The known searches for nonstandard interactions of this
type by measuring the Casimir forces or torsion pendula
could potentially bound exclusively a Yukawa-type devia-
tions from Newtonian gravity for the element λee if SUð2ÞL
symmetry holds. However, similar bounds on nondiagonal
elements do not exist. Although there are no specific limits
for λ, we can expect that its magnitude is in the same order of
magnitude as the decoherence parameter, given our
assumption of the origin of the interacting field mentioned
above. Interestingly, the experimental sensitivity to λ for a
given experimental scenario is quite similar to that of the
decoherence parameter, as wewill show later. Therefore, it is
not unreasonable to consider the magnitude of λ and the
decoherence parameters as compatible from the perspective
of the experimental power for testing the parameter.
It is also important to notice that λ does not need to be

constant and can have an arbitrary energy dependence.
Different energy dependencies will lead to different dis-
tortions, and therefore different phenomenologies. Mass-
varying neutrinos [16], for example, are just one of the
many models that can be obtained. However, in this work
we want to present a complete framework and not focus on
a particular energy dependence, and therefore we will keep
λ constant. The extension to any energy dependence is
straightforward. By keeping the model simple, we can
make transparent that there is a strong correlation between
distortions to the kinematic phase and the mixing angle and
they cannot be arbitrarily tuned.
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B. Neutrino oscillation probability

1. Without quantum decoherence effects

Although, according to our hypothesis, the nondiagonal
Hamiltonian term in the Ĥeff is a contribution from the
environment, in this calculation, we will determine the
neutrino oscillation probability without incorporating
the dissipative terms. This oscillation probability (without
decoherence effects) has a very rich phenomenology on its
own and, indeed, constitutes the primary focus of this study.
For performing the aforementioned calculation we need

to diagonalize the Ĥeff , which turns out to be

ĤDiag ¼
1

2Eν

�Δm2
eff

−Δm2
eff

�
¼ Δm2

eff

2Eν
σ̂3 ð12Þ

with a new effective square mass difference

Δeff ¼
Δm2

eff

2Eν
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2

p
≡ Δm2

eff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔm2Þ2 þ 4λ2E2

ν

q
ð13Þ

which in the case λ ≪ Δ implies1

Δm2
eff

2Eν
¼ Δ

�
1þ λ2

2Δ2

�
¼ Δm2

2Eν
þ
�

λ2

Δm2

�
Eν ð14Þ

It is interesting to note that Δ ∼ ð10−21GeV Þ GeV2 for the
atmospheric mass squared differences, then, for λ

Δ ∼ 0.1
and 10 GeV of neutrino energy will have λ ∼ 10−23 GeV
which is in the order of the sensitivity of the decoherence
parameters. On the other hand, in this limit, a clear parallel
can be drawn between the ð λ2

Δm2Þ term and the SME c-
coefficients [17], which appear alongside a kinematic phase
scaling linearly with Eν. Even upon further expansion of
Δm2

eff
2Eν

, the correspondence between our model and the c-
coefficients associated with (odd) higher powers of
E2n−1
ν ðn ¼ 2;…Þ remains valid, with the c-coefficients

being proportional to ð λ2n

ðΔm2Þ2n−1Þ. From this perspective,

our model offers a framework to establish a direct relation-
ship between the c-coefficients of higher-order terms in the
SME and the higher-order contributions in the series

expansion of Δm2
eff

2Eν
.

The another ingredient for the diagonalization (and the
calculation of the neutrino oscillation probability) is the
mixingmatrix,which connects the neutrino flavor stateswith
the effective vacuum mass eigenstates. This is given by

Uðβ þ θ; αÞ ¼
�
eiðπ−αÞ cosðβ þ θÞ sinðβ þ θÞ
e−iα sinðβ þ θÞ cosðβ þ θÞ

�
ð15Þ

where

tan2ðβ þ θÞ ¼ λ sin 2θ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2

p
− Δ cos 2θ

−λ sin 2θ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2

p
þ Δ cos 2θ

ð16Þ

here, θ is the vacuummixing angle. This formula exhibits the
resonant behavior we see in the case of nonstandard
interactions, when

λ ¼ Δ cot 2θ ð17Þ

However in our case, the resonance will be present in
both channels. The mixing angle in a medium, then will
increase if

λ sin 2θ > Δ cos 2θ

or

2λE > Δm2 cot 2θ

and will decrease in the opposite case.
In the small interaction regime,

tan2ðβ þ θÞ ¼ tan2θ þ λ tan θ sec2θ
Δ

tan2ðβ þ θÞ ¼ tan2 θ

�
1þ 2λE

sin θΔm2

�
ð18Þ

Given that both the mass difference and the mixing angle
are similarly affected for neutrinos and antineutrinos in our
gravitationally pervasive environment, their propagation in
such a medium does not induce a spurious, medium-
induced CP violation. Therefore, not only CPT is con-
served but also CP,2 consequently, we can anticipate the
following CPT conserving relations:

Pðνα ⟶ ναÞ ¼ Pðν̄α ⟶ ν̄αÞ
Pðνα ⟶ νβÞ ¼ Pðν̄β ⟶ ν̄αÞ

and also the ones that preserves CP (in the two generation
case)

Pðνα ⟶ νβÞ ¼ Pðνα ⟶ ν̄βÞ

In the three generation case, (genuine) CP violation will
appear, and this equation will be no longer valid. Medium
effects will induce fake CP violation as well. The inclusion
of (nondiagonal) decoherence effects from the environment

1It is important to keep in mind that Δ ∼ 10−21 GeV for the
atmospheric mass difference and energies of a few GeV. 2For genuine CPT violation in the mass terms see [18].
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can reveal the presence of Majorana CP phases in the
neutrino oscillation formula [19–21].
Now, with all the ingredients in hand, we can give the

expression of the neutrino oscillation probability3:

Pνα→νβ ¼ sin22ðβ þ θÞsin2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δ2 þ λ2
p

2
L

�
ð19Þ

for α ≠ β. As expected, the formula above is similar, at
some level, to the vacuum Rabi Oscillations. Particularly,
the

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2

p
plays the same role as the Rabi frequency,

setting the pace for energy exchange between the neutrino
system and the environment-field with Δ be analogous to
the detuning. While the oscillation amplitude is given by

sin22ðβ þ θÞ ¼ ðΔ sin 2θ þ λ cos 2θÞ2
Δ2 þ λ2

ð20Þ

the oscillation amplitude clearly confirms the resonant
condition λ ¼ Δ cot 2θ quoted before. It is straightforward
to note that the oscillation amplitude also satisfies an
antiresonant condition at λ ¼ −Δ tan 2θ.
Now, considering the oscillation amplitude and the

Eq. (19) in the small interaction regime (i.e., expanding
the probability up to the first order in λ=Δ) we get the
following expression for the two-generation probability for
the model

Pνα→νβ ≈ sin22θ

�
1þ

�
4Eνλ

Δm2

�
cot 2θ

�
sin2
�
Δ
2
L

�
ð21Þ

≈
�
sin22θ þ

�
2Eνλ

Δm2

�
sin 4θ

�
sin2
�
Δ
2
L

�
ð22Þ

from the above expression, we can see that the amplitude of
the oscillation can be amplified or reduced, depending on
the mixing angle. Specially interesting is the case θ ≈ π=4,
where the suppression is remarkable, as we will see later.
Notice that this modulation of the mixing angle, which
scales linearly with the energy, and unlike to matter effect
does not depend on the density of the medium, offers a
unique opportunity to search/bound these kinds of effects.
It should be noted that if the SME CPT preserving but
Lorentz violating terms are the first-order contribution of a
full decoherence model, its modification of the kinematic
phase should be accompanied by this higher-order modi-
fication of the mixing angle.
Considering the full expression of sin2 2ðβ þ θÞ as given

in Eq. (20), we illustrate its behavior in Fig. 1 for three
different values of θ: π=4, π=8, and π=16. For θ ¼ π=4, the

peak for sin2 2ðβ þ θÞ is achieved when λ ¼ 0 as ruled by
the resonant behavior given in Eq. (17), while, for the rest of
the values of λ=Δ, it is suppressed regardless of whether λ is
positive or negative This suppression is due to the attenuation
factor ð1þ ðλ=ΔÞ2Þ−1 ¼ ð1þ ð2Eνλ=Δm2Þ2Þ−1, which
diminishes as jλ=Δj increases (or the increase of Eν for a
fixed λ), as we previously observed in Eq. (21). In the
scenario where θ ¼ π=8, the maximum, as expected from
Eq. (17), is at λ ¼ Δ, while the valley is, in general, at λ ¼
−Δ tan 2θwhich in this case is at λ ¼ −Δ. On the other hand,
the suppression is governed by the factor ð1þ 2ðλ=ΔÞ=
ð1þ ðλ=ΔÞ2ÞÞ. For jλ=Δj < 1, this factor approximately
takes the form ð1þ 2ðλ=ΔÞÞ. This explains why within
the range ½−1; 1�, the sin2 2ðβ þ θÞ increases (decreases) for
positive (negative) λ. Outside this range, the amplitude of
sin2 2ðβ þ θÞ diminishes as the attenuation factor converges
to ð1þ 2=ð1þ ðλ=ΔÞ2ÞÞ. For θ ¼ π=16, although we
observe a behavior akin to that of θ ¼ π=8, it is different
the interval in which sin2 2ðβ þ θÞ either increases or
decreases due to the distinct weighting of λ and Δ in the
complete expression of sin2 2ðβ þ θÞ. The maximum is
reachedat λ ¼ 2.4142Δwhile thevalley is at λ ¼ −0.4142Δ.
For completeness, the probability transitions are shown

in Fig. 2 where the effects of the mixing angle distortions
due to the interaction with the environment are moderated

FIG. 1. Amplitude of the oscillation as a function of λ=Δ for
different choices of the vacuum mixing angle.

FIG. 2. Transition probability as a function of λ=Δ for different
choices of the vacuum mixing angle for Δm2L=ð4EÞ ≈ 1.

3The neutrino oscillation probability can also be calculated
using the density matrix formalism [Eq. (7)]. The ρeð0Þ and ρμð0Þ
are given in the Appendix A.
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by the oscillation driven by the kinematic phase, which in
turn is also modified as shown before. There it can be
clearly seen that the amplitude of the oscillation, is the one
depicted in Fig. 1, while the position of the maximum of the
oscillation is dictated by the modulation of the effective
mass difference.

2. With quantum decoherence effects

Given thenondiagonal nature of ourHamiltonian, Ĥeff , we
find ourselves in a scenario akin to the one shown in [22].
Thus, the most straightforward approach, for the sake of
clarity, involves keeping the decoherence matrix unaltered

when rotating from the nondiagonal to the diagonal basis. As
highlighted in [22], this property implies that the neutrino
oscillation parameters in the full probability, including
decoherence effects, can be directly replaced as θ → θ þ
β and Δ → Δeff . Meanwhile, the decoherence parameters
remain unchanged, regardless of the quantum basis rotations
needed to solve the system [23,24]. The decoherence
matrix that allows us to proceed as described is L ¼
−Diagðγ; a; γÞ [22].
Using the Eq. (7) we can write the neutrino oscillation

probability (the corresponding Mil are listed on the
Appendix B)

Pνα→νβðtÞ ¼
1

2
þ 1

2

��
ðρα1ρβ1 þ ρα2ρ

β
2Þ cosh

�
Ωt
2

�
þ
�
2Δeffðρα1ρβ2 − ρα2ρ

β
1Þ þ ð−γ þ aÞðρα1ρβ1 − ρα2ρ

β
2Þ

Ω

�
sinh

�
Ωt
2

��
e−ðγþaÞt

þ ρα3ρ
β
3e

−2γt
�
; ð23Þ

where Ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−4Δ2

eff þ ðγ − aÞ2
p

. Considering ρα1 ¼ 2ReðU�
α1Uα2Þ, ρα2 ¼ −2 ImðU�

α1Uα2Þ, and ρα3 ¼ jUα1j2 − jUβ2j2 we
have

ρα1ρ
β
1 þ ρα2ρ

β
2 ¼ 4ReðU�

α1Uα2Uβ1U�
β2Þ

ρα1ρ
β
2 − ρα2ρ

β
1 ¼ 4 ImðU�

α1Uα2Uβ1U�
β2Þ

ρα3ρ
β
3 ¼ −1þ 2

X
l¼1;2

jUαlj2jUβlj2 ¼ −1þ 2δαβ − 4ReðU�
α1Uα2Uβ1U�

β2Þ ð24Þ

With the relations above we can rewrite Eq. (23) as follows:

Pνα→νβðtÞ ¼
1

2
þ 1

2

��
4ReðU�

α1Uα2Uβ1U�
β2Þ cosh

�
Ωt
2

�

þ
�
8Δeff ImðU�

α1Uα2Uβ1U�
β2Þ þ 4ð−γ þ aÞReðU�

α1Uα2U�
β1Uβ2Þ

Ω

�
sinh

�
Ωt
2

��
e−ðγþaÞt

þ ð−1þ 2δαβ − 4ReðU�
α1Uα2Uβ1U�

β2ÞÞe−2γt
�
; ð25Þ

Replacing the mixing matrix elements from Eq. (15) we got the following expression:

Pνα→νβðtÞ ¼
1

2
−
1

2
e−2γt þ

�
δαβ þ

1

2
sin22ðβ þ θÞ

�
e−2γt −

1

2
sin22ðβ þ θÞ cosh

�
Ωt
2

�
e−ðγþaÞt

þ 1

2
ðγ − aÞsin22ðβ þ θÞ cos 2α

�
sinhðΩt

2
Þ

Ω

�
e−ðγþaÞt ð26Þ

substituting jΩj → 2Δeff , γ ¼ a ¼ 0 in the latter equation the Eq. (19) can be easily recovered.
To stress how the new (complete) decoherence scenario differs from what has been done so far, we can analyze a very

simplified scenario. Lets concentrate on the transition probability only, i.e., α ≠ β and assume γ ¼ a. In this case, the last
term vanishes, Ω → 2iΔeff and the probability takes the following form
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Pνα→νβðtÞ ¼
1

2
−
1

2

�
1 − 2sin22ðβ þ θÞsin2

�
Δm2

effL
4Eν

��
e−2γt

¼ 1

2
−
1

2

�
1 −

2ðΔ sin 2θ þ λ cos 2θÞ2
Δ2 þ λ2

sin2
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δ2 þ λ2
p

2
L

��
e−2γt ð27Þ

where it is pretty transparent that the intensity of the
neutrino-environment field interaction parametrized by λ ¼
−Δ tan 2θ is independent of the γ-effect, being that the
frequency of the energy exchange is controlled byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2

p
=2. Figure 3 represents the transition probabil-

ities in three different scenarios where the new term is
present, with (solid) and without (dashed) γ-term, for a
maximal mixing angle in vacuum θ ¼ π=4, where
sinðΔL=2Þ has been set to one for L ≃ 800 km. No matter
effects have been included. For the sake of comparison, the
no decoherence scenario is also shown. As expected, and
given that θ ¼ π=4, we can see that as long as λ increases,
the oscillation amplitude decreases in relation to the
standard case. Similarly, the shift of the oscillation

frequency (energy exchange frequency) is larger as λ
grows. Figure 4 describes the same scenarios for a mixing
angle of θ ¼ π=8. For this case, the effect is the opposite for
the oscillation amplitude, as it increases when λ increases.
The behavior of the shift in oscillation frequency is similar
to the previous case; i.e., the shift is larger for larger λ.
For the sake of clarity, we have not incorporated in the

discussion the matter effects which will be present if the
neutrinos propagate in a medium. Such effects can be
trivially incorporated into the formulation by the simple
replacement of the mass difference and mixing angles in
vacuum by the corresponding ones in a medium.

III. CONCLUSIONS

In this work, we go beyond other neutrino decoherence
studies performed so far, which have only considered the
dissipative effects of the environment. We introduce the
possibility of interaction between the neutrino system and
an environmental field. This Hamiltonian term, mimicking
the atom-field Hamiltonian used in quantum optics, rep-
resents an energy exchange between the neutrino system
and the environmental field—losing or gaining energy, akin
to Rabi oscillations. This unexplored interaction opens up a
very interesting phenomenology.
One of our most interesting findings is that this inter-

action can induce resonant behavior, maximizing oscilla-
tion amplitude. Conversely, the oscillation amplitude can
be suppressed. The amplification or suppression of the
oscillation amplitude, resulting from the oversight of this
interaction, could be a potential source of distortion in the
measurement of oscillation parameters for future neutrino
accelerator experiments, such as those referenced in [25].
Specially interesting are the prospects at DUNE and T2HK.
Besides, these effects can be probed in the light of the

actual high-energy atmospheric neutrino data, or we can
further assess their impact in the high-energy astrophysical
neutrino observations. The reference to these test scenarios
is based on the fact that the resonant condition is achieved
when 2Eνλ ¼ Δm2 cot 2θ, implying that, with increasing
neutrino energy, we can be sensitive to smaller values of λ.
On the other hand, the interference phase Δm2

eff=4Eν ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ λ2

p
=2, when considering a small λ, could be hard to

probe at Oð1 GeVÞ energies. This is due to the shift at the
first order scaling as ∝ λ2Eν. Therefore, utilizing the high-
energy atmospheric dataset for this purpose would be
advantageous. It is evident that there is still much to be

FIG. 3. Transition probabilities, for a maximal mixing angle in
vacuum, are presented in three different scenarios, λ=Δ ¼
f1=4; 1=2; 1g, with (solid) and without (dashed) exponential
suppression. The oscillation has been set to reach its maximum
for L ≃ 800 Km. The standard scenario is also shown for com-
parison. In the scenarios, including exponential suppression, γ ¼
8.2 × 10−24 GeV ¼ ð24000 kmÞ−1 has been used.

FIG. 4. Same plot as in Fig. 3 but for θ ¼ π=8.
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done, such as expanding our study to the three-neutrino
generation framework, which includes matter effects. This
expansion also involves, asmentioned earlier, contrasting the
neutrino-environment field interaction in its three-neutrino
generation version with current data and considering future
projections.
All in all, there is not a single quantum system that is

completely closed or isolated. Rather, coherent dynamics—
as characterized by a Schrödinger equation—usually is
only valid for very short timescales before the coupling
between the open system and its surroundings takes over,
resulting in coherence loss and the beginning of more
classical behavior. Therefore, specially in the case of
neutrinos, which travel long distances and come almost
unaltered from the past, a complete understanding of the
phenomenology associated to the interaction with the envi-
ronment not restricted only to decoherence is mandatory.
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APPENDIX A: ρeð0Þ AND ρμð0Þ

ρeð0Þ ¼
 

cos2ðβ þ θÞ −eiα cosðβ þ θÞ sinðβ þ θÞ
e−iα cosðβ þ θÞ sinðβ þ θÞ sin2ðβ þ θÞ

!
ðA1Þ

ρμð0Þ ¼
 

sin2ðβ þ θÞ eiα cosðβ þ θÞ sinðβ þ θÞ
e−iα cosðβ þ θÞ sinðβ þ θÞ cos2ðβ þ θÞ

!
ðA2Þ

APPENDIX B: Mil ELEMENTS

M11ðtÞ ¼
 
cosh

�
Ωt
2

�
þ ð−γ þ aÞ sinh

	Ωt
2



Ω

!
e−ðγþaÞt

M12ðtÞ ¼ 2Δeff
sinh

	Ωt
2



Ω

M21ðtÞ ¼ −2Δeff
sinh

	Ωt
2



Ω

M22ðtÞ ¼
 
cosh

�
Ωt
2

�
− ð−γ þ aÞ sinh

	Ωt
2



Ω

!
e−ðγþaÞt

ðB1Þ

where M13ðtÞ ¼ M31ðtÞ ¼ 0, M23ðtÞ ¼ M32ðtÞ ¼ 0, and Ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−4Δ2

eff þ ðγ − aÞ2
p
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