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We analyze many aspects of the phenomenon of the decoherence for neutrinos propagating in long 
baseline experiments. We show that, in the presence of an off-diagonal term in the dissipative matrix, 
the Majorana neutrino can violate the C P T symmetry, which, on the contrary, is preserved for Dirac 
neutrinos. We show that oscillation formulas for Majorana neutrinos depend on the choice of the mixing 
matrix U . Indeed, different choices of U lead to different oscillation formulas. Moreover, we study the 
possibility to reveal the differences between Dirac and Majorana neutrinos in the oscillations. We use 
the present values of the experimental parameters in order to relate our theoretical proposal with 
experiments.
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1. Introduction

The phenomena of neutrino mixing and oscillation, induced by 
the non-zero neutrino mass, represent an hint of physics beyond 
the Standard Model of particles. It has been confirmed by many 
experiments [1–6]. At the present, the main issues of the neutrino 
physics are the determination of the absolute neutrino mass and 
its nature. As a matter of fact, since neutrino is electrically neutral, 
two possibilities exist, either neutrino is distinct from its antipar-
ticle and hence is a Dirac fermion, or it is equal to its antiparticle 
and it is a Majorana fermion.

To reveal the neutrino nature, many experiments, based on the 
detection of the neutrinoless double beta decay, have been pro-
posed [7]. Recently, it has been shown that quantities such as the 
Leggett-Garg K3 quantity [8] and the geometric phase for neutri-
nos [9], can, in principle, discriminates between Dirac and Majo-
rana neutrinos. Moreover, it has been shown that in the presence 
of decoherence, the neutrino oscillation formulas can depend on 
the Majorana phase [10]. However, at the moment the nature of 
the neutrino remains an open question.

On the other hand, particle mixing phenomenon, in particular 
the B0 − B

0
mixing, is used to test the C P T symmetry. The C P T

theorem, affirms that the simultaneous transformations of charge 
conjugation C , parity transformation P , and time reversal T , is an 
exact symmetry of nature at the fundamental level [11].
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In this paper, we show that, if quantum decoherence appears 
in neutrino oscillations, then long baseline experiments might al-
low to investigate the nature of neutrinos and the C P T symmetry. 
Moreover, if the neutrinos are Majorana particles, the decoherence 
could allow the right choice of the matrix mixing U .

The phenomena of dissipation and decoherence are conse-
quences of interaction with the environment, which, in neutrino 
case, could be originated by quantum gravity effects, or strings and 
branes. A significant research effort had been undertaken in the 
study of dissipation in neutrino oscillations [10,12,13]. It has been 
shown that such phenomena can modify the oscillation frequen-
cies and the oscillation formulas. Moreover, it has been noted that 
the dissipation can generate oscillation formulas for Majorana neu-
trinos different with respect to the ones for Dirac neutrinos [10]. 
Still, other theoretical results can be obtained which are extremely 
relevant.

Here, by considering the neutrino as an open quantum system 
interacting with its environment, we analyze some features of the 
decoherence effect in flavor mixing. We study the time evolution 
of the density matrix representing the neutrino state in the flavor 
basis and we analyze the case in which the matrix describing the 
dissipator has off-diagonal terms. Specifically, we reveal the possi-
ble C P T symmetry breaking in the Majorana neutrino oscillation, 
and we study the differences between Majorana and Dirac neu-
trinos. We prove that, the presence of off-diagonal terms in the 
decoherence matrix leads to probability of transitions depending 
on the representation of the Majorana mixing matrix. Thus, if the 
decoherence exists in the neutrino propagation, the oscillation for-
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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mulas could provide a tool to determine the choice of the mixing 
matrix U. Moreover, by considering the parameters of DUNE exper-
iment and the recent constraints on decoherence parameters [14,
15], we show that long baseline experiments on neutrinos, could 
reveal the nature of neutrino and could allow to test the C P T sym-
metry.

We analyze the neutrinos propagation in the vacuum and 
through a medium. In the absence of decoherence, the matter 
effects are taken into account by replacing in the oscillation for-
mulas in vacuum, �m2 with �m2

m = �m2 R± , and sin 2θ with 
sin 2θm = sin 2θ/R± . The coefficients R± describing the Mikhaev-
Smirnow-Wolfenstein (MSW) effect [16,17] are given by, R± =√(

cos 2θ ± 2
√

2G F ne E
�m2

)2 + sin2 2θ , with + for oscillation of an-

tineutrinos and − for oscillations of neutrinos. Here, ne is the 
electron density in the matter, G F is the Fermi constant, and E
is the neutrino energy. In the presence of decoherence, one has 
to consider the formalism presented in ref. [18]. In the following 
we adopt such a formalism to describe the neutrino propagation 
through the matter. Notice that the effect of the matter on the 
neutrino can be relevant in the νe ↔ νμ oscillations, since the 
νe and νμ indices of refraction are different in media like the 
Earth and the Sun, κ(νe) �= κ(νμ). In particular, κ(νe) − κ(νμ) =
−√

2G F ne/p. On the contrary, in the case of the νμ ↔ ντ mixing, 
the νμ and ντ indices of refraction are different only in very dense 
matter, like the core of supernovae, but they are almost identical in 
the matter of Earth and the Sun. Therefore, in such media, R ∼ 1
and the νμ ↔ ντ oscillations are almost identical to the ones in 
vacuum [19]. In the following we consider the propagation through 
Earth in which the matter effect is relevant only for νe ↔ νμ os-
cillations.

The paper is organized as follows. In Sec. 2 we report the main 
differences between Majorana and Dirac neutrinos. In Sec. 3 we an-
alyze quantum decoherence in neutrino propagation and we show 
the effects induced on neutrino by an off-diagonal term in the dis-
sipation matrix. Numerical analysis, for neutrino propagation in 
vacuum and through matter, are reported in Sec. 4. Sec. 5 is de-
voted to the conclusions.

2. Majorana and Dirac neutrinos

A crucial difference between Dirac and Majorana neutrinos is 
the following: while the Dirac Lagrangian is invariant under U (1)

global transformation, and hence the charges associated (elec-
tric, leptonic, etc.) with the transformations are conserved, the 
Majorana Lagrangian breaks the U (1) symmetry.1 Therefore, pro-
cesses violating the lepton number, such as neutrinoless double 
beta decay, are allowed for Majorana neutrinos and forbidden for 
Dirac ones. In the case of neutrino mixing, the breaking of the 
U (1) global symmetry of the Majorana Lagrangian implies that the 
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix with di-
mension n × n, contains a total number of physical phases for 

1 Indeed, Dirac fields ψ are composed by the left-handed ψL and the right-

handed ψR components. Then, in the free Lagrangian L = ψ(iγ μ∂μ − m)ψ , the 
mass term can be written as Lm = −mψψ = −m(ψL + ψR )(ψL +ψR ) = −m(ψLψR +
ψRψL), (the ψLψL and ψRψR terms vanish identically). In such a case, Lm (and then 
L) is invariant under the U (1) transformations ψ → eiφψ and ψ → e−iφψ . There-
fore the charges (electric, leptonic, etc.) associated with the transformations are 
conserved. On the other hand, for Majorana fields the right-handed component of ψ
is the charge conjugate of its left-handed component, ψR = (ψL)

c , where ψc = Cψ
T

, 
and C is the charge conjugation matrix. Then one has ψ = ψL + (ψL)

c . In such a 
case, the mass Lagrangian is Lm = − m

2

[
(ψL)cψL + ψL(ψL)

c
]

= m
2

[
ψ T

L C−1ψL + h.c.
]
, 

(being ψc = −ψ T C−1), i.e. Lm has the structure ψLψL +h.c., which therefore, under 
the U (1) transformations, breaks all the U (1)-charges of two units.
Majorana neutrinos different with respect to that of Dirac neu-
trinos. Indeed, in the case of the mixing of n Dirac fields, one 
has ND physical phases given by ND = (n−1)(n−2)

2 , and in the case 
of the mixing of n Majorana fields, one has NM phases given by 
NM = n(n−1)

2 . The n − 1 extra phases present in the Majorana neu-
trino mixing (called Majorana phases) represent another important 
distinction between Dirac and Majorana neutrinos. The detection 
of such phases can allow to fix the nature of neutrinos.

The mixing matrices for Majorana U M and for Dirac neutrinos 
U D can be related by the equation,

U M = U D · diag(1, eiφ1 , eiφ2 , ..., eiφn−1) , (1)

where φi , with i = 1, ..., n − 1, are the Majorana phases. Other rep-
resentations of Majorana mixing matrix can be obtained by the 
rephasing the lepton charge fields in the charged current weak-
interaction Lagrangian, (for details see Ref. [20]). For example, for 
two mixed Majorana fields νσ and ν� , with σ and � neutrino fla-
vors, (in the following we will consider the νe ↔ νμ and νμ ↔ ντ

oscillations) one can consider the following mixing relations(
νσ

ν�

)
=

(
cos θ sin θ eiφ

− sin θ cos θ eiφ

)(
ν j
νk

)
, (2)

or(
νσ

ν�

)
=

(
cos θ sin θ e−iφ

− sin θ eiφ cos θ

)(
ν j
νk

)
, (3)

where θ is the mixing angle, ν j , νk are the fields with definite 
masses and φ is the Majorana phase. Such a phase can be removed 
for Dirac neutrinos by rephasing the mass term of the Dirac La-
grangian. For example, in Eq. (3), φ is eliminated by means of the 
replacements, ν j → ν j and νk → νk eiφ .

Notice that, in absence of decoherence (i.e. in standard treat-
ment of neutrino mixing) and in the case of dissipation with diag-
onal decoherence matrix, the probabilities of neutrino transitions 
are invariant under the rephasing Uαl → eiφl Uαl (with α = σ , �, 
and l = j, k). Thus, in such cases, the presence of the Majorana 
phases φl do not affect the oscillation formulas for neutrino prop-
agating in the vacuum, through matter and through a magnetic 
field, being such formulas equivalent for Majorana and for Dirac 
neutrinos [21]. By contrast, in the case of decoherence matrix with 
off-diagonal terms, the oscillation formulas for Majorana neutrinos 
depend on the phases φl [10].

Moreover, we will reveal other two important aspects: a) Majo-
rana neutrinos can violate C P T symmetry; b) different choices of 
the mixing matrix for such neutrinos can lead to different proba-
bility of transitions, (for example, the oscillation formulas obtained 
by using Eq. (2) can be different with respect to the ones obtained 
by means of Eq. (3), see below).

3. Decoherence and neutrino oscillations

The evolution of the neutrino considered as an open system, 
can be expressed by the Lidbland–Kossakowski master equation 
[22]

∂ρ(t)

∂t
= − i

h̄
[Hef f ,ρ(t)] + D[ρ(t)] . (4)

Here, Hef f = H†
ef f is the effective Hamiltonian, and D[ρ(t)] is the 

dissipator defined as

D[ρ(t)] = 1

2

N2−1∑
aij

(
[Fi ρ(t) , F †

j ] + [Fi ,ρ(t) F †
j ]
)

. (5)

i, j=0
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The coefficients aij of the Kossakowski matrix, could be derived by 
the properties of the environment [10] and Fi , with i = N2 − 1, are 
a set of operators such that T r(Fk) = 0 for any k and T r(F †

i F j) =
δi j . In the three flavor neutrino mixing case, Fi are represented by 
the Gell-Mann matrices λi . In the two flavor neutrino mixing Fi , 
are the Pauli matrices σi .

For the sake of simplicity, in the following we consider the 
mixing between two flavors (our results can be extended to the 
three flavor neutrino mixing case). Expanding Eqs. (4) and (5) in 
the bases of the SU (2), Eq. (4) can be written as

dρλ

dt
σλ = 2εi jk Hi ρ j(t)σλ δλk + Dλμ ρμ(t)σλ , (6)

where ρμ = Tr(ρ σμ), with μ ∈ [0, 3] and Dλμ is a 4 × 4 matrix. 
The conservation of the probability implies Dλ0 = D0μ = 0, then 
we can consider a 3 × 3 matrix for the dissipator of the form

Dij = −
⎛
⎝ γ1 α β

α γ2 δ

β δ γ3

⎞
⎠ . (7)

All the parameters of Eq. (7) are reals and the diagonal elements 
are positive in order to satisfy the condition, T r(ρ(t)) = 1 for any 
time t .

In order to study the effects of a non-diagonal form of the de-
coherence matrix on neutrino physics, we consider, for simplicity 
the matrix Dij given by

Dij = −
⎛
⎝ γ α 0

α γ 0
0 0 γ3

⎞
⎠ . (8)

This dissipator is obtained by Eq. (7), by setting, γ1 = γ2 = γ , and 
β = δ = 0. The condition of complete positivity of the density ma-
trix ρ(t), implies ∀t , the following condition |α| ≤ γ3/2 ≤ γ . By 
setting, � = �m2

2E , and by taking into account Eq. (8), we have 
ρ̇0(t) = 0, which for two neutrino families implies ρ0(t) = 1. Then 
the master equation (6) can be written as⎛
⎝ ρ̇1(t)

ρ̇2(t)
ρ̇3(t)

⎞
⎠ =

⎛
⎝ −γ −� − α 0

� − α −γ 0
0 0 −γ3

⎞
⎠

⎛
⎝ ρ1(t)

ρ2(t)
ρ3(t)

⎞
⎠ . (9)

By solving Eq. (9), we get

ρ1(t) = e−γ t
[
ρ1(0) cosh (�αt) − ρ2(0)

sinh (�αt)

�α
�−

]

ρ2(t) = e−γ t
[
ρ1(0)

sinh (�αt)

�α
�+ + ρ2(0) cosh (�αt)

]

ρ3(t) = ρ3(0)e−γ3t , (10)

where �± = α ± � and �α = √
α2 − �2. Hence, the matrix den-

sity, at any time, t reads

ρ(t) = 1

2

(
ρ0(t) + ρ3(t) ρ1(t) − iρ2(t)
ρ1(t) + iρ2(t) ρ0(t) − ρ3(t)

)
. (11)

By using the mixing relations for Majorana neutrinos, given in 
Eq. (3), the matrix density of the neutrino with flavor σ , (νσ is for 
example the electron neutrino in the case of νe − νμ mixing), at 
time t = 0, is

ρσ (0) =
(

cos2 θ 1
2 sin 2θ eiφ

1
2 sin 2θ e−iφ sin2 θ

)
, (12)

and similar for neutrino with flavor �. Then at time t , we have
ρσ (t) =
(

�+ �∗
� �−

)
, (13)

where, �± = 1
2

[
1 ± cos 2θe−γ3t

]
, and

� = sin 2θ e−γ t−iφ

2�αt

{
�α cosh (�αt) − iϒα,φ sinh (�αt)

}
,

with ϒα,φ = e2iφα + �.
The probabilities of transition Pνσ →ν� (t), with σ and � neu-

trino flavors, are given by Pνσ →ν� (t) = T r
[
ρ�(t)ρσ (0)

]
. Explicitly, 

we have

Pνσ →ν� (t) = 1

2

{
1 − e−γ3t cos2 2θ − e−γ t sin2 2θ

×
[

cosh (�αt) + α sin(2φ) sinh (�αt)

�α

]}
. (14)

In a similar way, for anti-neutrino, we have Pνσ →ν� (t) =
T r

[
ρ�(t)ρσ (0)

]
, i.e.

Pνσ →ν� (t) = 1

2

{
1 − e−γ3t cos2 2θ − e−γ t sin2 2θ

×
[

cosh (�αt) − α sin(2φ) sinh (�αt)

�α

]}
. (15)

Eqs. (14) and (15) show an asymmetry between the transitions 
νσ → ν� and νσ → ν� , i.e. Pνσ →ν� (t) �= Pνσ →ν� (t). This asym-
metry is due to Majorana phase φ and appears also in the prob-
ability of an electron, muon or tau neutrino preserving its flavor 
σ , (σ = e, μ, τ ), i.e. Pνσ →νσ (t) �= Pνσ →νσ (t). The C P violation, in-
duced by the oscillation formulas Eqs. (14) and (15) is explicitly 
given by,

�M
C P (t) = Pνσ →ν� (t) − Pνσ →ν� (t)

= − sin2 2θ
α sin(2φ) sinh (�αt)

�α
e−γ t . (16)

Notice that in the three neutrino system, it appears a further 
C P violation in νσ → ν� oscillations (with σ �= �), due to the pres-
ence of the δ phase in the PMNS mixing matrix. Such a violation 
affects both Majorana and Dirac neutrinos and it is compensated 
by the T violation, �C P = �T in order to preserve C P T symmetry. 
The C P violation due to the δ phase in three flavor mixing could 
cover in part the effect presented in Eq. (16).

However, for Majorana neutrinos one has a C P violation also in 
the transitions preserving their flavors,

�
M(σ↔σ )
C P (t) = Pνσ →νσ (t) − Pνσ →νσ (t) (17)

= sin2 2θ
α sin(2φ) sinh (�αt)

�α
e−γ t ,

with σ = e, μ, τ . In three flavor mixing case the δ phase of the 
PMNS mixing matrix does not affect the transitions preserving 
their flavor. Therefore the C P violation in Eq. (17) is due only 
to the decoherence and characterizes only the Majorana neutri-
nos. No C P violation is indeed exhibited by Dirac neutrinos in 
the oscillation probabilities Pνσ ↔νσ , with σ = e, μ, τ . The viola-

tion �M(σ↔σ)
C P (t) presented in Eq. (17), which is purely due to the 

decoherence of Majorana neutrinos, can be analyzed also in exper-
iments like DUNE which should be sensitive to the δ phase of the 
PMNS matrix. In fact, δ does not affect �M(σ↔σ)

C P (t) and the result 
�

M(σ↔σ)
C P (t) �= 0 only implies that the neutrinos are Majorana par-

ticles. A detailed study of the three flavor neutrino mixing case in 
the presence of decoherence will be done in a forthcoming paper.
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The definition of the T-violating quantity in the case of dissi-
pative matter is more delicate. Indeed, the decoherence and the 
dissipation induce an explicit violation of the T symmetry, which 
is independent on the nature of the particle. Here we are inter-
ested to the study of T symmetry in neutrino oscillation.

In QM mixing treatment, the T violating asymmetry can be ob-
tained by means of two equivalent definitions, as follows

�M
T (t) = Pνσ →ν� (t) − Pν�→νσ (t)

= Pνσ →ν� (t) − Pνσ →ν� (−t) . (18)

However, in the presence of decoherence, the definition �M
T (t) =

Pνσ →ν� (t) − Pνσ →ν� (−t), cannot be used, since the complete pos-
itivity of the matrix density is not satisfied for any time. Indeed, 
one has

�M
T (t) = Pνσ →ν� (t) − Pνσ →ν� (−t) (19)

= − sin2 2θ
[α sin(2φ) sinh (�αt) cosh(γ t)

�α

− sinh(γ t) cosh (�αt)
]
+ sinh(γ3t) cos2 2θ .

The presence of hyperbolic functions in Eq. (19) induces, for suffi-
ciently long time, a violation of the positivity of ρ , that generates 
values of �M

T not included in the interval [−1, 1]. This result is not 
physically acceptable.

On the contrary, the relation, �M
T (t) = Pνσ →ν� (t) − Pν�→νσ (t), 

is defined properly at any time t . By using such a relation, we have,

�M
T (t) = 0 , (20)

i.e., the two flavor Majorana neutrino oscillation, in the presence 
of decoherence, does not violate the T symmetry. This result holds 
also for the transitions preserving the flavors, �M(σ↔σ)

T (t) = 0.
The C P T invariance imposes the relationship �C P = �T . How-

ever, by comparing Eq. (16) with Eq. (20), we have �M
C P �= �M

T , 
which implies the violation of the C P T symmetry for Majorana 
neutrinos, �M

C P T �= 0. Since �M
T = 0, the analysis of the �M

C P in-
duced by the decoherence allows also the study of �M

C P T .
Let us consider now Dirac neutrinos. The phase φ can be 

set equal to zero, then the oscillation formulas Pνσ →ν� (t) and 
Pνσ →ν� (t) are equivalent, Pνσ →ν� (t) = Pνσ →ν� (t) and reduce to

Pνσ →ν� (t) = Pνσ →ν� (t) = 1

2

[
1 − e−γ3t cos2 2θ

− e−γ t sin2 2θ cosh (�αt)
]
. (21)

In this case, the neutrino oscillation preserves the C P and T sym-
metries, �D

C P = �D
T = 0. The above results show that the deco-

herence could produce another difference between Majorana and 
Dirac neutrinos, i.e. the C P T symmetry is violated by Majorana 
neutrinos, while it is preserved by Dirac neutrinos.

The kind of C P T violation here presented is due to the mixing 
in the presence of the decoherence. It could represent an effect 
induced by the quantum gravity [23]. We emphasize that such a 
violation is different from an explicit C P T symmetry breaking in 
the Hamiltonian dynamics such that [C P T , H] �= 0. In this case, 
a possible cause of the C P T breaking can be represented by the 
Lorentz violation due to a propagation in a curved space violating 
the Lorentz invariance. In the present framework, the decoherence 
may lead to an effectively ill-defined C P T quantum mechanical 
operator [24].

Another result here shown is the dependence on the choice of 
the mixing matrix U of the oscillation formulas for Majorana neu-
trinos. Different choices of U lead to different oscillation formulas. 
Indeed, Eqs. (14) and (15) are obtained by using the mixing rela-
tions given in Eq. (3). By contrast, by using the mixing matrix of 
Eq. (2), the oscillation formula for neutrinos Eq. (14) is replaced 
by that for antineutrinos Eq. (15) and vice versa. The dependence 
of the oscillation formulas on the choice of the mixing matrix 
representation characterizes the Majorana neutrinos. Therefore, if 
the neutrinos are Majorana particles, the study of the oscillation 
formulas in long baseline experiments could also allow the deter-
mination of the right mixing matrix.

Notice that similar effects are produced by the following dissi-
pator

Dλμ = −
⎛
⎝ γ1 0 0

0 γ2 δ

0 δ γ3

⎞
⎠ . (22)

On the contrary, the dissipator

Dλμ = −
⎛
⎝ γ1 0 β

0 γ2 0
β 0 γ3

⎞
⎠ , (23)

generates oscillation formulas depending on the phase φ, but there 
is no C P and C P T violations, being, in this case, Pνσ →ν� (t) =
Pνσ →ν� (t).

In order to emphasize the role of off-diagonal elements in the 
dissipator, we compare the above results with that obtained in the 
case of diagonal dissipator, i.e. α = 0, and Dij = −diag(γ , γ , γ3). 
In this case, we have γ3

2 ≤ γ . The oscillation formulas for Majorana 
neutrinos are independent on φ and coincide with those of Dirac 
neutrinos,

Pνσ →ν� (t) = Pνσ →ν� (t)

= 1

2

[
1 − e−γ3t cos2 2θ − sin2 2θ cos (� t) e−γ t

]
. (24)

Then, for two flavor neutrino oscillations we have �C P = �T =
�C P T = 0. The Pontecorvo formulas [21] are recovered by setting 
γ = γ3 = 0 in Eq. (24).

All the results here presented hold for neutrino propagation in 
vacuum.

In the case of neutrino oscillation through media, the Earth is 
not charge-symmetric, indeed it contains electrons, protons and 
neutrons, but it does not contain their antiparticles. Then, (even 
in absence of decoherence) the behavior of neutrinos is different 
with respect to that of antineutrinos (we have to consider R− in 
�m2

m and sin 2θm for neutrinos and R+ for antineutrinos). This fact 
implies that the νe ↔ νμ and νe ↔ ντ oscillations in matter break 
the C P and C P T symmetry also in absence of decoherence. There-
fore, the study of the C P T violation induced by the decoherence, 
together with that on the neutrino nature can be better done by 
analyzing neutrino oscillations in vacuum.

However, for completeness, we also consider the neutrino prop-
agation through the matter and we follow the procedure intro-
duced in Ref. [18] to describe the quantum decoherence for neu-
trino oscillations in matter. Then, the decoherence matrix in the 
matter mass eigenstates basis corresponding to the dissipator in 
Eq. (8) is⎛
⎝ �+ + �− cos 4ψ α cos 2ψ �− sin 4ψ

α cos 2ψ γ α sin 2ψ

�− sin 4ψ 2 sin 2ψ �+ − �− cos 4ψ

⎞
⎠ , (25)

where �± = γ ±γ3
2 , cos 2ψ = − μ√

μ2+ν2
, and sin 2ψ = − ν√

μ2+ν2
, 

with μ =
(√

2G F ne cos 2θ − �
)

and ν = √
2G F ne sin 2θ . Eq. (25)

will be used to derive numerically the C P violation in the matter.
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Fig. 1. Plots of the oscillation formulas Pνμ→ντ (the red dot dashed line) and 
Pνμ→ντ (the blue dashed line) for Majorana neutrinos and for Dirac neutrinos 
(φ = 0, the black line), as a function of the energy E , in vacuum. The purple, 
dashed line is obtained by setting α = 0. In this case Pνμ→ντ = Pνμ→ντ and one 
has the same formula for Majorana and for Dirac neutrinos. The Pontecorvo for-
mula is represented by the green dotted line. We assume φ = π

4 , x = 1.3 × 104 km

and we use the following experimental values of the parameters: sin2 θ23 = 0.51, 
�m2

23 = 2.5 ×10−3 eV2. Moreover, we set γ = 4 ×10−24 GeV, γ3 = 7.9 ×10−24 GeV, 
α = 3.8 × 10−24 GeV. Picture in the inset: plot of �M

C P (x) for the same values of the 
parameters used in the main plots. Such plots describe the propagation in vacuum 
and through Earth.

4. Numerical analysis

We now present a numerical analysis of Eqs. (14), (15), (21)
in order to study the nature of neutrinos. Moreover, we consider 
Eqs. (16) and (17) to analyze the C P and C P T violations in Majo-
rana neutrinos. Finally, we include the matter effect and we com-
pute the C P violation due to the charge asymmetry of the media 
in the cases of absence and of presence of decoherence.

More precisely, we consider the neutrino oscillation in vacuum. 
We analyze the mixing between νμ and ντ and we compute the 
probability of transition Pνμ→ντ (x) and the corresponding oscil-
lation formula for the anti-neutrinos Pνμ→ντ (x) in the range of 
energies (6 − 100) GeV. We also study the mixing between νe
and νμ and the oscillation formulas Pνe→νe (x) and Pνe→νe (x) in 
vacuum. The range of neutrino energy analyzed for νe ↔ νμ oscil-
lation is (0.3 −5) GeV, which is characteristic of DUNE experiment. 
Moreover, we analyze the neutrino propagation through the mat-
ter and we compare the C P asymmetry in absence of decoherence 
(due to the charge asymmetry of the Earth) with the C P viola-
tion induced by the decoherence. We consider the case of constant 
matter density, which represents a realistic approximation in ex-
periments such as DUNE experiment, whose beam passes through 
roughly constant matter density. By contrast, for a complete anal-
ysis of matter effects in experiments such as IceCube [25], which 
detects neutrino oscillations from atmospheric cosmic rays over a 
baseline across the Earth, a strongly changing matter profile must 
be considered and the PREM model would be used. This analysis is 
out of the purposes of the present paper and it will be an object of 
a forthcoming work. In the following, we use in natural units the 
approximation, x ≈ t , where x is the distance traveled by neutrinos.

In Fig. 1, we plot the oscillation formulas Pνμ→ντ and Pνμ→ντ

in vacuum, as a function of the neutrino energy E . The plots refer 
to Majorana neutrinos and to Dirac neutrinos, (cf. Eqs. (14), (15), 
(21), respectively). The comparison with the oscillation formula 
for diagonal dissipator, α = 0 (cf. Eq. (24)) and the Pontecorvo-
Bilenky oscillation formula is also analyzed. In the inset, we plot 
the value of the C P asymmetry �M

C P (x) = Pνμ→ντ (x) − Pνμ→ντ (x)
as a function of E for the same values of the parameters used 
in the main plot. The plots are derived by assuming φ = π . We 
4
Fig. 2. Plots of Pνe→νe (red dot dashed line) and Pνe→νe (blue dashed line) for 
Majorana neutrinos and for Dirac neutrinos (φ = 0, black line), as a function of 
E , in vacuum. The purple, dashed line is obtained by setting α = 0. In this case 
Pνe→νμ = Pνe→νμ . The Pontecorvo formula is represented by the green dotted line. 
We use the same values of φ and x of Fig. 1, moreover, we consider: sin2 θ12 =
0.861, �m2

12 = 7.56 × 10−5 eV2, γ = 1.2 × 10−23 GeV, γ3 = 2.3 × 10−23 GeV, α =
1.1 × 10−23 GeV. Picture in the inset: plot of �M

C P (x).

used a distance x = 1.3 × 104 km, considered the energy inter-
val [6 − 120] GeV and the following values of the parameters: 
sin2 θ23 = 0.51, �m2

23 = 2.55 × 10−3 eV2, γ = 4 × 10−24 GeV, 
γ3 = 7.9 × 10−24 GeV, α = 3.8 × 10−24 GeV [14].

In Fig. 2, we plot the oscillation formulas in vacuum, Pνe→νe

and Pνe→νe and in the inset the C P asymmetry �M
C P = Pνe→νe (t) −

Pνe→νe (t). We use the same values of φ and x considered in Fig. 1, 
moreover we use sin2 θ12 = 0.861, �m2

12 = 7.56 × 10−5 eV2, γ =
1.2 ×10−23 GeV, γ3 = 2.23 ×10−23 GeV, α = 1.1 ×10−23 GeV [15].

By analyzing the plots in Figs. 1 and 2, one can see that the dif-
ferences between Majorana and Dirac neutrinos, the C P and C P T
violations are, in principle, detectable. Indeed, considering the C P
violation, which, in the case of two flavor neutrino mixing, is dif-
ferent from zero only for Majorana neutrinos, one finds: a) for 
νμ ↔ ντ neutrino oscillation in vacuum, in particular ranges of 
the energy, �M(μ−τ )

C P ∼ 0.18, b) for νe ↔ νμ neutrino oscillation in 
vacuum, �M(e−e)

C P ∼ 0.16 (see Figs. 1 and 2). Notice that �M(e−e)
C P in 

the three flavor neutrino mixing case, is not affected by the phase 
δ of the PMNS matrix. Therefore such a violation, can be analyzed 
in experiments sensitive to δ phase, like the DUNE experiment.

In Fig. 3, we include the matter effect for the oscillation νe ↔
νμ and we plot the C P asymmetry �C P = Pνe→νe (t) − Pνe→νe (t), 
for Majorana and for Dirac neutrinos in the presence of decoher-
ence. Moreover, we plot �C P in absence of decoherence. In our 
computations, we consider the range of energy [0.3 − 1] GeV and 
the electron number density ne = 2.2 cm−3N A , which is the elec-
tron densities in the Earth mantle and which fits with the DUNE 
baseline parameters. The plots show different behaviors of �C P for 
Majorana and for Dirac neutrinos in the presence of decoherence 
with off-diagonal term. These behaviors are different with respect 
to that of �C P obtained by considering the two flavor neutrino 
mixing without decoherence. We point out that in the range of en-
ergy which we consider to study the C P symmetry in the matter, 
i.e. E ∈ [0, 3 − 1] GeV, the differences between the results obtained 
by using the correct procedure presented in Ref. [18] and those 
obtained by replacing �m2 with �m2

m and sin 2θ with sin 2θm , are 
negligible.

5. Conclusions

We have studied different features of the phenomenon of the 
decoherence in neutrino oscillations. In particular, we have shown
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Fig. 3. Plots of �C P = Pνe→νe (t) − Pνe→νe (t), through matter, for Majorana neutrinos 
(the red dot dashed line), for Dirac neutrinos (the blue dashed line) in the presence 
of decoherence with off-diagonal term and for neutrinos in absence of decoherence 
(the black dotted line). In the plots, we consider the same parameters of Fig. 2 and 
the energy interval E ∈ (0.3 − 1) GeV.

the possible C P T symmetry breaking in the Majorana neutrino os-
cillation and we have shown that the probability of transitions for 
Majorana neutrinos depend on the representation of the mixing 
matrix. Moreover, we have studied the phenomenological differ-
ences between Majorana and Dirac neutrinos in their oscillations.

By considering the constraints on decoherence parameters 
[14,15], we have analyzed the oscillation formulas Pνμ→ντ and 
Pνμ→τμ , and for neutrinos produced in accelerator, Pνe→νe and 
Pνe→νe . We have studied the behaviors of C P and C P T violations 
in neutrino oscillation and we have shown that, the differences 
between Majorana and Dirac neutrinos, together with the C P T vi-
olation could be detected if the phenomenon of decoherence is 
taken into account during the neutrino propagation in long base-
line experiments. Moreover, the oscillation formulas could provide 
a tool to determine the choice of the mixing matrix for Majorana 
neutrinos, if the neutrino is a Majorana fermion.

We have shown that the C P T violation, the difference between 
the oscillation formulas of Majorana and Dirac neutrinos, and the 
dependence of such formulas on the representation of the mix-
ing matrix appear only in the cases of a not diagonal form of the 
dissipator, similar to that presented in Eq. (8). In the case of di-
agonal dissipator, such effects disappear. We consider the neutrino 
propagation in vacuum and through the matter. Long baseline ex-
periments could allow the determination of the correct form of the 
matrix describing the decoherence, if such phenomenon is relevant 
in neutrino oscillation.

Neutrino decoherence and CPT violation could be signals of 
quantum gravity. Therefore, our analysis could open new interest-
ing scenarios not only in the study of neutrinos, but also in other 
fields of fundamental physics.

Notice also that, non-perturbative field theoretical effects of 
particle mixing [26], [27], can be neglected in our treatment.

Acknowledgements

A.C. and G.L. acknowledge partial financial support from MIUR 
and INFN and the COST Action CA1511 Cosmology and Astro-
physics Network for Theoretical Advances and Training Actions 
(CANTATA). S.M.G. acknowledge support by the H2020 CSA Twin-
ning project No. 692194, “RBI-T-WINNING”.

References

[1] F.P. An, et al., Daya-Bay Collaboration, Phys. Rev. Lett. 108 (2012) 171803.
[2] J.K. Ahn, et al., RENO Collaboration, Phys. Rev. Lett. 108 (2012) 191802.
[3] Y. Abe, et al., Double Chooz Collaboration, Phys. Rev. Lett. 108 (2012) 131801.
[4] K. Abe, et al., T2K Collaboration, Phys. Rev. Lett. 107 (2011) 041801.
[5] P. Adamson, et al., MINOS Collaboration, Phys. Rev. Lett. 107 (2011) 181802.
[6] K. Nakamura, S.T. Petcov, Phys. Rev. D 86 (2012) 010001.
[7] A. Giuliani, A. Poves, Adv. High Energy Phys. 2012 (2012) 1.
[8] M. Richter, B. Dziewit, J. Dajka, Phys. Rev. D 96 (2017) 076008.
[9] A. Capolupo, S.M. Giampaolo, B.C. Hiesmayr, G. Vitiello, Phys. Lett. B 780 (2018) 

216.
[10] F. Benatti, R. Floreanini, J. High Energy Phys. 02 (2000) 32; Phys. Rev. D 64 

(2001) 085015.
[11] A. Kostelecky, N. Russell, Rev. Mod. Phys. 83 (2011) 11.
[12] E. Lisi, A. Marrone, D. Montanino, Phys. Rev. Lett. 85 (2000) 1166;

A.M. Gago, E.M. Santos, W.J.C. Teves, R. Zukanovich Funchal, Phys. Rev. D 63 
(2001) 073001;
D. Morgan, E. Winstanley, J. Brunner, L.F. Thompson, Astropart. Phys. 25 (2006) 
311;
G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo, Phys. Rev. D 76 (2007) 
033006;
Y. Farzan, T. Schwetz, A.Y. Smirnov, J. High Energy Phys. 0807 (2008) 067.

[13] R.L.N. Oliveira, M.M. Guzzo, Eur. Phys. J. C 69 (2010) 493; Eur. Phys. J. C 73 
(2013) 2434;
R.L.N. Oliveira, Eur. Phys. J. C 76 (2016) 417;
P. Bakhti, Y. Farzan, T. Schwetz, J. High Energy Phys. 05 (2015) 007;
G. Balieiro Gomes, M.M. Guzzo, P.C. de Holanda, R.L.N. Oliveira, Phys. Rev. D 95 
(2016) 113005;
M.M. Guzzo, P.C. de Holanda, R.L.N. Oliveira, Nucl. Phys. B 908 (2016) 408.

[14] P. Coloma, J. Lopez-Pavon, I. Martinez-Soler, H. Nunokawa, Decoherence in neu-
trino propagation through matter, and bounds from IceCube/DeepCore, arXiv:
1803 .04438 [hep -ph].

[15] G. Balieiro Gomes, D.V. Forero, M.M. Guzzo, P.C. de Holanda, R.L.N. Oliveira, 
Quantum decoherence effects in neutrino oscillations at DUNE, arXiv:1805 .
09818 [hep -ph].

[16] S.P. Mikheev, A.Yu. Smirnov, Sov. J. Nucl. Phys. 42 (6) (1985) 913–917.
[17] L. Wolfenstein, Phys. Rev. D 17 (9) (1978) 2369.
[18] J.A. Carpio, E. Massoni, A.M. Gago, Phys. Rev. D 97 (2018) 115017.
[19] F.J. Botella, C.S. Lim, W.J. Marciano, Phys. Rev. D 35 (1987) 896.
[20] C. Giunti, Phys. Lett. B 686 (41) (2010).
[21] S.M. Bilenky, B. Pontecorvo, Phys. Rep. 41 (1978) 225;

S.M. Bilenky, S.T. Petcov, Rev. Mod. Phys. 59 (1987) 671.
[22] G. Lindblad, Commun. Math. Phys. 48 (2) (1976) 119–130;

V. Gorini, A. Kossakowski, E.C. Sudarshan, J. Math. Phys. 17 (5) (1976) 821.
[23] C. Rovelli, Quantum Gravity, Cambridge University Press, ISBN 0-521-71596-2, 

2004;
G. Amelino-Camelia, Living Rev. Relativ. 16 (2013) 5; Lect. Notes Phys. 541 
(2000) 1;
S.M. Giampaolo, T. Macri’, arXiv:1806 .08383, 2018.

[24] V.A. Kostelecky, Phys. Rev. D 69 (2004) 105009;
G. Amelino-Camelia, Symmetry 2 (2010) 230;
J. Bernabéu, F.J. Botell, N.E. Mavromatos, M. Nebot, Eur. Phys. J. C 77 (2017) 
865.

[25] M.G. Aartsen, et al., IceCube Collaboration, Phys. Rev. Lett. 120 (7) (2018) 
071801.

[26] M. Blasone, A. Capolupo, G. Vitiello, Phys. Rev. D 66 (2002) 025033, and refer-
ences therein;
M. Blasone, A. Capolupo, O. Romei, G. Vitiello, Phys. Rev. D 63 (2001) 125015;
A. Capolupo, C.R. Ji, Y. Mishchenko, G. Vitiello, Phys. Lett. B 594 (2004) 135;
K. Fujii, C. Habe, T. Yabuki, Phys. Rev. D 59 (1999) 113003; Phys. Rev. D 64 
(2001) 013011;
K.C. Hannabuss, D.C. Latimer, J. Phys. A 33 (2000) 1369; J. Phys. A 36 (2003) 
L69;
C.R. Ji, Y. Mishchenko, Phys. Rev. D 65 (2002) 096015; Ann. Phys. 315 (2005) 
488;
M. Blasone, A. Capolupo, F. Terranova, G. Vitiello, Phys. Rev. D 72 (2005) 
013003;
A. Capolupo, I. De Martino, G. Lambiase, A. Stabile, Phys. Lett. B 790 (2019) 
427.

[27] A. Capolupo, Adv. High Energy Phys. 2016 (2016) 8089142; Adv. High Energy 
Phys. 2018 (2018) 9840351;
A. Capolupo, I. De Martino, G. Lambiase, A. Stabile, Phys. Lett. B 790 (2019) 
427;
A. Capolupo, S. Capozziello, G. Vitiello, Phys. Lett. A 373 (2009) 601; Phys. Lett. 
A 363 (2007) 53; Int. J. Mod. Phys. A 23 (2008) 4979;
M. Blasone, A. Capolupo, S. Capozziello, G. Vitiello, Nucl. Instrum. Methods A 
588 (2008) 272;
M. Blasone, A. Capolupo, G. Vitiello, Prog. Part. Nucl. Phys. 64 (2010) 451;
M. Blasone, A. Capolupo, S. Capozziello, S. Carloni, G. Vitiello, Phys. Lett. A 323 
(2004) 182;
A. Capolupo, M. Di Mauro, A. Iorio, Phys. Lett. A 375 (2011) 3415.

http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4E616B616D75726131s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4E616B616D75726132s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4E616B616D75726133s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4E616B616D75726134s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4E616B616D75726135s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4E616B616D75726136s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4769756C69616E69s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib52696368746572s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F32303138s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F32303138s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E61747469s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E61747469s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4B6F7374s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746942s5
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42656E6174746931s5
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib436F6C6F6D61s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib436F6C6F6D61s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib436F6C6F6D61s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42616C696569726Fs1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42616C696569726Fs1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib42616C696569726Fs1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4D535731s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4D535732s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib43617072696Fs1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4D535733s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4769756E7469s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib506F6E7465636F72766Fs1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib506F6E7465636F72766Fs2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4C696E64s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4C696E64s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C69s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C69s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C69s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C69s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C69s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C6931s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C6931s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C6931s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib526F76656C6C6931s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4161727473656E3A323031376E6D64s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4161727473656E3A323031376E6D64s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s5
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s5
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s6
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s6
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s7
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s7
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s8
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib426C61736F6E653A313939386866s8
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s1
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s2
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s3
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s4
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s5
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s6
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s6
http://refhub.elsevier.com/S0370-2693(19)30231-X/bib4361706F6C75706F3A323030366574s7

	Decoherence in neutrino oscillations, neutrino nature and CPT violation
	1 Introduction
	2 Majorana and Dirac neutrinos
	3 Decoherence and neutrino oscillations
	4 Numerical analysis
	5 Conclusions
	Acknowledgements
	References


