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Dirac and Majorana neutrinos can be distinguished in relativistic neutrino oscillations if new right-
handed interactions exist, due to their different propagation in matter. We review how these new
interactions affect neutrino oscillation experiments and discuss the size of this eventually observable
effect for different oscillation channels, baselines, and neutrino energies.
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I. INTRODUCTION

One of the fundamental mysteries of neutrino physics is
the nature of massive neutrinos [1]. They can have Dirac or
Majorana masses [2], with their own signatures in each
case. In particular, it is assumed that the best way to
establish their character is to search for neutrinoless double
� decay [����0�] [3–5]. Indeed, its mere observation
would imply that neutrinos are Majorana particles.
However, if neutrino masses are a fraction of eV and no
new physics (NP) gives large enough contributions, it will
be quite difficult to observe ����0� [6–9].

Although oscillation experiments are not sensitive to the
absolute scale of neutrino masses, they are able to probe
very tiny neutrino mass differences [10–12]. Hence, the
obvious question is if neutrino oscillations can distinguish
between Dirac and Majorana neutrino masses [13,14]. This
is not possible in neutrino oscillations in vacuum [15,16].
The reason is that the additional phases in the neutrino
mixing matrix distinguishing Majorana from Dirac neutri-
nos disappear from the oscillation probability expressions.
The oscillation in matter can differ from that in vacuum,
leading to both the change of the effective mixing angles
and of the effective masses [17–19]. However, if neutrinos
are relativistic and only interact through left-handed (LH)
currents, the oscillation in matter does not discriminate
between both types of fermions either. This is not the
case for nonrelativistic neutrinos [20] but unfortunately
these neutrinos are not available in any experiment, at least
up to now. So, within the new standard model (�SM) [21]
and for neutrinos in the mass range of tens of meV, it will
be very difficult to find experimental evidence which can
distinguish Dirac from Majorana neutrinos.

Then, one may wonder if there is some type of NP which
can modify neutrino propagation in a dense medium [22–
26] to allow for the determination of the neutrino mass
character. As we will review, although NP can give rise to a
low-energy Hamiltonian with any tensor structure for neu-
trino bilinears ���a�, with �a � I, �5, ��, ���5, and ���,
the scalar and pseudoscalar currents vanish or are sup-
pressed for relativistic neutrinos. They are 0�mE�, where m
is a light neutrino mass and E the neutrino energy. Vector
and axial-vector helicity flip and tensor helicity nonflip
transitions have similar suppression factors. Only the vec-
tor and axial-vector helicity nonflip transitions and the
tensor helicity flip ones are unsuppressed, and may then
help to discriminate between relativistic Dirac and
Majorana neutrinos propagating in a dense medium. Here
we will concentrate on the spin nonflip vector and axial-
vector transitions. Tensor interactions have been discussed
in this context in [27]. In any case, as the production and
detection of neutrinos (antineutrinos) with positive (nega-
tive) helicity are strongly suppressed, the sensitivity to
spin-flip tensor transitions is reduced. Besides, they require
a polarized background to manifest, and if generated at
higher orders in perturbation theory, they are also extra
suppressed by loop factors [28,29].

In this paper we will consider an effective Lagrangian
with only arbitrary vector and axial-vector couplings mod-
ifying the LH structure of the �SM. This is enough to
generate (new) vector and axial-vector four-fermion inter-
actions which are those to be probed by relativistic neu-
trinos. The new couplings affect differently the
propagation of Dirac and Majorana neutrinos in matter.
The largest effect results from the addition of new right-
handed (RH) neutral currents, being the corresponding
transition probability dependence linear [30]. We discuss
its size for different channels as a function of the neutrino
energy and the baseline, showing that it can eventually

*faguila@ugr.es
†jacek@server.phys.us.edu.pl
‡zralek@us.edu.pl

PHYSICAL REVIEW D 76, 013007 (2007)

1550-7998=2007=76(1)=013007(12) 013007-1 © 2007 The American Physical Society

http://dx.doi.org/10.1103/PhysRevD.76.013007


allow for discriminating between Dirac and Majorana
neutrinos.

We first revise the necessary known results on neutrino
propagation in a dense medium. In the next section we
describe the neutrino interaction with matter introducing a
general, relativistic invariant Hamiltonian, and show that
for relativistic neutrinos only vector, axial-vector, and
tensor terms have contributions to neutrino oscillation
amplitudes which are not suppressed by m

E factors. In
Sec. III we discuss the Lagrangian with general LH and
RH currents. As deviations from the �SM are strongly
constrained by existing experimental data, they must be
small. Then, using the corresponding four-fermion effec-
tive Hamiltonian, we calculate the effective interaction
with matter for Dirac and Majorana neutrinos. In Sec. IV
the probabilities for neutrino oscillations in matter are
derived for a neutral background with uniform spin and
momentum distributions [31]. We present our numerical
results for neutrino propagation inside Earth for different
channels, baselines and neutrino energies in Sec. V.
Finally, the last section is devoted to conclusions and to
comment on some necessary ingredients of more funda-
mental models with RH neutrino interactions.

II. DIRAC VERSUS MAJORANA NEUTRINOS

Let us evaluate the suppression factors for the different
transitions. The effective Hamiltonian describing the co-
herent neutrino scattering in a dense medium has the form

 H int �
X
a

X
i;j

��za�ij� ��i�a�j� � �z�a�ij� ��j ��a�i��; (1)

where �a � I, �5, ��, ���5 and ��� � i
2 ��

�; ���, and za
are the complex scalar (zS), pseudoscalar (zP), vector
(zV�), axial-vector (zA�), and tensor (zT��) matrices char-
acterizing the background. The sum i, j runs over mass
eigenstates. For the moment it is enough to know that the
Hamiltonian is Hermitian, what follows from the relations

 

�� a � �0��
a�y�0 �

�
�a; for a � S; V; A; T;
	�a; for a � P:

(2)

The j! i matrix element

 H ij � h�ijH
intj�ji

can be calculated using the plane wave decomposition for
the neutrino fields and contracting the corresponding cre-
ation and annihilation operators with those of the initial
and final Dirac neutrino, Dirac antineutrino, or Majorana
neutrino states. We obtain for each case

 H D
ij �

X
a

��za�ij �ui�
auj � �z

�
a�ji �ui ��

auj�;

HD
ij
� 	

X
a

��za�ji �vj�
avi � �z

�
a�ij �vj ��avi�;

HM
ij �HD

ij �HD
ij
;

(3)

respectively. Yet it is more convenient to rewrite them only
as a function of positive frequency spinors using the charge
conjugation relation vi � C �uTi , together with Eq. (2) and
the relations

 C��a�TC	1 �

�
�a; for a � S; P; A;
	�a; for a � V; T:

(4)

Then, they read

 

HD
ij � �ZS�ij �uiuj � �ZP�ij �ui�5uj � �ZV��ij �ui��uj

� �ZA��ij �ui���5uj � �ZT���ij �ui���uj;

HD
ij
� �Z�S�ij �uiuj 	 �Z

�
P�ij �ui�5uj 	 �Z

�
V��ij �ui�

�uj

� �Z�A��ij �ui���5uj 	 �Z�T���ij �ui���uj;

HM
ij � 2�ReZS�ij �uiuj � 2i�ImZP�ij �ui�5uj

� 2i�ImZV��ij �ui��uj � 2�ReZA��ij �ui���5uj

� 2i�ImZT���ij �ui���uj; (5)

where the capital Zmatrices are constructed from the small
z ones. They are Hermitian Z � z� zy for S, V, A, T and
anti-Hermitian Z � z	 zy for P terms. As we shall see,
Eq. (5) is further simplified for relativistic neutrinos.

A. Relativistic limit

In the Weyl representation the spinor u��p�� for a par-
ticle with helicity �

2 , energy E�, and momentum p�, and
normalized in such a way that uyu � 1, has the form

 u��p�� �

����������������
E���j ~p�j

2E�

q
������������������

E�	�j ~p�j
2E�

q
��

0
B@

1
CA; (6)

where �� is the Pauli helicity spinor properly normalized
�y� � 1. In order to compare the spinor products for
relativistic neutrinos with different masses, it is convenient
to use a common energy, which is independent of the
particular small neutrino masses involved. Indeed, noting
that in forward neutrino scattering all momenta are parallel
~pi � pi ~i and, following [32], we can write the energy and
the momentum of any light neutrino:

 Ei � E� �
m2
i

2E
; pi � E	 �1	 ��

m2
i

2E
; (7)

where � is some parameter which depends on the produc-
tion or detection process, and E is the neutrino energy for
zero neutrino mass. Using these expressions, we can evalu-
ate the spinor products entering in Eq. (5):
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 �ui���uj��� �
mi �mj

2E
� 0

��
m
E

�
3
�
; �ui���uj�	�� � 0; �ui����5uj��� � �

mi 	mj

2E
� 0

��
m
E

�
3
�
;

�ui����5uj�	�� � 0; �ui�����uj��� � n� � 0
��
m
E

�
2
�
;

�ui�	1���uj��1� � 	� �ui��1���uj�	1��� � m� mi 	mj

2E
� 0

��
m
E

�
3
�
; �ui����

��5uj��� � �n� � 0
��
m
E

�
2
�
;

�ui�	1����5uj��1� � � �ui��1����5uj�	1��� � m� mi �mj

2E
� 0

��
m
E

�
3
�
;

�ui����0kuj��� � ink
mi 	mj

2E
� 0

��
m
E

�
3
�
; �ui����kluj��� � �"klrnr

mi �mj

2E
� 0

��
m
E

�
3
�
;

�ui�	1��0kuj��1� � � �ui��1��0kuj�	1��� � imk � 0
��
m
E

�
2
�
;

�ui�	1��kluj��1� � � �ui��1��kluj�	1��� � "klrmr � 0
��
m
E

�
2
�
;

(8)

where n� � �1; ~n� with ~n � �sin	 cos’; sin	 sin’; cos	�
the direction of the neutrino momentum, and m� �
�0; ~m� with ~m � �cos	 cos’	 i sin’; cos	 sin’�
i cos’;	 sin	� orthogonal to ~n and defined up to an un-
physical global phase; whereas "klr is the totally antisym-
metric tensor with "123 � 1.

Hence, we see that in the relativistic limit for forward
neutrino scattering the scalar and pseudoscalar terms can
be effectively omitted. If in addition we assume that the
tensor term is negligible (the general case including non-
vanishing tensor interactions will be considered else-
where), then not only the corresponding suppressed spin
nonflip but the spin-flip terms can be omitted, and Eq. (5)
reduces to

 H D
ij��� � �ZV� � �ZA��ijn

�;

HD
ij
��� � �	Z�V� � �Z

�
A��ijn

�;

HM
ij ��� � 2�i ImZV� � �ReZA��ijn

�:

(9)

Thus, the allowed transitions do not flip helicity and de-
pend on the vector and axial-vector couplings only. In
order to answer the question on the nature of the neutrino
mass, we must compare the amplitudes HD

ij�� � 	1�

with HM
ij �� � 	1� for particles, and HD

ij
�� � �1� with

HM
ij �� � �1� for antiparticles.

In the �SM, where neutrinos interact only through LH
currents, the vector and axial-vector Zmatrices are related,
ZV� � 	ZA�, and the only nonvanishing transitions read

 H D
ij�� � 	1� �HM

ij �� � 	1� � 2�ZV��ijn
�;

HD
ij
�� � �1� �HM

ij �� � �1� � 	2�Z�V��ijn
�:

(10)

In any model where neutrinos besides interact through RH
currents ZV� � 	ZA�, and there are deviations from the
�SM predictions in Eq. (10) which also affect differently
the Dirac and Majorana neutrino propagation. Indeed,

Eq. (9) gives our main input

 H D
ij�� � 	1� 	HM

ij �� � 	1� � �Z�V� � Z
�
A��ijn

�;

HD
ij
�� � �1� 	HM

ij �� � �1� � 	�ZV� � ZA��ijn�:

(11)

Hence, even in the relativistic limit there is in principle the
possibility of distinguishing between the Dirac and
Majorana neutrinos, but only if besides the dominant LH
current there is some RH piece. Whether this can have
practical consequences, it depends on the strength of the
RH interaction.

III. LAGRANGIAN AND EFFECTIVE LOW-
ENERGY HAMILTONIAN DENSITIES

One may adopt a more phenomenological approach at
this point and parameterize the difference between Dirac
and Majorana amplitudes in Eq. (11), calculating the cor-
responding oscillation probabilities afterwards and looking
for the largest possible effects. However, one must also
worry about the physical implications of such a parame-
terization and the experimental constraints that restrict the
different parameters. Then, it is more enlightening to start
extending the �SM Lagrangian describing the coherent
scattering of neutrinos on background fermions f,

 �j � f ! �i � f:

Before discussing any specific model, let us introduce an
effective Lagrangian with arbitrary LH and RH currents
and show that the largest effects are associated to new RH
neutral currents involving the light neutrinos.

A. The effective left-right interaction Lagrangian

The �SM charged current Lagrangian can be general-
ized to include new LH and RH couplings,
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LCC � 	
e

2
���
2
p

sin	W

X
i;


��i�
��"CL�1	 �5�

� �CR�1� �5��U
�

il
W

�
� � H:c:; (12)

where "CL and �CR are taken to be global factors deviating
slightly from their �SM values, 1 and 0, respectively. This
is enough for, as we will show, they enter quadratically in
the effective interaction Hamiltonian. So, j�CRj

2 contribu-
tions are negligible because we are interested in large
(linear) effects. Then, although in contrast with Eq. (12)
the RH and LH charged currents can have in general
different mixing matrices, its explicit form will not matter
in the RH case. While j"CLj

2 terms contribute the same to
the propagation of Dirac and Majorana neutrinos. Thus, we
will take "CL � 1 and U
i to be the 3
 3 unitary matrix
giving the linear combinations of mass eigenstates with
well-defined lepton flavor [33,34]:

 �
 �
X
i

U
i�i:

One must keep in mind, however, that in definite models
the terms neglected can be of the same order as those
distinguishing between Dirac and Majorana neutrinos
below.

Similarly, the neutral current Lagrangian can be written
 

LNC � 	
e

4 sin	W cos	W

�X
i;j

��i�
��"N�L �1	 �5��ij

� �N�R �1� �5��
R
ij��j �

X
f

�f ���"NfL �1	 �5�

� "NfR �1� �5��f
�
Z�; (13)

where as before "N�L is a global factor of order 1, its �SM
value, to keep track of the order of the different terms. The
LH piece for light neutrinos can be assumed to be diagonal
(and "N�L � 1) because it will not help to determine their
nature [35]. What is crucial is the general form of the RH
piece, that we parameterized with a global factor �N�R of
order 0, the value in the �SM, multiplying an otherwise
arbitrary Hermitian matrix �R

ij. The background fermions
can be taken to be f � e, u, d or e, p, n, with their neutral
couplings,

 "NfL � 2T3
f 	 qfsin2	W � �

f
L;

"NfR � 	qfsin2	W � �
f
R;

(14)

where qf (T3
f) is the fermion charge (third component of

the weak isospin) and �fL;R are possible small deviations
from their standard values.

The new RH coupling in Eq. (13) requires the addition
of RH neutrinos transforming nontrivially under the �SM
gauge group, or the Z mixing with an extra gauge boson
coupling to the new RH neutrinos if these are �SM sin-
glets. Both scenarios have further consequences. For ex-

ample, RH neutrinos in nontrivial SU�2�L representations
imply new charged leptons which have not been observed,
and the Z mixing with an extra gauge boson is strongly
constrained by processes not involving neutrinos. Definite
models must evade these constraints. This is not a problem
in the Dirac case, but the observed neutrinos must mix with
the new light neutrinos entering in the RH neutral current if
the Majorana neutrinos have to feel a different interaction
when traveling through matter. Indeed, if there are only
three light neutrinos feeling the �SM interactions, their
nature cannot be established in oscillation experiments
with very energetic neutrinos, although there are new
sectors beyond the �SM. In order to manifest the
Majorana character the light neutrinos must participate in
new interaction. In either case light neutrinos can mix with
new heavy neutrinos [37,38], but this mixing which must
be rather small is of no relevance to decide about the nature
of light neutrinos in oscillation experiments. What matters
is the mixing with new light neutrinos with RH interac-
tions. The experimental limits on such a mixing are not so
stringent, because all light neutrinos are produced in the
standard decay processes and there is no deficit relative to
the corresponding �SM prediction. On the other hand, in
loop processes we have also to sum over all light degrees of
freedom, and the new contributions are proportional to the
(new) light neutrino mass differences.

We could also consider adding new (pseudo)scalar in-
teractions to generate an effective low-energy Hamiltonian
with RH neutrino currents coupled to background fermi-
ons, but they are also strongly constrained if, as we need,
the new interaction couples the observed neutrinos to
matter fermions. Besides, some (neutrino) mixing with
new fermionic degrees of freedom and between different
spin 0 bosons are still necessary.

B. The general effective interaction Hamiltonian

The effective low-energy four-fermion Hamiltonian re-
sulting from the former charged and neutral interaction
Lagrangians has the general form
 

H eff �
X

f�e;p;n

GF���
2
p

X
i;j

X
a�V;A

� ��i�a�j�


 � �f�a�g
ij
fa � �gijfa�5�f�; (15)

where we neglect the scalar and pseudoscalar terms gen-
erated by Fierz rearrangement because for relativistic neu-
trinos they vanish or are suppressed by small mE factors, as
discussed in Sec. II. Thus, we are only left with vector and
axial-vector interactions, �a � ��, ���5, with couplings
gijfa and �gijfa given by

 gijfV � gijfL � g
ij
fR �gijfV � �gijfL � �gijfR;

gijfA � 	 �gijfL � �gijfR; �gijfA � 	g
ij
fL � g

ij
fR;

(16)

where we introduce LH and RH couplings for later conve-
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nience, and

 gijfL � �A
LL � ALR�fij; �gijfL � �	A

LL � ALR�fij;

gijfR � �A
RR � ARL�fij; �gijfR � �A

RR 	 ARL�fij;
(17)

with

 �ALL�fij �j "
C
L j

2 U�eiUej�fe �
%
2
"N�L "NfL �ij;

�ALR�fij �
%
2
"N�L "NfR �ij;

�ARR�fij �j �
C
R j

2 U�eiUej�fe �
%
2
�N�R "NfR �R

ij;

�ARL�fij �
%
2
�N�R "NfL �R

ij;

(18)

where % � �M2
W�=�M

2
Zcos2	W� ’ 1. For comparison,

within the �SM only

 gijfV � 	 �gijfA and �gijfV � 	g
ij
fA (19)

are different from zero, reproducing the well-known results
for LH neutrino interactions. The form of the Hamiltonian
in Eq. (15) [17,27] is especially useful for our purposes. As
neutrinos and background fermions f � e, p, n are placed
in two separated factors, it is straightforward to derive the
coherent neutrino scattering in matter summing over all
fermions and averaging over their properties [34]. This is
what is done when going from Eq. (15) to Eq. (1) [37]:

 �zV
��ij � �z

�
V
��ji � �ZV

��ij

�
GF���

2
p

X
f

Nf

�
gijfV

�p�f
Ef

�
�mf �gijfV

�s�f
Ef

��
;

�zA
��ij � �z�A

��ji � �ZA
��ij

�
GF���

2
p

X
f

Nf

�
�gijfA

�p�f
Ef

�
�mfg

ij
fA

�s�f
Ef

��
;

(20)

where Nf with f � e, p, n stand for the number of fermi-

ons f per unit volume, and h
p�f
Ef
i and h

s�f
Ef
i are the properly

normalized averages over the corresponding fermion dis-
tributions of the momentum and the spin, respectively.

C. The effective, coherent neutrino interaction
in matter

The neutrino background coherent scattering is now
easy to calculate from the effective four-fermion
Hamiltonian. Propagation of the light relativistic neutrinos
in matter is governed by an evolution equation of the
Schrödinger type for each spinor helicity for this is con-
served (see e.g. [37,39]):

 i
d
dt

��
i � ~p; t� �

X
j

H �
ij�

�
j � ~p; t�; (21)

where ��
i � ~p; t� is the wave function for the neutrino (an-

tineutrino) eigenstate of mass mi, momentum ~p, and he-
licity �

2 � 	
1
2 ��

1
2�. As usual [32,34], we assume that all

particles have the same momentum but different energies

Ei �
������������������
~p2 �m2

i

q
. Then, the effective Hamitonian in

Eq. (21) reads

 H �
ij �

�
p�

m2
i

2p

�
�ij �H ij; (22)

where H ij describes the coherent neutrino scattering in-
side matter, thus depending on the properties of the me-
dium which is characterized by the fermion contents and
the corresponding polarization, momentum, and charge
distributions. As it is apparent from Eqs. (9) and (20),
H ij is also different for Dirac and Majorana neutrinos.
In the case of a medium unpolarized, isotropic, and neutral
(Ne � Np), the Hamiltonian for Dirac neutrinos with he-
licity �

2 � 	
1
2 is

 H D
ij�� � 	1� �

���
2
p
GF�Ne�g

ij
eL � g

ij
pL� � Nng

ij
nL�;

(23)

whereas for Majorana neutrinos of the same helicity it
reads

 

HM
ij �� � 	1� �

���
2
p
GF�Ne�g

ij
eL 	 g

�ij
eR � g

ij
pL 	 g

�ij
pR�

� Nn�g
ij
nL 	 g

�ij
nR��: (24)

Thus, Dirac and Majorana neutrinos propagate differently
in matter in the presence of extra RH interactions, gfR � 0.
Their evolution depends on the matter densities Nf and the
neutrino couplings to electrons, protons, and neutrons gf.
These are related to the u and d quark couplings in the
usual way:

 gijpL � 2gijuL � g
ij
dL; gijpR � 2gijuR � g

ij
dR;

gijnL � gijuL � 2gijdL; gijnR � gijuR � 2gijdR:
(25)

The appropriate Hamitonians for Dirac antineutrinos and
Majorana neutrinos of positive helicity follow from the
well-known relations [37]

 H D
ij
��� � 	�HD

ij�	���
�;

HM
ij ��� � 	�H

M
ij �	���

�;
(26)

which can be also deduced from Eq. (9). We should re-
member that these relations are valid in the absence of
scalar, pseudoscalar, and tensor interactions, for relativistic
neutrinos, and in the mass eigenstate basis. In the flavor
basis these relations are in general not satisfied.
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IV. PROPAGATION OF DIRAC AND MAJORANA
NEUTRINOS IN MATTER

In order to estimate the difference between Dirac and
Majorana neutrino oscillations, we shall consider the sim-
ple case discussed in the previous section of an unpolar-
ized, isotropic, and neutral medium with constant fermion
densities Nf. Then, the neutrino evolution equation in
Eq. (21) can be solved analytically. After subtracting the
unimportant common diagonal pieces, the Hamiltonians
(23) and (24) can be written in the flavor eigenstate basis

 H D

��� � 	1� �

���
2
p
GFNe�e
�e� (27)

and
 

HM

����	1��

���
2
p
GFfNe�e
�e�	Ne�j�

C
Rj

2�e
�e�

� 1
2�

N��
R ��e�L ��

e�
R �2�u�L �2�u�R

��d�L ��
d�
R ��

R�

��	Nn

1
2�

N��
R �	1�2�d�L

�2�d�R ��
u�
L ��

u�
R ��

R�

�g; (28)

respectively, with

 �R

� �

X
i;j

U
i�
R
ijU

�
�j: (29)

The new RH interactions do not contribute to the Dirac
effective Hamiltonian in Eq. (27), which is the same as in
the �SM, but they do contribute to the Majorana one in
Eq. (28). Neglecting quadratic terms in the new small
parameters, this reduces to

 H M

��� � 	1� �

���
2
p
GFNe

�
�e
�e� �

Nn
Ne

1

2
�N��R �R�


�

�
:

(30)
Thus, the difference between Dirac and Majorana neutrino
oscillations are triggered by the extra term proportional to
the neutron to electron density ratio, to �N��R , and to the
�R�

� matrix elements. Then, to observe any difference,

�R

� cannot be diagonal. It is also worth emphasizing

that, in contrast with other NP effects, which are quadratic
in the (small) new parameters, this difference is linear in
the (small) strength of the extra RH neutral interactions.

The oscillation probabilities can be found diagonalizing
the Hamiltonians in Eqs. (27) and (30) together with the
neutrino (species) dependent kinematical term in Eq. (22)
[34,37]:

 H � �
1

2E�
Wfdiag� ~m2

i �gW
y; (31)

where W is the diagonalizing (unitary) matrix defined by
the eigenvectors of 2E�H

� and ~m2
i are the corresponding

(real) eigenvalues. We are now ready to calculate the
transition amplitude from the initial neutrino (production)
state j �0�i after traveling a distance L to some other final
neutrino (detection) state j’�0�i,

 h’�0�j �L � t�i:

When considering new neutrino interactions, these can
also affect their production and detection (see e.g. [40]). In
general, to calculate the impact of NP on the full process,
the modification of the initial and final states should be also
taken into account. Here we are interested in the difference
between Dirac and Majorana neutrino propagation, and the
effects which modify in the same way both type of neu-
trinos can be ignored. Therefore, we can assume that
neutrinos are produced and detected in the flavor states
j�
i and j��i, respectively. Then the transition amplitude
�
 ! �� can be written

 A
!��L� � h���0�j�
�L � t�i

�

�
W
�
diag

�
exp

�
	i

~m2
i

2E�
L
	��

Wy
�
�

; (32)

and the transition probability [31]

 P
!��L� � �
� 	 4
X
a>b

Rab
�sin2�ab

� 8I21

� sin�21 sin�31 sin�32; (33)

with

 Rab
� � Re�W�
aW�aW
bW��b�;

I21

� � Im�W�
2W�2W
1W��1�;

(34)

and

 �ab � 1:27
� ~m2

a 	 ~m2
b� �eV2�L �km�

E� �GeV�
: (35)

Using Eq. (26) we can obtain the transition probability for
Dirac antineutrinos and Majorana neutrinos with � � �1
from Eq. (33) with the appropriate replacements,

 P �
! ���L� � P
!��L;W ! W�; GF ! 	GF�: (36)

V. NUMERICAL RESULTS AND EXPERIMENTAL
BOUNDS

In this section we quantify how large the difference can
be between the Dirac and Majorana neutrino oscillation
probabilities, in the presence of new RH neutral interac-
tions. We shall assume that �N�R and the matrices U� and
�R in Eqs. (12) and (13) are real, neglecting possible CP
violating phases because they do not change our results in
any substantial way. For the calculations shown in the
figures below, we use the first order expressions in
�N�R �R for the Dirac and Majorana effective
Hamiltonians in Eqs. (27) and (30), respectively. We shall
take �N�R not bigger than 0.01 [41,42], and parameterize
�R as follows:

 �R

� �

1 � �2

� 1	 � �
�2 � 1	!

0
B@

1
CA: (37)
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FIG. 1. Transition probabilities for Majorana and Dirac neutrinos and their difference �P as a function of the neutrino energy
E� GeV and � � 1. From left to right and top to bottom: (a) �� ! �e, L � 1000 km; (b) �� ! �, L � 1000 km; (c) �� ! �e,
L � 6500 km; (d) �� ! �, L � 6500 km; (e) �� ! �e, L � 13 000 km; (f) �� ! �, L � 13 000 km.
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We have checked that the difference of the Majorana and
Dirac neutrino transition probabilities �P � PM 	 PD de-
pends little on the diagonal elements ��;!� for any choice
of sign. In contrast, the dependence on the off-diagonal
entry � is linear [43]. We choose this particular � parame-
terization of �R only for easy comparison of the potential
of the different channels to discriminate between Dirac and
Majorana neutrinos. The oscillation probabilities also de-
pend on the medium. We shall concentrate on the neutrino
propagation inside Earth, allowing for variations of the
traveling distance L and of the neutrino energy E�. The
matter density changes along the Earth radius, and so the
electron (proton) and neutron densities in Eqs. (27) and
(30). Our calculations are performed for traveling distances
L � 1000, 6500, and 13000 km using along these paths the
mean values of the matter densities, which we estimate to
be equal to 3, 4, and 7 g=cm3, respectively. As we are only
interested in illustrating the main trends, we shall not
consider realistic profiles of the Earth matter density. We
also need to know U. Using the solar, KamLAND, and
SK� K2K� CHOOZ data, the values of the five standard
oscillation parameters 	12, 	13, 	23, �m2

21 � �m2
sol, and

�m2
32 � �m2

atm can be determined. At 95% C.L. [12]

 sin 2	12 � 0:314�1�0:18
	0:15�;

�m2
21 � 7:92�1� 0:09� 
 10	5 eV2;

sin2	23 � 0:44�1�0:41
	0:22�;

�m2
32 � 2:4�1�0:21

	0:26� 
 10	3 eV2;

sin2	13 � 0:9�2:3
	0:9 
 10	2:

(38)

The numerical results are presented in Figs. 1–5. We plot
the values of the transition probabilities for Dirac and
Majorana neutrinos. Their difference �P is of few percent.
Figures 1(a)–1(f) prove that the transition probabilities
also depend on the neutrino flavor. For �� ! �e the effect
first increases, and then it seems to weaken again with

increasing L. For the �� ! � channel the probability
difference �P keeps increasing with increasing distance
L up to the last analyzed value L � 13 000 km. As ob-
served in these figures, the largest effects manifest in the
�� ! � transitions when L � 13 000 km (approximate
diameter of the Earth). In this case the largest difference
�P between Majorana and Dirac neutrino transition prob-
abilities increases with energy, and for � � 1 reaches its
maximum at E� � 57 GeV with a long (experimentally
attractive) plateau at higher energies. It varies approxi-
mately between 0.15 and 0.17, standing for an effect on
the value of �P=PD equal to 34% at 50 GeV, increasing up
to 84% at 90 GeV. It can be seen too that for small neutrino
energies the transition probability difference can be sig-
nificant as well. However, this is of no practical use be-
cause of the high frequency of the probability variation,
which after averaging over the energy bin smooths the
signal to zero. Figures 2(a) and 2(b) show the � depen-
dence. The effect weakens with the decrease of � for it is
proportional to �N�R �. Indeed, for � � 1=5 the largest
difference between the transition probabilities is reached
at E� � 53 GeV, with a wide plateau too but with a similar
value of �P � 0:035 [see Fig. 2(a)]. To make it apparent,
we draw in Fig. 2(b) the � dependence of �P in the
vicinity of the maximum. Thus, for L � 13 000 km and
E� � 57 GeV, we vary � up to 1.0. As expected the effect
decreases linearly with � vanishing for � � 0. Finally, in
order to visualize the two-dimensional dependence of �P
on L and E�, we include Fig. 3. For E�  20 GeV, �P
changes very rapidly as a function of the baseline L. For
larger energies the variation is slower.

The question arises whether current experimental errors
[10–12] are not too weak to prevent the transition proba-
bilities for Dirac and Majorana neutrinos from overlap-
ping. We show in Fig. 4(a) the �� ! � transition
probabilities for present values of the oscillation parame-
ters [Eq. (38)]. The bands are obtained varying the oscil-
lation parameters within their 95% C.L. limits. Indeed,

FIG. 2. Left: (a) Transition probabilities for Dirac and Majorana neutrinos and their difference �P as a function of the neutrino
energy E� in GeV for L � 13 000 km and for the process �� ! �, with � � 1=5. Right: (b) Transition probability difference �P for
the process �� ! � as a function of � for a neutrino energy E� � 57 GeV and L � 13 000 km.
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they are too wide to be able to distinguish between Dirac
and Majorana neutrinos. However, future experiments will
provide more precise measurements. Hence, we plot in
Fig. 4(b) the bands for the same central values of the
oscillation parameters but assuming that the errors are
reduced by a factor of 5. In this case the Majorana (upper)
and Dirac (lower) bands separate, allowing in principle to
distinguish between both types of neutrinos. Obviously

varying � (and the form of �), one can make the effect
much smaller and unobservable.

This encourages one to search for the neutrino character
at future experiments. One must be aware, however, that
not only the experimental errors of the standard oscillation
parameters must be significantly reduced but they must be
determined independently to avoid new confusion [44]. A
relevant related comment is that the observation of devia-
tions from the SM predictions, as those drawn for
Majorana neutrinos in the presence of RH neutral currents
in Fig. 4, can have their origin in the NP previously dis-
cussed or be a manifestation of the inverted character of the
neutrino mass hierarchy. The distances and energies rele-
vant in our case are similar to those sensitive to atmos-
pheric neutrino oscillations, and then to �m2

32. Its sign,
which is unknown at present and may be positive (normal)
or negative (inverted scheme), cannot be fixed in the �� !
� channel within the �SM [45]. Therefore in Fig. 5 we
plot the same transition probabilities as in Fig. 4(b) but for
the inverted scheme. The central lines and future bands for
Dirac neutrinos, which give the same predictions as the
�SM, almost coincide for both sign assignments. In con-
trast, the band for Majorana neutrinos moves below
(above) the Dirac neutrino band for the inverted (normal)
hierarchy, reversing the sign of �P but maintaining its size
to a large extent. The same displacement is obtained
changing the sign of �. This is well known [47]. The
sign of �m2

atm can be fixed if there is another contribution
to the interaction potential energy with a well-defined sign,
with which the standard contribution can interfere. In our
case the extra piece is provided by the new RH interac-
tions. If in the future any of the two schemes are estab-
lished, the observation of the Majorana character of the
light neutrinos in the process in Figs. 4(b) and 5 would also
allow for the determination of the sign of �.

FIG. 4. Upper and lower bands corresponding to transition probabilities for Dirac and Majorana neutrino, respectively, as a function
of the neutrino energy E� in GeV for L � 13 000 km and the process �� ! � with � � 1. Left: (a) For current 95% confidence
intervals of the oscillation parameters [12]. Right: (b) For future 95% confidence intervals of the oscillation parameters (assuming a
statistics � 25 times larger than nowadays).

FIG. 3 (color online). Transition probability difference �P as
a function of the neutrino energy E� in GeVand the distance L in
km for the process �� ! � with � � 1. The calculations are
performed for matter densities equal to 3, 4, and 7 �g=cm3� and
traveling distances L between 0–4500, 5000–9000, and 9500–
13 000 km, respectively. The projections on the L-�P plane are
drawn with dots.
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VI. CONCLUSIONS AND MODELS

Within the �SM oscillations of relativistic neutrinos do
not differentiate between Dirac and Majorana neutrinos.
This is not in general the case beyond the �SM, and Dirac
and Majorana neutrinos can be differentiated by how they
propagate in matter. Indeed, extended models with new RH
currents or tensor terms do distinguish between both types
of neutrinos. However, the spin-flip tensor transitions re-
quire a polarized medium to manifest [27]. Moreover, the
production and detection of (anti)neutrinos of the wrong
helicity are strongly suppressed. Hence, we concentrated
on the analysis of additional RH currents which allow for
unsuppressed spin nonflip transitions. This NP does not
modify the oscillation of Dirac neutrinos in matter for we
can assign to them a definite lepton number, but it does
modify the propagation of Majorana neutrinos for they
participate of both types (LH and RH) of currents. The
largest effect, which is linear in the new small parameters,
is associated to extra RH neutral currents. However, it is
needed a nontrivial flavor structure to differentiate Dirac
from Majorana neutrino oscillations in matter. Both LH
and RH neutral current interactions can not be simulta-
neously diagonal.

Numerical estimates show that the largest differences
between Majorana and Dirac neutrino oscillations manifest
in the �� ! � channel. This difference between both
probabilities can be as large as �0:16 for the normal as
well as for the inverted scheme, but with opposite sign.
Unfortunately, this large effect holds for the channel which
is more difficult to measure and for a very large baseline
L ’ 13 000 km. Smaller effects are visible for �� ! �e
and other baselines.

The large effect found is a consequence of the linear, and
then unsuppressed, dependence of the transition probabil-
ities for Majorana neutrinos on the new RH neutral cur-
rents. This, which is our main observation, relies on two
ingredients for being in practice of some relevance. The
strength of the new flavor violating RH transitions has to be
sufficiently large, and the precision reached in oscillation
experiments sufficiently high. We have not attempted a
global fit to determine the present experimental limits on
the new (flavor changing) couplings but we have looked for
a class of �SM extensions which may accommodate such
new terms. Let us present a simple example of a class of
extended gauge models of possible cosmological interest
[48]. Consider an extended gauge group with an extra
U�1�N under which all known particles transform trivially,
and enlarge the matter content with two new fermion
singlets under the �SM but with U�1�N charges 2 and 	2
(what makes the model free of gauge anomalies) and the
same lepton number (what forbids direct mass terms in the
Dirac case). This is completed with two extra Higgs dou-
blets h0i and an extra Higgs singlet � with U�1�N charges 2,
	2, and 1, respectively. The new fermions get their masses
through their very small Yukawa couplings with the �SM
neutrinos once h0i get nonzero vacuum expectation values
(vev) v0i, which in principle are much smaller than the �SM
Higgs vev hhi � v, whereas the singlet vev h�i � x is
(much) larger than v and gives a mass to the new gauge
boson. The new RH neutral current term for the light
neutrinos is proportional to the Z boson mixing with the
new gauge boson, which also scales with v0i. The �SM is
practically recovered for hh0ii � 0. Then, the new phe-
nomenology of this model depends on those vev. In the
absence of Majorana masses lepton number is conserved
and there are one massless (LH) neutrino and two light
Dirac neutrinos. If there are also light neutrino masses, we
have five light Majorana neutrinos. In the first case, the
sum in the extra RH piece is over the new RH fermions
only, while in the second one the sums are over all the
Majorana neutrinos [49]. One can write down more com-
plicated models with at least three massive Dirac neutrinos.
Nevertheless, the important question is if the new gauge
boson and the extra scalars can escape detection and at the
same time the LH interactions approach the �SM ones, as
required by experiment, whereas the new RH piece has
flavor changing couplings large enough, �100 times
smaller than the standard couplings. The main tension
manifests in the Majorana case because the effective RH
couplings are the product of the Z mixing with the new
gauge boson times the square of the mixing of the standard
neutrinos with the new singlets, and none of them can be
negligible. However, the usual limits cannot be directly
applied for the new gauge boson couples weakly (through
its mixing with the standard Z boson) to charged fermions
and the induced flavor violation is proportional to the tiny
neutrino masses [50]. Obviously, a detailed analysis of the

FIG. 5. Transition probabilities for Dirac (upper band) and
Majorana (lower band) neutrinos in the inverse mass scheme
(assuming a statistics� 25 times larger than nowadays). There is
almost no difference between the Dirac neutrino bands for the
inverted and normal schemes [see Fig. 4(b)].
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present experimental constraints from precise electroweak
data [51] is necessary to decide on the allowed region of
parameters. Such a study is beyond the scope of this paper.

Our generic conclusion is that we should be aware of the
possibility that NP may allow to differentiate between
Dirac and Majorana neutrinos propagating in matter, and
that it is worth searching for this difference in the next
generation of very precise neutrino oscillation experi-
ments. A positive signal would not only indicate the
Majorana character of massive neutrinos but the existence
of new interactions.
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