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If future neutrino oscillation experiments show that the neutrino mass spectrum is with normal ordering,

m1 <m2 <m3, and the searches for neutrinoless double beta [ð��Þ0�] decay with sensitivity to values of

the effective Majorana mass jhmij * 10�2 eV give negative results, the next frontier in the quest for

ð��Þ0�-decay will correspond to jhmij � 10�3 eV. By assuming that massive neutrinos are Majorana

particles and their exchange is the dominant mechanism generating ð��Þ0�-decay, we analyze the

conditions under which jhmij, in the case of three-neutrino mixing and a neutrino mass spectrum with

normal ordering, would satisfy jhmij � 0:001 eV. We consider the specific cases of (i) a normal

hierarchical neutrino mass spectrum, (ii) a relatively small value of the CHOOZ angle �13, as well as

(iii) the general case of a spectrum with normal ordering, a partial hierarchy, and a value of �13 close to the

existing upper limit. We study the ranges of the lightest neutrino mass m1 and/or of sin2�13 for which

jhmij � 0:001 eV and discuss the phenomenological implications of such scenarios. We provide also an

estimate of jhmij when the three-neutrino masses and the neutrino mixing originate from a neutrino mass

term of the Majorana type for the (left-handed) flavor neutrinos and
P3

j mjU
2
ej ¼ 0, but there does not

exist a symmetry which forbids the ð��Þ0�-decay.
DOI: 10.1103/PhysRevD.77.113003 PACS numbers: 14.60.Pq, 11.30.Fs, 14.60.Lm

I. INTRODUCTION

The experiments with solar [1–3], atmospheric [4], re-
actor [5,6], and accelerator neutrinos [7,8] have provided
during the past several years compelling evidence for the
existence of neutrino oscillations caused by nonzero neu-
trino masses and neutrino mixing. The neutrino oscillation
data (see also [9,10]) imply the presence of three-neutrino
mixing in the weak charged lepton current (see, e.g., [11]):

�lL ¼ X3
j¼1

Ulj�jL; l ¼ e;�; �; (1.1)

where �lL are the flavor neutrino fields, �jL is the field of

neutrino �j having a mass mj, and U is the Pontecorvo-

Maki-Nakagawa-Sakata (PMNS) mixing matrix [12] U �
UPMNS.

In spite of the remarkable progress made, first, in dem-
onstrating experimentally the existence of neutrino oscil-
lations and, second, in determining the pattern of neutrino
mixing and the values of the two neutrino mass squared
differences, responsible for the solar and atmospheric neu-
trino oscillations, our knowledge in what concerns most of
the basic aspects of neutrino mixing is very limited at
present (see, e.g., [11]). We still do not know (i) what the

nature of neutrinos with definite mass is—Dirac or
Majorana—(ii) what type of spectrum neutrino masses
obey, (iii) what the absolute scale of neutrino masses is,
(iv) whether the CP symmetry is violated in the lepton
sector by the neutrino mixing matrix UPMNS, (v) what the
value of the CHOOZ angle is—being the smallest mixing
angle in the PMNS matrix, it controls (together with the
Dirac CP-violating phase) the magnitude of CP-violation
effects in neutrino oscillations—(vi) whether the observed
patterns of neutrino mixing is related to the existence of a
new symmetry in Nature, etc.
Establishing whether the neutrinos with definite mass �j

are Dirac fermions possessing distinct antiparticles, or
Majorana fermions, i.e., spin 1=2 particles that are identi-
cal with their antiparticles, is of fundamental importance
for making progress in our understanding of the origin of
neutrino masses and mixing and of the symmetries govern-
ing the lepton sector of particle interactions (see, e.g.,
[11]). It is well known that the presence of massive Dirac
neutrinos is associated with the existence of a conserved
additive lepton number, which can be, e.g., the total lepton
charge L ¼ Le þ L� þ L�. If the particle interactions do

not conserve any lepton charge, the massive neutrinos �j

will be Majorana fermions (see, e.g., [13]).
The only feasible experiments having the potential of

establishing the Majorana nature of massive neutrinos at
present are the ð��Þ0�-decay experiments searching for the
process ðA; ZÞ ! ðA; Zþ 2Þ þ e� þ e� (for reviews see,
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e.g., [13–16]). The observation of ð��Þ0�-decay and the
measurement of the corresponding half-life with sufficient
accuracy would not only be a proof that the total lepton
charge is not conserved but might also provide unique
information on the (i) type of neutrino mass spectrum
[17,18] (see also [19,20]), (ii) absolute scale of neutrino
masses (see, e.g., [19]), and (iii) Majorana CP-violating
(CPV) phases [18,21–23] (see also the related discussions
in, e.g., [24–27]).

Under the assumptions of 3� � mixing, of massive
neutrinos �j being Majorana particles, and of

ð��Þ0�-decay generated only by the (vector-axial) charged
current weak interaction via the exchange of the three
Majorana neutrinos �j having masses mj & a few MeV,

the ð��Þ0�-decay amplitude has the form (see, e.g.,
[13,18]) Að��Þ0� ffi hmiM, where M is the corresponding
nuclear matrix element (NME), which does not depend on
the neutrino mixing parameters, and hmi is the
ð��Þ0�-decay effective Majorana mass:

jhmij¼ jm1jUe1j2þm2jUe2j2ei�21 þm3jUe3j2ei�31 j: (1.2)

Here jUejj, j ¼ 1; 2; 3, are the absolute values of the ele-

ments of the first row of the PMNS mixing matrix, jUe1j ¼
c12c13, jUe2j ¼ s12c13, jUe3j ¼ s13, cij � cos�ij, sij �
sin�ij, �12 � ��, �23 � �A, and �13 being the solar neu-

trino, atmospheric neutrino, and CHOOZ mixing angles in
the standard parametrization ofUPMNS (see, e.g., [18]), and
�21 and �31 are the two Majorana CP-violation phases in
UPMNS [28,29].

The experimental searches for ð��Þ0�-decay have a long
history [14]. The best sensitivity was achieved in the
Heidelberg-Moscow 76Ge experiment [30]: jhmij<
ð0:35–1:05Þ eV (90% C.L.), where a factor of 3 uncertainty
in the relevant NME (see, e.g., [31]) is taken into account.
The IGEX Collaboration has obtained [32] jhmij<
ð0:33–1:35Þ eV (90% C.L.). A positive signal at >3�,
corresponding to jhmij ¼ ð0:1–0:9Þ eV, is claimed to be
observed in [33], while a recent analysis reports evidence
at 6� of neutrinoless double beta decay with jhmij ¼
0:32� 0:03 eV at 68% C.L. [34]. Two experiments,
NEMO3 (with 100Mo and 82Se) [35] and CUORICINO
(with 130Te) [36], designed to reach a sensitivity to jhmij �
ð0:2–0:3Þ eV, set the limits jhmij< ð0:7–1:2Þ eV [35] and
jhmij< ð0:19–0:68Þ eV [36] (90% C.L.), respectively,
where estimated uncertainties in the NME are accounted
for. Most importantly, a large number of projects aim at a
sensitivity to jhmij � ð0:01–0:05Þ eV [37]: CUORE
(130Te), GERDA (76Ge), SuperNEMO, EXO (136Xe),
MAJORANA (76Ge), MOON (100Mo), COBRA (116Cd),
XMASS (136Xe), CANDLES (48Ca), etc. These experi-
ments, in particular, will test the positive result claimed
in [33].

The predicted value of jhmij depends strongly on the
type of �-mass spectrum [17,18], more precisely, on the
type of hierarchy neutrino masses obey. Let us recall that

the neutrino mass spectrum (in a standardly used conven-
tion) can be with normal ordering, m1 <m2 <m3, or with
inverted ordering, m3 <m1 <m2. The first corresponds to
�m2

A � �m2
31 > 0, j�m2

Aj � ð0:05Þ2 eV2 being the neu-

trino mass squared difference responsible for the (domi-
nant) atmospheric neutrino oscillations; the second is
realized if �m2

A � �m2
32 < 0. Depending on the

sgnð�m2
AÞ and the value of the lightest neutrino mass,

i.e., the absolute neutrino mass scale minðmjÞ � mmin,

the neutrino mass spectrum can be (i) normal hierarchical

(NH): m1 � m2 <m3, m2 ffi ð�m2�Þ1=2, m3 ffi ð�m2
AÞ1=2,

�m2� � �m2
21 � 0:009 eV being the neutrino mass

squared difference driving the solar �e oscillations;
(ii) inverted hierarchical (IH): m3 � m1 <m2, with

m1;2 ffi j�m2
Aj1=2, �m2� ¼ �m2

21; (iii) quasidegenerate

(QD): m1 ffi m2 ffi m3 ffi m0, m2
j 	 j�m2

Aj, m0 *

0:10 eV.
The existence of significant and robust lower bounds on

jhmij in the cases of IH and QD spectra [17] (see also [19]),
given respectively1 by jhmij * 0:01 eV and jhmij *
0:03 eV, which lie either partially (IH spectrum) or com-
pletely (QD spectrum) within the range of sensitivity of the
next generation of ð��Þ0�-decay experiments, is one of the
most important features of the predictions of jhmij. At the
same time, we have jhmij & 5
 10�3 eV in the case of the
NH spectrum [23]. The fact that maxðjhmijÞ in the case of
the NH spectrum is considerably smaller than minðjhmijÞ
for the IH and QD spectrum opens the possibility of
obtaining information about the type of �-mass spectrum
from a measurement of jhmij � 0 [17]. More specifically, a
positive result in the future generation of ð��Þ0�-decay
experiments with jhmij> 0:01 eV would imply that the
NH spectrum is strongly disfavored (if not excluded). For
�m2

A > 0, such a result would mean that the neutrino mass

spectrum is with normal ordering but is not hierarchical. If
�m2

A < 0, the neutrino mass spectrum would be either IH

or QD.
If the future ð��Þ0�-decay experiments show that

jhmij< 0:01 eV, both the IH and the QD spectrum will
be ruled out for massive Majorana neutrinos. If, in addi-
tion, it is established in neutrino oscillation experiments
that the neutrino mass spectrum is with inverted ordering,
i.e., that�m2

A < 0, one would be led to conclude that either
the massive neutrinos �j are Dirac fermions or that �j are

Majorana particles but there are additional contributions to
the ð��Þ0�-decay amplitude which interfere destructively
with that due to the exchange of light massive Majorana
neutrinos. However, if �m2

A is determined to be positive in

1Up to small corrections, we have in the cases of two spectra
[17]: jhmij * �m2

A cos2�� (IH) and jhmij * m0 cos2�� (QD).
The possibility of cos2�� ¼ 0 is ruled out at �6� by the
existing data [38,39], which also imply that cos2�� * 0:26 at
2� [39]. We also have �m2

A * 2:0
 10�3 eV2 at 3� (see
further).
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neutrino oscillation experiments, the upper limit jhmij<
0:01 eV would be perfectly compatible with massive
Majorana neutrinos possessing a NH mass spectrum, or a
mass spectrum with normal ordering but partial hierarchy,
and the quest for jhmij would still be open.

If indeed in the next generation of ð��Þ0�-decay experi-
ments it is found that jhmij< 0:01 eV, while the neutrino
oscillation experiments show that �m2

A > 0, the next fron-
tier in the searches for ð��Þ0�-decay would most probably
correspond to values of jhmij � 0:001 eV. By taking
jhmij ¼ 0:001 eV as a reference value, we investigate in
the present article the conditions under which jhmij in the
case of a neutrino mass spectrum with normal ordering
would be guaranteed to satisfy jhmij * 0:001 eV. We con-
sider the specific cases of (i) a normal hierarchical neutrino
mass spectrum, (ii) a relatively small value of the CHOOZ
angle �13, as well as (iii) the general case of a spectrum
with normal ordering, a partial hierarchy, and a value of �13
close to the existing upper limit. We study the ranges of the
lightest neutrino mass m1 and/or of sin2�13 for which
jhmij * 0:001 eV and discuss the phenomenological im-
plications of such scenarios.

In the present analysis we do not include the effect of the
uncertainty related to the imprecise knowledge of the
ð��Þ0�-decay nuclear matrix elements (see, e.g., [31]).
We hope that by the time it will become clear whether
the searches for ð��Þ0�-decay will require a sensitivity to
values of jhmij< 0:01 eV, the problem of sufficiently
precise calculation of the ð��Þ0�-decay nuclear matrix
elements will be resolved.2

The paper is organized as follows. In Sec. II we present
predictions for jhmij using the present 2� experimentally
allowed ranges of values of the neutrino oscillation pa-
rameters and future prospective uncertainties in their val-
ues. In Sec. III we analyze the conditions under which
jhmij in the case of � mass spectrum with normal ordering
would be guaranteed to satisfy jhmij * 0:001 eV. We con-
sider the cases of (i) a normal hierarchical spectrum,
(ii) small �13, and (ii) a spectrum with a partial hierarchy.
In Sec. IV we give an estimate of jhmij when the three �
masses and the neutrino mixing originate from neutrino
mass term of Majorana type for the (left-handed) flavor
neutrinos and

P3
j¼1 mjU

2
ej ¼ 0, but ð��Þ0�-decay is al-

lowed. Section V contains the conclusions of the present
analysis.

II. NEUTRINO OSCILLATION DATA AND
PREDICTIONS FOR jhmij

The existing neutrino oscillation data allow us to deter-
mine the parameters which drive the solar neutrino and the
dominant atmospheric neutrino oscillations— �m2� ¼
�m2

21, sin
2�12 � sin2��, and j�m2

Aj ¼ j�m2
31j ffi j�m2

32j,
sin22�23—with a relatively good precision and to obtain
rather stringent limits on the CHOOZ angle [41] �13 (see,
e.g., [38,39]). The best fit values and the 2� allowed ranges
of j�m2

Aj, �m2�, and sin2�� read [39]:

ðj�m2
AjÞBF ¼ 2:4
 10�3 eV2;

2:1
 10�3 eV2 � j�m2
Aj � 2:7
 10�3 eV2;

(2.1)

ð�m2�ÞBF ¼ 7:6
 10�5 eV2;

7:3
 10�5 eV2 � �m2� � 8:1
 10�5 eV2;
(2.2)

ðsin2��ÞBF ¼ 0:32; 0:28 � sin2�� � 0:37: (2.3)

A combined 3-� oscillation analysis of the global neutrino
oscillation data gives [39]

sin 2�13 < 0:033 ð0:050Þ at 2� ð3�Þ: (2.4)

The existing data allow a determination of �m2�, sin2��,
and j�m2

Aj at 3� with an error of approximately 8%, 22%,
and 17%, respectively [39]. Future oscillation experiments
will improve considerably the precision on these basic
parameters: The indicated 3� errors could be reduced to
4%, 12% [42,43], and better than 5% [43–45] (see also the
discussion in [11,23], and references therein), and even to
�1% for �m2

A [46]. ‘‘Near’’ future experiments with re-
actor ��e can improve the current sensitivity to the value of
sin2�13 by a factor of (5–10) (see, e.g., [47]), while future
long baseline experiments will aim at measuring values of
sin2�13 as small as 10�4–10�3 (see, e.g., [43,45]).
The type of neutrino mass hierarchy, i.e., sgnð�m2

AÞ, can
be determined by studying oscillations of neutrinos and
antineutrinos, say, �� $ �e and ��� $ ��e, in which matter

effects are sufficiently large. This can be done in long
baseline �-oscillation experiments (see, e.g., [43,45,48]).
If sin22�13 * 0:05 and sin2�23 * 0:50, information on
sgnð�m2

31Þ might be obtained in atmospheric neutrino ex-

periments by investigating the effects of the subdominant
transitions ��ðeÞ ! �eð�Þ and ���ðeÞ ! ��eð�Þ of atmospheric

neutrinos which traverse the Earth [49]. For ��ðeÞ (or ���ðeÞ)
crossing the Earth core, a new type of resonancelike en-
hancement of the indicated transitions takes place due to
the (Earth) mantle-core constructive interference effect

2Encouraging results, in what regards the problem of calcu-
lation of the NME, were reported in [31]. A possible test of the
NME calculations is discussed in [40]. Let us note that nuclear
matrix elements uncertainties do not affect the predictions for the
effective Majorana mass parameter directly but induce a spread
on the values of the ð��Þ0�-decay half-life times which corre-
spond to the predicted values of jhmij. Conversely, if a measure-
ment of the half-life time is performed or a stringent bound is
obtained, they would affect the experimentally determined value
of jhmij and the constraints following from the latter.
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[neutrino oscillation length resonance (NOLR)] [50].3 For
�m2

31 > 0, the neutrino transitions ��ðeÞ ! �eð�Þ are en-

hanced, while, for �m2
31 < 0, the enhancement of antineu-

trino transitions ���ðeÞ ! ��eð�Þ takes place, which might

allow one to determine sgnð�m2
31Þ. If sin2�13 is sufficiently

large, the sign of �m2
A can also be determined by studying

the oscillations of reactor ��e on distances of�ð20–40Þ km
[53]. An experiment with reactor ��e, which, in particular,
might have the capabilities to measure sgnð�m2

AÞ, was
proposed recently in [54]. According to [54], this experi-
ment can provide a determination of j�m2

Aj with an uncer-
tainty of (3–4)% at 3�.

As is well known, neutrino oscillations are not sensitive
to the absolute scale of neutrino masses. Information on the
absolute neutrino mass scale can be derived in 3H �-decay
experiments [55–57] and from cosmological and astro-
physical data. The most stringent upper bounds on the ��e

mass were obtained in the Troitzk [56] and Mainz [57]
experiments:

m ��e
< 2:3 eV at 95% C:L: (2.5)

We have m ��e
ffi m1;2;3 in the case of the QD �-mass spec-

trum. The KATRIN experiment [57] is planned to reach a
sensitivity of m ��e � 0:20 eV; i.e., it will probe the region

of the QD spectrum. Information on the type of neutrino
mass spectrum can also be obtained in �-decay experi-
ments having a sensitivity to neutrino masses [58]

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j�m2

Aj
q

ffi 5
 10�2 eV (i.e., by a factor of �4 better

sensitivity than KATRIN [57]).
The cosmic microwave background radiation data of the

WMAP experiment [59], combined with data from large
scale structure surveys (2dFGRS and SDSS), lead to the
following upper limit on the sum of neutrino masses (see,
e.g., [60]):X

j

mj � �< ð0:4–1:7Þ eV at 95% C:L: (2.6)

Data on weak lensing of galaxies, combined with data from
the WMAP and PLANCK experiments, may allow � to be
determined with an uncertainty of �0:04 eV [60,61].

It proves convenient to express [62] the three-neutrino
masses in terms of �m2� and �m2

A, measured in neutrino
oscillation experiments, and the absolute neutrino mass
scale determined by minðmjÞ � mmin.

4 In both cases of

�-mass spectrum with normal and inverted ordering one

has (in the convention that we use): �m2� ¼ �m2
21 > 0,

m2 ¼ ðm2
1 þ �m2�Þ1=2. For normal ordering, mmin � m1,

�m2
A ¼ �m2

31 > 0, and m3 ¼ ðm2
1 þ �m2

AÞ1=2, while if

the spectrum is with inverted ordering, mmin ¼ m3,

�m2
A ¼ �m2

32 < 0, and m1 ¼ ðm2
3 þ j�m2

Aj ��m2�Þ1=2.
For the elements of the PMNS matrix jUejj2, j ¼ 1; 2; 3,

as we have already indicated, the following relations hold:
jUe1j2¼ cos2��ð1�sin2�13Þ, jUe2j2¼ sin2��ð1�sin2�13Þ,
and jUe3j2 � sin2�13. Thus, given j�m2

Aj, �m2�, ��, and
�13, jhmij depends on the lightest neutrino mass (absolute
neutrino mass scale) mmin, the two Majorana phases �21

and �31, present in the PMNS matrix, and the type of
neutrino mass spectrum (see, e.g., [18]). For a neutrino
mass spectrum with normal ordering we have

jhmij ¼ jmmincos
2��ð1� sin2�13Þ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

min þ�m2�
q

sin2��ð1� sin2�13Þei�21

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

min þ�m2
A

q
sin2�13e

i�31 j;
mmin � m1:

(2.7)

For a spectrum with inverted ordering a different expres-
sion is valid [18,21]:

jhmij ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

min þ j�m2
Aj � �m2�

q
cos2��ð1� sin2�13Þ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

min þ j�m2
Aj

q
sin2��ð1� sin2�13Þei�21

þmminsin
2�13e

i�31 j (2.8)

ffi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

min þ j�m2
Aj

q
jcos2��

þ sin2��ei�21 jð1� sin2�13Þ; mmin

� m3: (2.9)

In Eq. (2.9) we have neglected �m2� with respect to
ðm2

min þ j�m2
AjÞ and the term mminsin

2�13. According to

the existing data, we have �m2�=ðm2
min þ j�m2

AjÞ & 0:032,

and mminsin
2�13 � ðm2

min þ j�m2
AjÞ1=2 cos2��. Actually,

the term mminsin
2�13 can always be neglected provided

sin2�13 � cos2��. The expression for jhmij in the case of
the IH spectrum follows from Eq. (2.9) if m2

min � j�m2
Aj

and m2
min is neglected with respect to j�m2

Aj. For the QD

spectrum we get

jhmij ¼ m0jðcos2�� þ sin2��ei�21Þð1� sin2�13Þ
þ sin2�13e

i�31 j (2.10)

ffi m0jcos2�� þ sin2��ei�21 jð1� sin2�13Þ; (2.11)

where m0 � mmin, m1 ffi m2 ffi m3. Evidently, as long as
sin2�13 � cos2��, the terms / sin2�13 in jhmij play an
insignificant role in the cases of a neutrino mass spectrum
with inverted ordering (i.e., �m2

A < 0) or of the QD type
[for any sgnð�m2

AÞ]. In what concerns the spectrum with

normal ordering, the term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

min þ �m2
A

q
sin2�13 can be

3As a consequence of this effect, the corresponding ��ðeÞ (or
���ðeÞ) transition probabilities can be maximal [51] [for the
precise conditions of the mantle-core (NOLR) enhancement,
see [50,51]]. Let us note that the Earth mantle-core (NOLR)
enhancement of neutrino transitions differs [50] from the
Mikheev-Smirnov-Wolfenstein one. It also differs [50,51] from
the parametric resonance mechanisms of enhancement discussed
in [52].

4For a detailed discussion of the relevant formalism, see, e.g.,
[16,18].
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crucial for determining the magnitude of jhmij if massive
neutrinos are not QD, i.e., if m2

min & �m2
A, and sin2�13 is

sufficiently large (see further).
If CP invariance holds, we have [63] �21 ¼ k� and

�31 ¼ k0�, k, k0 ¼ 0; 1; 2; . . . . In the case of CP invariance
the phase factors

	21 � ei�21 ¼ �1; 	31 � ei�31 ¼ �1;

	32 � ei�32 ¼ �1;
(2.12)

as is well known, have a simple physical interpretation
[13,63]: 	ik is the relative CP parity of Majorana neutrinos
�i and �k. Obviously, jhmij depends strongly on the
Majorana CPV phase(s): The CP-conserving values of
�21 ¼ 0;�� determine, for instance, the range of possible
values of jhmij in the cases of IH and QD spectra.

We recall that the neutrino oscillation experiments are
insensitive to the two Majorana CP-violation phases in the
PMNS matrix [28,64]—the latter do not enter into the
expressions for the probabilities of flavor neutrino oscil-
lations. It is interesting to note, however, that, in addition to
playing an important role in the predictions for jhmij and,
correspondingly, of the ð��Þ0�-decay half-life, the
Majorana phase(s) in UPMNS can provide the CP violation
necessary for the generation of the baryon asymmetry of
the Universe [65,66] (see also [67]). The Majorana phases
�21 and �32 can also affect significantly the predictions for

the rates of (lepton flavor-violating) decays � ! eþ 
,
� ! �þ 
, etc., in a large class of supersymmetric theo-
ries with the seesaw mechanism of �-mass generation [68].
First, we will update the predictions for jhmij as a

function of mmin, using as input the 2� ranges of values
of�m2

A,�m
2�, sin2��, and sin2�13, obtained from the latest

available set of neutrino oscillation data [see Eqs. (2.1),
(2.2), and (2.3)]. Since�21 and�31 cannot be determined in
independent experiments, we treat them as free parameters
taking values 0 � �21;31 � 2�. The results of this analysis
are shown in Fig. 1. We report in Table I the maximal and
minimal values of jhmij for the NH spectrum, m1 � m2 <
m3, for the IH spectrum, m3 � m1 ’ m2, and for the QD
one, mmin ¼ 0:2 eV.
In Fig. 2, we show the predicted ranges of jhmij using the

present best fit values of the neutrino oscillation parameters
and their prospective errors as discussed above. We as-
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m
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|〈m
〉| 

  [
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]
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QD
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FIG. 1 (color online). The predicted value of jhmij as a func-
tion of mmin, obtained by using the 2� allowed ranges of �m2

A,

�m2�, sin2��, and sin2�13. For the NH and QD (and interpolat-
ing) spectra, the green regions within the black lines of a given
type (solid, short-dashed, long-dashed, and dashed-dotted) cor-
respond to the four different sets of CP-conserving values of the
two phases �21 and �31 and thus to the four possible combi-
nations of the relative CP parities (	21, 	31) of neutrinos �1;2

and �1;3: ðþ1;þ1Þ, solid; ð�1;�1Þ, short-dashed; ðþ1;�1Þ,
long-dashed; and ð�1;þ1Þ, dashed-dotted lines. For the IH
spectrum, the blue regions delimited by the black solid (dotted)
lines correspond to 	21 ¼ þ1 (	21 ¼ �1), independently of
	31. The regions shown in red correspond to violation of CP
symmetry.

TABLE I. The maximal values of jhmij (in units of meV) for
the NH and IH spectra and the minimal values of jhmij (in units
of meV) for the NH, IH, and QD spectra, obtained by using the
2� allowed values of the neutrino oscillation parameters. The
results for the NH and IH spectra are for mmin ¼ 10�4 eV, while
those for the QD spectrum correspond to mmin ¼ 0:2 eV.

jhmijNHmin jhmijNHmax jhmijIHmin jhmijIHmax jhmijQDmin

0.7 4.8 11.3 51.5 44.2

0.00001 0.0001 0.001 0.01 0.1 1
m

MIN
  [eV]

0.001

0.01

0.1

1

|〈m
〉| 

 [
eV

]

NH

IH

QD

FIG. 2 (color online). The predicted value of jhmij (including
a prospective 2� uncertainty) as a function of mmin for
sin2�13 ¼ 0:01. See text for further details. For the NH and
QD (and interpolating) spectra, the regions within the black
lines of a given type (solid, short-dashed, long-dashed, and
dashed-dotted) correspond to the four different sets of
CP-conserving values of the two phases �21 and �31 and
thus to the four possible combinations of the relative CP parities
(	21; 	31) of neutrinos �1;2 and �1;3: ðþ1;þ1Þ, solid; ð�1;�1Þ,
short-dashed; ðþ1;�1Þ, long-dashed; and ð�1;þ1Þ, dashed-
dotted lines. For the IH spectrum, the regions delimited by the
black solid (dotted) lines correspond to 	21 ¼ þ1 (	21 ¼ �1),
independently of 	31. The regions shown in red correspond to
violation of CP symmetry.
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sumed a 1� experimental error of 2%, 2%, and 4% on
�m2�, �m2

A, and sin2��, respectively. For sin2�13, we take
sin2�13 ¼ 0:01, and we consider the 1� uncertainty in the
absolute value of 0.006. In Table II, we give the maximal
and minimal values of jhmij for the three spectra NH, IH,
and QD.

III. THE jhmij � 10�3 eV FRONTIER IN ð��Þ0�
DECAY

In the present section we will analyze the conditions
under which jhmij * 10�3 eV in the case of a neutrino
mass spectrum with normal ordering. Before discussing the
general case of arbitrary m1 and sin2�13 satisfying the
presently existing experimental limits, we will consider
two specific but physically interesting cases:
(i) negligibly small m1 (NH spectrum) and (ii) relatively

small sin2�13, such that the term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ �m2
A

q
sin2�13 in

Eq. (2.7) is strongly suppressed,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ �m2
A

q
sin2�13 &

10�4 eV.

A. Normal hierarchical spectrum

In the case of the normal hierarchical spectrum, we have
m1 � m2;3, and therefore only the two heavier neutrinos

�2 and �3 contribute to the effective Majorana mass pa-

rameter. In this case m2 ffi
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
, m3 ffi

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
, and the

sum of neutrino masses reads:

m1 þm2 þm3 ffi 0:058 eV: (3.1)

The effective Majorana mass is given by

jhmij ’ j
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

q
sin2��ð1� sin2�13Þ þ

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13e

i�32 j;
(3.2)

where �32 � �31 � �21 is the difference of the two
Majorana CP-violating phases in UPMNS. We will refer to
the first term in the right-hand side of Eq. (3.2) as the ‘‘solar
term’’ due to its dependence on �m2�, while to the second
as the ‘‘atmospheric’’ one. The two terms in the expression
for jhmij add constructively if 0 � �32 � �=2, while for
�=2<�32 � � partial or complete cancellation between
the solar and atmospheric terms can take place. The can-
cellation is most effective in the case of CP invariance and
�32 ¼ �. The degree of cancellation is controlled by

sin2�13. For sufficiently small values of �13, sin
2�13 &

0:01, the solar term dominates, and jhmij is predicted to
be in the few meV range, jhmij � ð2–3Þ 
 10�3 eV. If
sin2�13 is close to the present 3� bound [39] sin2�13 <
0:05, the solar and the atmospheric terms in Eq. (3.2) are of
the same order, and a substantial cancellation can take
place. We will analyze this possibility first qualitatively.
Consider the ‘‘extreme’’ case of �32 ¼ � and

jhmij ¼ 0.5 This requires [18,19,27]

jhmij ¼ 0: sin2�13 ¼
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q sin2��; (3.3)

where we have neglected �m2� with respect to �m2
A. By

taking the best fit values of �m2�, sin2��, and �m2
A,

determined from the analysis of the currently existing
neutrino oscillation data, we get sin2�13 ¼ 0:057, which
is ruled out by the data. By using the 2� and 3� ranges of
allowed values of the same three parameters, we find,
respectively, sin2�13 ¼ 0:046, which is close to the current
3� upper limit on sin2�13, and sin2�13 ¼ 0:041. Thus, in
order for jhmij to be strongly suppressed, jhmij �
10�3 eV, sin2�13 should have a value close to the existing
3� upper limit. If we use the current 2� (3�) upper limit
on sin2�13, sin

2�13 < 0:033 (0.050), and the present best fit
values of �m2�, sin2�� and �m2

A, we find for �32 ¼ � that
jhmij * 1:1ð0:2Þ 
 10�3 eV. If 0 � �32 � 5�=6, we ob-
tain jhmij * 1:5ð1:3Þ 
 10�3 eV. It follows from this sim-
ple analysis that if, in the future high precision
measurements of �m2�, sin2��, and �m2

A, the currently
determined best fit values of these parameters will not
change and sin2�13 is found to have a value sin2�13 &
0:01 (0.03), the effective Majorana mass will satisfy
jhmij * 2:2 ð1:2Þ 
 10�3 eV for any �32. For, e.g., 0 �
�32 � 5�=6, we have jhmij * 1:3
 10�3 eV for any
sin2�13 allowed at 3� by the existing data. Values of �32 �
0 in the indicated range are required for the generation of
the baryon asymmetry of the Universe in the ‘‘flavored’’
leptogenesis scenario, in which the requisite CP violation
is provided exclusively by the Majorana phase (difference)
�32 [65].
We will perform next a similar analysis of the conditions

under which jhmij * 10�3 eV, taking into account the

TABLE II. The maximal values of jhmij (in units of meV) for the NH and IH spectra and the
minimal values of jhmij (in units of meV) for the NH, IH, and QD spectra, at 2�, for the best fit
values of the oscillation parameters and using the prospective errors discussed in the text. We
take sin2�13 ¼ 0:0 ½0:01� ð0:02Þ. The results for the NH and IH spectra are obtained for mmin ¼
10�4 eV, while those for the QD spectrum correspond to mmin ¼ 0:2 eV.

jhmijNHmin jhmijNHmax jhmijIHmin jhmijIHmax jhmijQDmin

2.1 [1.5] (1.0) 3.5 [3.9] (4.4) 14.6 [14.4] (14.3) 49.6 [49.1] (48.6) 61.1 [58.5] (55.8)

5We postpone the discussion of the ð��Þ0�-decay in the case
of jhmij ¼ 0 to Sec. IV.
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current and prospective uncertainties in the measured val-
ues of the relevant neutrino oscillation parameters. The
minimal predicted value of jhmij, jhmijmin, is obtained in
the case ofCP conservation and oppositeCP parities of the
two relevant neutrinos and can be evaluated as

jhmijmin ¼ jhmij� � n�ðjhmij�Þ; (3.4)

where jhmij� is the predicted value of jhmij obtained by
using the best fit values of the oscillation parameters,
�ðjhmij�Þ is the error on jhmij, and n ¼ 1; 2; 3 . . . .
By using the propagation of errors and assuming that the

errors on the oscillation parameters of interest are small
and independent, we obtain the 1� error on jhmij for any
�32:

�ðjhmijÞ ’ 1

2jhmij ðsin
4�13�m

2
Aðsin2�13

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
�m2�

q
sin2�� cos�32Þ2�2ð�m2

AÞ þ �m2�sin4��ð
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

q
sin2��

þ
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13 cos�32Þ2ð4�2ðsin2��Þ þ �2ð�m2�ÞÞ þ 4ðsin2�13�m2

A ��m2�sin4��

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�m2��m2

A

q
sin2�� cos�32Þ2�2ðsin2�13ÞÞ1=2: (3.5)

Here �ðsin2��Þ; �ð�m2�Þ, and �ð�m2
AÞ are the relative

errors on the oscillation parameters �m2�, sin2��, and
�m2

A, respectively, �ðsin2�13Þ is the absolute error on
sin2�13, and we have used the fact that sin2�13 � 1. We
have assumed (see Sec. II and Fig. 2) and will use in our
further analysis (see Sec. II) the following values of the
errors: �ðsin2��Þ ¼ 4%, �ð�m2�Þ ¼ 2%, and �ð�m2

AÞ ¼

2%. For the chosen values �ðsin2��Þ, �ð�m2�Þ, and
�ð�m2

AÞ, the error on �m2� gives a subdominant contribu-
tion in comparison with that on the solar mixing angle, and
we neglect it in the following discussion.
If CP invariance holds, we have �32 ¼ 0; �, and

Eq. (3.5) simplifies to

�ðjhmij�Þ’
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�m2�sin4���2ðsin2��Þþsin4�13�m

2
A

4
�2ð�m2

AÞþ�m2
A�

2ðsin2�13Þ
s

; (3.6)

where we have neglected
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
sin2�� with respect toffiffiffiffiffiffiffiffiffiffiffi

�m2
A

q
. In Eq. (3.6), jhmij� refers to 	32 ¼ �1. The con-

tribution of the error on�m2
A in�ðjhmij�Þ is suppressed by

the factor sin2�13 and can also be neglected, while the
errors on sin2�13 and on sin2�� can give sizable contribu-
tions to �ðjhmij�Þ, and both should be taken into account.
For the current best fit values of the oscillation parameters,
�ðjhmij�Þ is given to a good approximation by

�ðjhmij�Þ ffi
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið0:057�2ðsin2��ÞÞ þ �2ðsin2�13Þ
p

. It

is clear from this expression that, for an error on sin2�� of
4%–8%, the two terms in�ðjhmij�Þ are of the same order if
�ðsin2�13Þ ¼ 0:004, while for �ðsin2�13Þ * 0:006 the er-
ror on sin2�13 typically gives the dominant contribution in
�ðjhmij�Þ.

For neutrinos of equal CP parities, i.e., �32 ¼ 0, the
mean value of jhmij is predicted to be in the few meV

range, and the expected relative error �ðjhmij�Þ varies
between 7% and 15%, depending on the specific values
of errors and best fit values of the parameters. If the
neutrinos �2 and �3 have opposite CP parities, i.e., �32 ¼
�, the mean value of jhmij is smaller as a partial cancella-
tion between their contributions to jhmij can take place. In
this case the error on jhmij can become as large as 30%–
40%.
If CP symmetry is broken, the full expression for

�ðjhmijÞ [Eq. (3.5)] should be used. It can be shown,
however, that �ðjhmijÞ<maxð�ðjhmijþÞ; �ðjhmij�ÞÞ.
By using Eq. (3.6) in the case of	32 ¼ �1, we can study

analytically the condition on sin2�13 which guarantees that
the predicted value of jhmij is larger than 1 meV. By
neglecting the dependence on sin2�13 in �ðjhmijÞ, we
find an approximate solution for sin2�13:

sin 2�13 <

ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
sin2�� � 1 meV� n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�m2�sin4���2ðsin2��Þ þ �m2

A�
2ðsin2�13Þ

q
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q : (3.7)

In Fig. 3, we show the values of sin2�13 versus �m
2
A for

which jhmijmin ¼ 1 meV is satisfied for n ¼ 1; 2; 3
(dashed-dotted, dashed, and dashed–double-dotted lines,
respectively). We use the best fit value of sin2�� and two
values of the error on sin2�13. If sin

2�13 is larger than the

shown values, a strong cancellation between the two con-
tributions to jhmij can take place, and jhmijmin < 1meV.
This would imply that, depending on the value of�32, there
are predicted values of jhmij both smaller and larger than
the future reference sensitivity used in this analysis. The
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possibility for a future experiment to find a positive signal
of ð��Þ0�-decay would depend on the unknown value of
�32.

The limiting value of sin2�13 is in the 0.01–0.03 range.
The precise value depends critically on the error on
sin2�13: For �ðsin2�13Þ ’ 0:004 ð0:008Þ, we have
sin2�13 < 0:02 ð0:01Þ. The limit on sin2�13 depends also
on �m2

A, as can be easily understood from Eq. (3.7): The
larger �m2

A, the smaller the bound on sin2�13. The value of
sin2�� controls the magnitude of the first term in jhmij�
and therefore plays an important role in Eq. (3.7). We show
the dependence on sin2�� in Figs. 4 and 5. The smaller the
value of sin2��, the smaller sin2�13 for which one can have
jhmijmin < 1 meV. If sin2�� ¼ 0:26 and �ðsin2�13Þ ’
0:004, we have jhmij> 0:001 eV for values of sin2�13 <
0:01. If, however, �ðsin2�13Þ ’ 0:008, one can have
jhmijmin < 1 meV even if the (mean) value of sin2�13 ¼
0. On the contrary, for sin2�� ¼ 0:40, a large part of the

relevant parameter space is already excluded by the present
data [39], and we get jhmij> 0:001 eV for sin2�13 <
0:03 ð0:02Þ in the case of �ðsin2�13Þ ¼ 0:004 ð0:008Þ.
The preceding rather detailed analysis shows that

jhmij � 0:001 eV typically for sin2�13 & ð0:01–0:02Þ.
Values of sin2�13 * ð0:01–0:02Þ are within the sensitivity
of the two reactor experiments Double-CHOOZ [69] and
Daya Bay [70], which are under preparation, and of the
currently operating and future long baseline neutrino os-
cillation experiments MINOS [8], OPERA [71], T2K, and
NO�A [48]. The results of these experiments will be
crucial for establishing whether the effective Majorana
mass jhmij in the case of a NH neutrino mass spectrum is
limited from below and for determining its lower limit.
In the case of a NH spectrum, for sin2�13 ¼ 0, only one

contribution in jhmij is relevant, the other two being sup-

0.002 0.0022 0.0024 0.0026

∆ m2
A    [eV

2
]

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

si
n

2
θ

1
3

0.002 0.0022 0.0024 0.0026

∆ m2
A    [eV

2
]

0

0.01

0.02

0.03

0.04

0.05

si
n

2
θ

1
3

FIG. 4 (color online). The same as in Fig. 3 but for sin2�� ¼
0:26.
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FIG. 3 (color online). The gray (blue online) regions show the
values of sin2�13 versus �m2

A for which jhmijmin < 1meV at

1� (2�) [3�] (region bounded from below by the dashed-dotted
(dashed) [dashed–double-dotted] line for sin2�� ¼ 0:32. The
error on sin2�13 is taken to be 0.004 (0.008) in the upper (lower)
plot. The medium-gray (magenta) region is excluded by the
present bound on sin2�13 [39].
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pressed by the negligible values of m1 and sin2�13. In this
case there is no dependence of jhmij on�32. If sin

2�13 has a
value close to the existing upper limit, a sufficiently accu-
rate measurement of jhmij could allow one to distinguish
the two possible CP-parity patterns or establish CP viola-
tion. Here we study what would be the requirements in
order to have sensitivity to CP violation. We perform a
simplified analysis in which we retain for both CP-parity
patterns only the dominant term in the theoretical error on
jhmij:

�ðjhmijÞ ’
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
�ðsin2�13Þ: (3.8)

The existence of a ‘‘ just-CP-violating’’ region [18], sig-
naling the possibility to search for CP violation, requires
the allowed regions for the CP-conserving cases 	32 ¼ 1

and 	32 ¼ �1 not to overlap. This condition is satisfied
provided

sin 2�13 > n�ðsin2�13Þ; (3.9)

where n is the number of �ðsin2�13Þ considered. For ex-
ample, for �ðsin2�13Þ ¼ 0:004; 0:008 and n ¼ 2, we have
sin2�13 > 0:008; 0:016. In this case, in principle, it would
be possible to distinguish the two CP-parity patterns or
find CP violation due to a Majorana CP-violating phase.
CP violation would be established if the experimentally
allowed value of jhmij is within the just-CP-violating
region, once the experimental error on jhmij, �, and the
nuclear matrix element uncertainties are taken into ac-
count. Even if Eq. (3.9) is satisfied, this is a formidably
challenging task. In the most optimistic case of sin2�13
having a value close to the present 3� bound, sin2�13 ’
0:05, for a nuclear matrix element uncertainty � ¼ 1:5 on
jhmij, an error not larger than � ¼ 0:5 meV would be
required. The width of the just-CP-violating region de-
creases rapidly with �13, and for smaller values of
sin2�13 the error required on jhmij would be even smaller.

B. The case of small sin2�13

Consider next the possibility of sin2�13 having a rather

small value, such that
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ �m2
A

q
sin2�13 � 2


10�4 eV � 10�3 eV. For m2
1 � �m2

A this condition is
fulfilled if sin2�13 & 4
 10�3, while if, e.g., m1 ffi
0:05 eV, it is satisfied provided sin2�13 & 3
 10�3.
These values of sin2�13 can be tested, e.g., in future long
baseline neutrino experiments with superbeams and beta
beams and at neutrino factories [43,45].
We set sin2�13 ¼ 0 for simplicity in the following dis-

cussion. The expression for jhmij simplifies to

jhmij ¼ jm1cos
2�� þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ�m2�
q

sin2��ei�21 j: (3.10)

For a NH neutrino mass spectrum, i.e., for m1 �ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
sin2��=cos2�� ffi 4
 10�3 eV, we always have

jhmij ffi 3
 10�3 eV. If, however, m2
1 * �m2�, the neu-

trino mass spectrum will not be hierarchical. There are two
possibilities.
(i) For m2

1 	 �m2� ffi 7:6
 10�5 eV2, we get

jhmij ffi m1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin22��sin2

�21

2

r
* m1 cos2��:

(3.11)

By takingm1 * 2
 10�2 eV and the 2� (3�) lower
limit on cos2��, cos2�� � 0:26 ð0:20Þ, we find
jhmij * 5:2ð4:0Þ 
 10�3 eV. In this case m2 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ �m2�
q

* 2:2
 10�2 eV, and the sum of neu-

trino masses satisfies
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FIG. 5 (color online). The same as in Fig. 3 but for sin2�� ¼
0:40.
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m1 þm2 þm3 * 9:5
 10�2 eV: (3.12)

(ii) If, however, m2
1 � �m2� and �21 � �, a cancellation

between the two terms in Eq. (3.10) is possible, and
jhmij can be strongly suppressed, jhmij � 10�3 eV.
Consider the extreme case of jhmij ¼ 0 [for a more
detailed discussion of the ð��Þ0�-decay in the case
of jhmij ¼ 0, see Sec. IV]. For �21 ¼ �, it is realized
if [19,27]

jhmij ¼ 0: m1 ¼ m2tan
2��: (3.13)

By using the relation m2 ¼ ðm2
1 þ �m2�Þ1=2, we find

that jhmij ¼ 0 can hold in the case being studied if
m2

1 ¼ �m2�sin4��= cos2�� ffi 2:2
 10�5 eV2,
where we have used the best fit values of �m2� and
sin2��. This implies that m1 ffi 4:6
 10�3 eV,
m2 ffi 10�2 eV, and, correspondingly,

m1 þm2 þm3 ffi 6:4
 10�2 eV: (3.14)

It is not difficult to convince oneself, however, that, if
�21 ¼ �, one obtains jhmij * � for

m1 *
�

cos2��
½cos2��

þ sin2��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ��2�m2� cos2��

q
�; (3.15)

where the reference value � ¼ 10�3 eV in the case
of interest. By using the best fit values of �m2� and
sin2�� we get m1 * 6:6
 10�3 eV. For the sum of
neutrino masses we obtain m1 þm2 þm3 * 6:7

10�2 eV.
This qualitative analysis shows that, if sin2�13 & 3

10�3 and the sum of neutrino masses satisfies m1 þ
m2 þm3 * 7
 10�2 eV, we will have jhmij �
10�3 eV for any �21.

C. Spectrum with partial hierarchy

The neutrino mass spectrum with a partial hierarchy
interpolates between the normal hierarchical one (m1 �
m2 � m3) and the quasidegenerate case (m1 ’ m2 ’ m3)
and is characterized by values of m1 which give a contri-

bution to jhmij comparable to the one of
ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
and

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
.

Depending on the value of sin2�13, the effects of m1

become relevant for m1 as small as a few 
10�4 eV (see
Figs. 1 and 2), while for m1 * 0:05 eV the role of �m2�
and �m2

A is subdominant in jhmij, and the normal and
inverted ordering give the same predictions for jhmij. In
the following, we will consider the above-quoted values as
conventional boundaries for m1 in the spectrum with a
partial hierarchy for the study of jhmij. As is well known
[19], in the case of such a mass spectrum we can have
jhmij � 1 meV and even jhmij ¼ 0. However, this re-
quires that the lightest neutrino mass m1 has a value in

the rather narrow interval m1 � ða few
 10�3–10�2Þ eV.
As a consequence, the sum of neutrino masses should also
lie within a specific interval. Here we analyze the values of
m1 and sin2�13 for which the indicated strong cancellation
in jhmij would not take place and we would have jhmij �
1 meV.
For the neutrino mass spectrum under discussion, all

three contributions to jhmij in Eq. (2.7) are relevant. We
consider the effect of cancellations between the three terms
in the case of CP invariance, in which there are four
different neutrino CP-parity patterns. We will denote
them as þþþ (þ�� ) if �21;31 ¼ 0 ð�Þ, and þþ�
(þ�þ ) when �21 ¼ 0 ð�Þ while �31 ¼ � ð0Þ. The pre-
diction in the case of CP violation will lie within the ones
obtained for CP conservation. Obviously, if both 0 &
�21 & �=2 and 0 & �31 & �=2, there will be no mutual
compensation between the three terms in Eq. (2.7), and we
would have jhmij * 3
 10�3 eV.
For each CP-parity pattern, we analyze what are the

values of m1 and sin2�13 which would guarantee jhmij �
1 meV or, conversely, which would be implied by a nega-
tive result for a search of a neutrinoless double beta decay
with a sensitivity of 1 meV, in the hypothesis of Majorana
neutrinos. The effective Majorana mass parameter would
be predicted to be smaller than 1 meV, if a sufficient
cancellation between the three terms in the right-hand
side of Eq. (2.7) takes place.
Here we use � ¼ 1 meV as a reference value for jhmij,

but similar results can be obtained for other values of � in
the few meV range.6 The central value of m1 can be found
by solving Eq. (2.7) with jhmij ¼ 1 meV, while the error
on m1 is obtained by propagating the errors on the oscil-
lation parameters:

�ðm1Þ ¼
�
@jhmij
@m1

��1
�ðjhmijÞ ’ �ðjhmijÞ

cos2�� � m1sin
2��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
1þ�m2

�
p :

(3.16)

The degree of cancellation between the three terms in jhmij
depends on the neutrino CP-parity pattern. The results for
m1 for the different CP-parity patterns are presented in
Fig. 6 for three values of ��, sin2�� ¼ 0:26, 0.32, and 0.40,
using the prospective relative errors of 2%, 2%, and 4% for
�m2

A, �m
2�, and sin2��, respectively, and the absolute

error of 0.006 on sin2�13.
We can understand the results in Fig. 6 by performing a

simplified analysis neglecting �ðm1Þ. We study each
CP-parity pattern separately. In the following, we will
use the present best fit values of �m2�, �m2

A, and sin2��,
unless otherwise indicated.

 For the CP-parity pattern (þþþ ), no cancellation

takes place, and we will have jhmij * 2:5 meV for

6Let us note that a similar analysis for � ¼ 0 was performed
in Ref. [19].
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any allowed value of �13 and ��. A negative search
for a neutrinoless double beta decay with a sensitivity
of a few meV, such that jhmij0 < jhmijþ � n�ðjhmijÞ,
where jhmij0 is the experimentally determined value
of jhmij and jhmijþ corresponds to a NH spectrum
and 	32 ¼ þ1 (see Sec. III A), would strongly dis-
favor (if not rule out) this possibility.


 In the (þþ� ) case, a significant cancellation can

take place only if the atmospheric term
ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13

is of the same order as the sum of the first two terms in
the right-hand side of Eq. (2.7). We can have jhmij �
� ¼ 1 meV for a given m1 provided sin2�13 satisfies

sin 2�13 �
m1cos

2�� þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ�m2�
q

sin2�� ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ �m2
A

q :

(3.17)

The above inequality is always fulfilled for m1 *ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
. For m1 �

ffiffiffiffiffiffiffiffiffiffiffi
�m2�

p
, this condition becomes

sin2�13 � ðsin2�13Þ0, with

ðsin2�13Þ0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
�m2�
�m2

A

s
sin2�� � �ffiffiffiffiffiffiffiffiffiffiffi

�m2
A

q : (3.18)

It is satisfied for the best fit values of �m2�, sin2��,
and �m2

A, while if one uses the 3� allowed ranges of
these parameters, the inequality implies sin2�13 &
0:026, 0.036, and 0.051 for sin2�� ¼ 0:26, 0.32, and
0.40, respectively. These values of sin2�13 are close to
the present 3� upper bound. In summary, for values
of sin2�13 � ðsin2�13Þ0, jhmij is guaranteed to be
larger than 1 meV for any m1. For a given sin2�13 >
ðsin2�13Þ0, we will have jhmij � � ¼ 1 meV if m1

satisfies m1 � ðmA
1 Þ�, where

ðmA
1 Þ� ¼ 1

cos2��

�
ð

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13 þ�Þcos2��

� sin2��



ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13 þ�Þ2 þ�m2� cos2��

r �
:

(3.19)

In deriving Eq. (3.19) we have neglected m2
1 with

respect to �m2
A and have taken cos2�13 ’ 1. The

lower bound ðmA
1 Þ� of m1 in Eq. (3.19) increases

with sin2�13 but is rather small: For � ¼ 10�3 eV,
sin2�13 ¼ 0:05, and best fit values of the other rele-
vant oscillation parameters, we get ðmA

1 Þ� ffi 0:9

10�3 eV.


 For the CP-parity pattern (þ�þ ), a partial cancel-
lation can take place between the first and the second
terms in Eq. (2.7); the cancellation would be signifi-
cant only if m1 � a few meV. The second term in
Eq. (2.7) would dominate, and we would have
jhmij � � ¼ 10�3 eV only if m1 and sin2�13 are
sufficiently small, more precisely, if 0 � m1 �
ð�ðmA

1 Þ�Þ and sin2�13 � ðsin2�13Þ0, where ðmA
1 Þ�

and ðsin2�13Þ0 are given in Eqs. (3.18) and (3.19),
respectively.
The sum of the first and third terms in Eq. (2.7) will
dominate and will lead to jhmij � � ¼ 10�3 eV for
m1 � ðmB

1 Þþ, where
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FIG. 6 (color online). The gray (color online) regions denote
the ranges of mmin for which jhmij< 1 meV and are delimited
by thick (thin) lines at 1� (2�). The CP-conserving patterns
are indicated by (i) solid lines for the case þþ�, (ii) dashed
lines for the þ�þ one, and (iii) dashed-dotted lines for þ�
�. The red triangular region requires CP violation. The present
best fit values for �m2� and �m2

A are used.
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ðmB
1 Þ� ¼ 1

cos2��

�
ð��

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13Þcos2��

� sin2��



ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð��

ffiffiffiffiffiffiffiffiffiffiffi
�m2

A

q
sin2�13Þ2 þ�m2� cos2��

r �
;

(3.20)

provided

sin 2�13 �
ffiffiffiffiffiffiffiffiffiffiffi
�m2�
�m2

A

s
sin2�� þ �ffiffiffiffiffiffiffiffiffiffiffi

�m2
A

q : (3.21)

Given the experimental 3� upper bound sin2�13 <
0:05, the second inequality is always satisfied for
� ¼ 10�3 eV. For sin2�13 ¼ 0 ð0:02Þ we get from
Eq. (3.20): m1 * 6:6 ð4:7Þ 
 10�3 eV.


 Finally, consider the case (þ�� ). As the second
and third terms in the right-hand side of Eq. (2.7) are
summed constructively, a strong cancellation in jhmij
can happen only for sufficiently large values of m1.
We get jhmij � � ¼ 10�3 eV for 0 � m1 �
ð�ðmB

1 Þ�Þ and form1 � ðmA
1 Þþ, where ðmA

1 Þþ is given
in Eq. (3.19). The maximal value ofm1 determined by
Eq. (3.20) can be rather large. More specifically, we
have �ðmB

1 Þ� ¼ 2:8 ð5:0Þ ½7:6� 
 10�3 eV for
sin2�13 ¼ 0 ð0:025Þ ½0:05�. For the minimal value
of m1 determined by the inequality m1 � ðmA

1 Þþ,
we get for sin2�13 ¼ 0 ð0:025Þ ½0:05�: ðmA

1 Þþ¼
6:6 ð9:3Þ ½12:1�
10�3 eV. In the latter case the sum
of the neutrino masses is limited from below by
ðm1 þm2 þm3Þ * 6:8 ð7:2Þ ½7:9� 
 10�2 eV. Both
ð�ðmB

1 Þ�Þ and ðmA
1 Þþ increase with �13 and sin2��.

It follows from the preceding discussion that, if a future
highly sensitive ð��Þ0�-decay experiment does not find a
positive signal down to jhmij � 1 meV, Majorana neutri-
nos would still be allowed, but the spectrum would be
constrained to be with normal ordering and m1 would be
bound to be smaller than�10�2 eV. TheCP-parity pattern
(þþþ ) will be strongly disfavored (if not ruled out) as
well. If, in addition, it is found that sin2�13 & 0:01, (i) the
CP-parity pattern (þþ� ) will also be disfavored, and
(ii) m1 would be constrained to lie in the interval m1 �
ð10�3–10�2Þ eV. No other future neutrino experiment will
have the capability of constraining the lightest neutrino
mass (and the absolute neutrino mass scale) in the meV
range. Obviously, the above limits would hold only if
massive neutrinos are Majorana particles. If the lightest
neutrino has a mass in the interval m1 � ð10�3–10�2Þ eV,
this can have important effects on the generation of the
baryon asymmetry of the Universe in the flavored lepto-
genesis scenario of matter-antimatter asymmetry genera-
tion [66].

IV. ð��Þ0� DECAY IN THE CASE OF jhmij ¼ 0

In the present section we shall discuss briefly the pos-
sible implications of having jhmij ¼ 0 for the process of
ð��Þ0�-decay. If jhmij ¼ 0 as a consequence of conserva-
tion of a certain lepton charge, which could be, e.g., Le, L,
or L0 ¼ Le � L� � L�, the ð��Þ0�-decay will be strictly

forbidden. However, in the case of a neutrino mass spec-
trum with normal ordering, one can have jhmij ¼ 0, as we
have seen, as a consequence of an ‘‘accidental’’ relation
involving the neutrino masses, the solar neutrino, and
CHOOZ mixing angles and the Majorana phase(s) in
UPMNS. For the spectrum of the normal hierarchical type,
the relation of interest is given by Eq. (3.3), while if sin2�13
is negligibly small, it is shown in Eq. (3.13). Neither of the
two relations can be directly associated with a symmetry
which forbids ð��Þ0�-decay. Thus, if jhmij ¼ 0 is a con-
sequence of Eq. (3.3) or (3.13), ð��Þ0�-decay will still be
allowed. In what follows we will estimate the nonzero
contribution to the ð��Þ0�-decay amplitude Að��Þ0� due
to the exchange of the light massive Majorana neutrinos �j

in the case when jhmij ¼ 0 and there is no symmetry
forbidding the decay.
Suppose that neutrino masses and mixing arise due to

the Majorana mass term of the three flavor neutrinos:

LMðxÞ ¼ �1
2mll0 ��

c
lR�l0L þ H:c:; (4.1)

where �c
lR ¼ Cð ��lLÞT, l ¼ e;�; �, C being the charge-

conjugated matrix. We have mll0 ¼ ml0l, l; l0 ¼ e; �; �
(see, e.g., [13]). The mass term in Eq. (4.1) is diagonalized
by using the congruent transformation: m ¼ U�mdUy,
where md ¼ diagðm1; m2; m3Þ is a diagonal matrix formed
by the masses of the Majorana neutrinos �j and U is the

PMNS matrix.7 The effective Majorana mass hmi arises in
Að��Þ0� from the virtual neutrino propagator (see, e.g.,
[13]):

P ¼ X
j

U2
ej

mj

q2 �m2
j

¼ P1 þ P3 þ P5 þ � � � ; (4.2)

where

P1 ¼ 1

q2
X
j

U2
ejmj ¼ 1

q2
hmi; (4.3)

P3 ¼ 1

q2
X
j

U2
ejmj

m2
j

q2
; etc: (4.4)

Here q is the momentum of the virtual neutrino, and
we have used the fact that m2

j � jq2j. Typically, one

has for the average momentum of the virtual neutrino
in ð��Þ0�-decay (see, e.g., [72,73]) jq2j � ð100 MeVÞ2.
As a consequence, the following inequalities hold:

7We work in the basis in which the charged lepton mass matrix
is diagonal.
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jP2nþ1j � jP1j, n ¼ 1; 2; . . . . Usually, the terms P3, P5,
etc., are neglected in the expression for P . The dominant
term P1 / hmi, which leads to Að��Þ0� / hmi. The q�2

factor in P1 gives rise to a Coulomb-like potential of
interaction between the nucleons exchanging the virtual
neutrino in the nucleus undergoing ð��Þ0�-decay.

Assume now that jhmij ¼ 0. In this case P1 ¼ 0, and the
dominant term in the expression for P [Eq. (4.2)] will be
P3. If jhmij ¼ 0 is not a consequence of a conservation of
some lepton charge, we will have P3 � 0 and Að��Þ0� �
0, in general. However, unless the ð��Þ0�-decay amplitude
receives contributions from mechanisms other than the
exchange of the light Majorana neutrinos �j, the

ð��Þ0�-decay rate will be extremely strongly suppressed
due to the fact that [72,73] m2

j=jq2j< 10�16, where we

have used mj < 1 eV. Although allowed, ð��Þ0�-decay
will be practically unobservable if the P3 term in P gives
the dominant contribution in Að��Þ0�.

It is well known (see, e.g., [13]) that jhmij ¼ jmeej,
where mee is the ee-element of the Majorana mass matrix
m of neutrinos [Eq. (4.1)]. If jhmij ¼ jmeej ¼ 0, the term
��c

eR�eL will effectively be ‘‘regenerated’’ at higher orders
from the other terms inLMðxÞ [Eq. (4.1)]. The exchange of
virtual �e mediated by this term will lead to ð��Þ0�-decay.
If we treat LMðxÞ as an ‘‘interaction’’ term8 and use
perturbation theory, the virtual neutrino propagator in the
ð��Þ0�-decay amplitude will have, to leading order in the
parameters mll0 , the following form:

P ¼ 1

q2
~m�

q2
þ � � � ; (4.5)

where

~m ¼ me�m
�
��m�e þme�m

�
��m�e þme�m

�
��m�e

þme�m
�
��m�e: (4.6)

It follows from the expression for the mass parameter ~m
that, ifmee ¼ 0, we will have ~m ¼ 0 in the following cases
[74–76]: (i) me� ¼ me� ¼ 0, (ii) me� ¼ m�� ¼ 0, (iii)

me� ¼ m�� ¼ 0, and (iv) m�� ¼ m�� ¼ m�� ¼ 0. It is

easy to see that the four cases in which ~m ¼ 0 correspond
to the conservation of the following lepton charges [75]:
(i) Le, (ii) Le � L�, (iii) Le � L�, and (iv) Le � L� �
L�. In all four cases the ð��Þ0�-decay is strictly forbidden.
However, all four cases are ruled out by the existing
neutrino oscillation data (see, e.g., [76,77]). Thus, we can
conclude that ~m � 0 and therefore Að��Þ0� � 0.

How large can the mass parameter ~m be? By using the
relation m ¼ U�mdUy and assuming that mee ¼ hmi ¼ 0,
it is not difficult to show that

~m � ¼ X
j

U2
ejm

3
j : (4.7)

Thus, we recover the result obtained earlier by expanding
the massive Majorana neutrino propagators in a power
series of m2

j=q
2:

P ¼ 1

q2
~m�

q2
þ � � � ¼ P3 þ � � � ; (4.8)

where P3 is given in Eq. (4.4). Therefore the ð��Þ0�-decay
will be extremely strongly suppressed if mee ¼ 0 and
Að��Þ0� � 0 is generated at higher order by the
Majorana mass term [Eq. (4.1)].

V. CONCLUSIONS

Present and future searches for neutrinoless double beta
decay aim at probing lepton number violation and the
Majorana nature of neutrinos with remarkable precision.
A wide experimental program is currently under discus-
sion. Experiments with a sensitivity to the effective
Majorana mass parameter jhmij down to �ð50–10Þ meV
are in a stage of preparation or planning and will take place
in the future. These experiments will provide valuable
information on the neutrino masses and the nature of
massive neutrinos.
If future ð��Þ0�-decay experiments show that jhmij<

0:01 eV, both the IH and the QD spectra will be ruled out
for massive Majorana neutrinos. If, in addition, it is estab-
lished in neutrino oscillation experiments that the neutrino
mass spectrum is with inverted ordering, i.e., that �m2

A <
0, the absence of a signal in neutrinoless double beta decay
experiments sensitive to jhmij � 10 meV would be a
strong indication that the massive neutrinos �j are Dirac

fermions. At the same time, the alternative explanation
based on the assumptions that the massive neutrinos �j

are Majorana particles but there are additional contribu-
tions to the ð��Þ0�-decay amplitude which interfere de-
structively with that due to the exchange of light massive
Majorana neutrinos would also be possible. However, if
�m2

A is determined to be positive in neutrino oscillation
experiments, the upper limit jhmij< 0:01 eV would be
perfectly compatible with massive Majorana neutrinos
possessing a normal hierarchical mass spectrum or a
mass spectrum with normal ordering but a partial hier-
archy, and the quest for jhmij would still be open. Under
such circumstances, the next frontier in the searches for
ð��Þ0�-decay would most probably correspond to values
of jhmij � 0:001 eV.
By taking jhmij ¼ 0:001 eV as a reference value, we

have investigated in the present article the conditions under
which jhmij in the case of a neutrino mass spectrum with
normal ordering would satisfy jhmij � 0:001 eV. We have
considered the specific cases of (i) a normal hierarchical
neutrino mass spectrum, (ii) a relatively small value of the
CHOOZ angle �13, as well as (iii) the general case of a

8In this case �lLðxÞ should be considered as zero mass fermion
fields having the standard zero mass fermion propagator.
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spectrum with normal ordering, a partial hierarchy, and a
value of �13 close to the existing upper limit. We have
derived the ranges of the lightest neutrino mass m1 and/or
of sin2�13 for which jhmij � 0:001 eV and have discussed
some related phenomenological implications. We took into
account the uncertainties in the predicted value of jhmij
due to the uncertainties in the measured values of the input
neutrino oscillation parameters �m2�, �m2

A, and sin2��.
For the latter, we have used the following prospective 1�
errors: 2%, 2%, and 4%, respectively.

In the present analysis we did not include the possible
effects of the uncertainty related to the imprecise knowl-
edge of the ð��Þ0�-decay nuclear matrix elements. We
hope (perhaps optimistically) that, by the time it will
become clear whether the searches for ð��Þ0�-decay will
require a sensitivity to values of jhmij< 0:01 eV, the
problem of sufficiently precise calculation of the
ð��Þ0�-decay nuclear matrix elements will be resolved.

We have found that in the case of a NH neutrino mass
spectrum we get jhmij * 0:001 eV for sin2�13 &
ð0:01–0:02Þ and any value of the relevant Majorana phase
(difference) �32, provided the currently determined best fit
values of the solar and atmospheric neutrino oscillation
parameters �m2�, �m2

A, and especially sin2�� will not
change considerably in the future high precision measure-
ments (Fig. 3). For 0 � �32 � �=2, one has jhmij * 2:0

10�3 eV for any sin2�13, while if �=2<�32 � 5�=6, we
get jhmij * 10�3 eV for any sin2�13 allowed at 3� by the
existing data. Values of �32 � 0 in the indicated ranges are
required for the generation of the baryon asymmetry of the
Universe in the flavored leptogenesis scenario in which the
requisite CP violation is provided exclusively by the
Majorana phase (difference) �32 [65].

We have investigated also the case when sin2�13 has a
rather small value sin2�13 & 3
 10�3, but the neutrino
mass spectrum is not hierarchical. We have found that in
this case one has jhmij � 10�3 eV for any value of the
relevant Majorana phase �21 if the sum of neutrino masses
satisfies m1 þm2 þm3 * 7
 10�2 eV.

In the general case of a neutrino mass spectrum with a
partial hierarchy (i.e., non-negligible lightest neutrino
mass m1) and sufficiently large sin2�13, one finds jhmij �
10�3 eV typically for m1 & a few
 10�3 eV and m1 *
10�2 eV (Fig. 6). In the second case the sum of neutrino
masses satisfies m1 þm2 þm3 * 7:4
 10�2 eV. If a fu-
ture highly sensitive ð��Þ0�-decay experiment does not
find a positive signal corresponding to jhmij � 1 meV,
Majorana neutrinos would still be allowed, but the spec-
trum would be constrained to be with normal ordering and

m1 to be smaller than �10�2 eV. The CP-parity pattern
(þþþ ) will be strongly disfavored (if not ruled out) as
well. If, in addition, it is found that sin2 & 0:01, m1 would
be constrained to lie in the interval m1 � ð10�2–10�3Þ eV
(for sin2�� � 0:32), and the CP-parity pattern (þþ� )
will also be disfavored. No other future neutrino experi-
ment, foreseeable at present, will have the capability of
constraining the lightest neutrino mass (and the absolute
neutrino mass scale) in the meV range. Obviously, the
above constraints would hold only if massive neutrinos
are Majorana particles. If the lightest neutrino has a mass
in the interval m1 � ð10�3–10�2Þ eV, this can have im-
portant effects on the generation of the baryon asymmetry
of the Universe in the flavored leptogenesis scenario of
matter-antimatter asymmetry generation [66].
We have provided also an estimate of jhmij when the

three-neutrino masses and the neutrino mixing originate
from neutrino mass term of Majorana type for the (left-
handed) flavor neutrinos and

P
3
j¼1 mjU

2
ej ¼ 0, but there

does not exist a symmetry which forbids the ð��Þ0�-decay.
Our results show that, although in this case the
ð��Þ0�-decay will be allowed, the corresponding effective
Majorana mass parameter is determined byP3

j¼1 m
3
jU

2
ej=q

2, where q is the momentum of the virtual

Majorana neutrino. For the average momentum of the
virtual neutrino in ð��Þ0�-decay, one typically has (see,
e.g., [72,73]) jq2j � ð100 MeVÞ2. As a consequence, the
contribution to the ð��Þ0�-decay amplitude Að��Þ0� due
to the light Majorana neutrino exchange will be strongly
suppressed: jhmij � 10�3 eV. Thus, if

P
3
j¼1 mjU

2
ej ¼ 0

and ð��Þ0�-decay is observed in experiments with sensi-
tivity to jhmij � 10�3 eV, it would imply the existence of
contributions to Að��Þ0� due to mechanism(s) other than
the three light Majorana neutrino exchange.
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9810501; J. Bernabéu, S. Palomares-Ruiz, and S. T.
Petcov, Nucl. Phys. B669, 255 (2003); S. Palomares-
Ruiz and S. T. Petcov, Nucl. Phys. B712, 392 (2005).

[50] S. T. Petcov, Phys. Lett. B 434, 321 (1998); 444, 584(E)
(1998).

[51] M.V. Chizhov and S. T. Petcov, Phys. Rev. Lett. 83, 1096
(1999); 85, 3979 (2000); Phys. Rev. D 63, 073003 (2001).

[52] V. K. Ermilova et al., Sov. Phys. Lebedev Inst. Rep. 5, 26
(1986); E. Kh. Akhmedov, Yad. Fiz. 47, 475 (1988) [Sov.
J. Nucl. Phys. 47, 301 (1988)]; P. I. Krastev and A.Yu.
Smirnov, Phys. Lett. B 226, 341 (1989).

[53] S. T. Petcov and M. Piai, Phys. Lett. B 533, 94 (2002); S.
Choubey, S. T. Petcov, and M. Piai, Phys. Rev. D 68,
113006 (2003).

[54] J. Learned et al., arXiv:hep-ex/0612022.
[55] F. Perrin, C.R. Hebd. Seances Acad. Sci. 197, 868 (1933);

E. Fermi, Nuovo Cimento 11, 1 (1934).
[56] V. Lobashev et al., Nucl. Phys. A719, 153 (2003).
[57] K. Eitel et al., Nucl. Phys. B, Proc. Suppl. 143, 197

(2005).
[58] S.M. Bilenky, M.D. Mateev, and S. T. Petcov, Phys. Lett.

B 639, 312 (2006).
[59] D. N. Spergel et al. (WMAP Collaboration), Astrophys. J.

Suppl. Ser. 148, 175 (2003).
[60] M. Tegmark, Phys. Scr. T121, 153 (2005); S. Hannestad,

H. Tu, and Y.Y.Y. Wong, J. Cosmol. Astropart. Phys. 06
(2006) 025.

[61] W. Hu and M. Tegmark, Astrophys. J. Lett. 514, L65
(1999).

[62] S. T. Petcov and A.Yu. Smirnov, Phys. Lett. B 322, 109
(1994).

[63] L. Wolfenstein, Phys. Lett. 107B, 77 (1981); S.M.
Bilenky, N. P. Nedelcheva, and S. T. Petcov, Nucl. Phys.
B247, 61 (1984); B. Kayser, Phys. Rev. D 30, 1023 (1984).

[64] P. Langacker et al., Nucl. Phys. B282, 589 (1987).
[65] S. Pascoli, S. T. Petcov, and A. Riotto, Phys. Rev. D 75,

083511 (2007); Nucl. Phys. B774, 1 (2007).
[66] E. Molinaro, S. T. Petcov, T. Shindou, and Y. Takanishi,

Nucl. Phys. B797, 93 (2008).
[67] S. T. Petcov and T. Shindou, arXiv:hep-ph/0605204.
[68] S. Pascoli et al., Phys. Lett. B 564, 241 (2003); S. T.

Petcov, T. Shindou, and Y. Takanishi, Nucl. Phys. B738,
219 (2006); S. T. Petcov and T. Shindou, Phys. Rev. D 74,
073006 (2006).

[69] F. Ardellier et al. (Double Chooz Collaboration), arXiv:
hep-ex/0606025.

[70] See, e.g., K.M. Heeger, in Proceedings of the Neutrino’06
International Conference, Sant Fe, U.S.A., 2006 (to be
published).

[71] J. E. Campagne et al. (OPERACollaboration), Nucl. Phys.
B, Proc. Suppl. 143, 535 (2005).

[72] W.C. Haxton, Phys. Rev. Lett. 67, 2431 (1991).
[73] F. Simkovic, A. Faessler, V. Rodin, P. Vogel, and J. Engel,

arXiv:0710.2055.
[74] S. T. Petcov, Phys. Lett. 110B, 245 (1982).
[75] C. N. Leung and S. T. Petcov, Phys. Lett. 125B, 461

(1983); S. T. Petcov, Phys. Lett. 115B, 401 (1982).
[76] M. Hirsch, S. Kovalenko, and I. Schmidt, Phys. Lett. B

642, 106 (2006).
[77] A. Merle and W. Rodejohann, Phys. Rev. D 73, 073012

(2006).

S. PASCOLI AND S. T. PETCOV PHYSICAL REVIEW D 77, 113003 (2008)

113003-16


