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Neutrino mass spectrum and neutrinoless double beta decay
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The relations between the effective Majorana mass of the electron neutrinomee responsible for neutrinoless
double beta decay and the neutrino oscillation parameters are considered. We show that for any specific
oscillation patternmee can take any value~from zero to the existing upper bound! for normal mass hierarchy
and it can have a minimum for inverse hierarchy. This means that oscillation experiments cannot fix in general
mee. Mass ranges formee can be predicted in terms of oscillation parameters with additional assumptions
about the level of degeneracy and the type of hierarchy of the neutrino mass spectrum. These predictions for
mee are systematically studied in the specific schemes of neutrino mass and flavor which explain the solar and
atmospheric neutrino data. The contributions from individual mass eigenstates in terms of oscillation param-
eters have been quantified. We study the dependence ofmee on the nonoscillation parameters: the overall scale
of the neutrino mass and the relative mass phases. We analyze how forthcoming oscillation experiments will
improve the predictions formee. On the basis of these studies we evaluate the discovery potential of future
0nbb decay searches. The role 0nbb decay searches will play in the reconstruction of the neutrino mass
spectrum is clarified. The key scales ofmee, which will lead to the discrimination among various schemes, are:
mee;0.1 eV andmee;0.005 eV.
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I. INTRODUCTION

The goal of the search for neutrinoless double beta de
~0nbb decay! is to establish the violation of~total! lepton
numberL and to measure the Majorana mass of the elec
neutrino, thus identifying the nature of the neutrino@1,2#.
Both issues are related: Even if the main mechanism of 0nbb
decay may be induced by, e.g., lepton number violat
right-handed currents,R-parity violation in supersymmetry
~SUSY! models, leptoquark-Higgs couplings~for an over-
view see, e.g., Ref.@3#!, the observation of 0nbb decay im-
plies always a nonvanishing effective neutrino Majora
mass~0nbb mass! at loop level@4#.

If 0nbb decay is induced dominantly by the exchange
a light Majorana neutrino (m,30 MeV), the decay rate is
proportional to the Majorana mass of the electron neutr
mee squared:

G}mee
2 . ~1!

Thus, in the absence of lepton mixing, the observation
0nbb decay would provide information about the absolu
scale of the Majorana neutrino mass.

The situation is changed in the presence of neutrino m
ing when the electron neutrino is not a mass eigenstate
turns out to be a combination of several mass eigenstatesn i ,
with mass eigenvaluesmi :

ne5(
i

Uein i , i 51,2,3, . . . . ~2!
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HereUe j are the elements of the mixing matrix relating th
flavor states to the mass eigenstates. In this general cas
mass parameter~0nbb mass! which enters the 0nbb decay
rate is not the physical mass of the neutrino but the com
nation umeeu of physical masses:

umeeu5U(
j

uUe ju2eif jmjU. ~3!

Apart from the absolute values of massesmj and mixing
matrix elements, the effective Majorana mass depends
on new parameters: phasesf j which originate from a pos-
sible complexity of the mass eigenvalues and from the m
ing matrix elements. Thus searches for double beta decay
sensitive not only to masses but also to mixing matrix e
ments and phasesf j .

Notice that in the presence of mixingmee is still the ee
element of the neutrino mass matrix in the flavor basis.1 In
this sense it gives the scale of elements of the neutrino m
matrix. However, in general,mee does not determine the
scale of the physical masses. If 0nbb decay will be discov-
ered and if it will be proven to proceed via the Majora
neutrino mass mechanism, then themee extracted from the

1In general the experimental value ofmee depends on the proces
being considered. It coincides with the theoreticalmee of Eq. ~3! if
all massesmi!Q, whereQ is the energy release of a given proces
This fact may become important for comparing heavy neutrino c
tributions in 0nbb decay and inverse neutrinoless double beta de
at colliders; see, e.g., Ref.@5#.
©2001 The American Physical Society05-1
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KLAPDOR-KLEINGROTHAUS, PÄS, AND SMIRNOV PHYSICAL REVIEW D63 073005
decay rate will give a lower bound on some physical mas
As it is easy to see from Eq.~3!, at least one physical mas
mj should be

mj>mee ~4!

for the three-neutrino case.
Canmee be predicted? According to Eq.~3! the massmee

depends on absolute values of masses, mixings, and ph
f j . Certain information about masses and mixing can
obtained from~i! oscillation searches,~ii ! direct kinematical
measurements, and~iii ! cosmology. Let us comment on thes
issues in order.

~1! The oscillation pattern is determined by mass squa
differences, moduli of elements of the mixing matrix, a
~for three neutrino mixing! only one complex phase whic
leads toCP violating effects in neutrino oscillations:

Dmi j
2 [umi u22umj u2, uUe ju2, dCP . ~5!

~We indicated here only mixing elements which entermee.)
In what follows we will call Eq.~5! the oscillation param-
eters.

Neutrino oscillations and neutrinoless double beta dec
however, depend on different combinations of neutr
masses and mixings. In terms of the oscillation parame
the mass~3! can be rewritten as

umeeu5U(
j

uUe ju2eif jADmj 1
2 1m1

2U, ~6!

where we assumed for definitenessm1 to be the smalles
mass. We also putf150 and consider the otherf j as the
relative phases.

According to Eq.~6! the oscillation parameters do no
allow one to determine uniquelymee. Apart from these pa-
rameters, the massmee depends also on the absolute value
the first mass~absolute scale! and on the relative phases:

m1 , f j , j 52,3, . . . . ~7!

These parameters cannot be determined from oscillation
periments and we will call themnonoscillation parameters.

The mass squared difference gives the absolute valu
the mass only in the case of strong mass hierarchy:mj

@m1 , when umj u'ADmj 1
2 . However, even in this case th

lightest mass~which can give a significant or even domina
contribution tomee) is not determined.

The relative phasesf j which appear inmee @Eq. ~3!# dif-
fer from dCP and cannot be determined from oscillation e
periments, since the oscillation pattern is determined
moduli umi u2. On the other hand, the phase relevant for n
trino oscillations does not entermee or can be absorbed in
phases of masses.

~2! Apart from neutrino oscillations, informations on ne
trino masses and especially on the absolute scale of ma
can be obtained from direct kinematical searches and
mology.

There is still some chance that future kinematical stud
of the tritium beta decay will measure the electron neutr
07300
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mass, and thus will allow us to fix the absolute scale
masses. Projects are under consideration which will hav
sensitivity of about 1 eV and less~Ref. @6#!.

~3! The expansion of the universe and its large scale st
ture are sensitive to neutrinos with masses larger than a
0.5 eV. The status of neutrinos as the hot dark matter~HDM!
component of the universe is rather uncertain now: it see
that the present cosmological observations do not requi
significantVn contribution and therefore a largeO ~1 eV!
neutrino mass. However, in some cases massive neutr
may help to get a better fit of the data on density pertur
tions.

In order to predictmee one should not only determine th
oscillation parameters but make additional assumpti
which will fix the nonoscillation parameters. If the oscilla
tion parameters are known, then, depending on these
sumptions, one can predictmee completely or get certain
bounds onmee.

What are these assumptions?
It was pointed out in Ref.@8# that predictions onmee

significantly depend on two points: the level of degenera
of the neutrino mass spectrum, which is related to the ab
lute scale of neutrino masses; the solution of the solar n
trino problem; this solution determines to a large extent
distribution of the electron neutrino flavor in the mass eige
states, that is,uUe ju2.

The assumptions about the level of degeneracy allow
to fix the absolute scale of the neutrino mass. In fact,
present even the oscillation parameters are essentially
known, so that further assumptions are needed. Evidenc
neutrino oscillations@atmospheric, solar neutrino problem
Liquid Scintillation Neutrino Detector~LSND! result# allow
us in principle to determine the oscillation parameters up t
certain ambiguity related, in particular, to the existence
several possible solutions of the solar neutrino problem.

A number of studies of the 0nbb mass have been per
formed, using various assumptions about the hierarchy
degeneracy of the spectrum which remove the ambiguity
interpretations of existing oscillation data. In fact, these
sumptions allow one to construct the neutrino mass and m
ing spectrum, and some studies have been performed
specific neutrino spectra. Most of the spectra considered
far explain the atmospheric neutrino problem and the so
neutrino problem assuming one of the suggested soluti
Some results have also been obtained for schemes with
neutrinos which also explain the LSND result. Let us su
marize the main directions of these studies.

~1! Three-neutrino schemes with normal mass hierar
which explain the solar and atmospheric neutrino data h
been studied in Refs.@8–13#. Various solutions of then(

problem were assumed. These schemes give the most s
gent constraints on 0nbb mass in terms of oscillation param
eters.

~2! The 0nbb mass in three-neutrino schemes with i
verse mass hierarchy has been considered in Refs.@14,12#,
and@13#. These schemes favormee to be close to the presen
experimental bound.

~3! Three-neutrino schemes withpartial degeneracy of
the spectrum and various solutions of then( problem were
5-2
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NEUTRINO MASS SPECTRUM AND NEUTRINOLESS . . . PHYSICAL REVIEW D 63 073005
discussed in Refs.@8# and @13#. In these schemesmee can
also be close to the present experimental bound.

~4! Large attention was devoted to the three-neutr
schemes with complete degeneracy@8,15–23,13# since they
can explain solar and atmospheric neutrino data and
give a significant amount of the hot dark matter~HDM! in
the universe. In these schemes the predictions ofmee depend
mainly on the absolute mass scale and on the mixing a
relevant for the solar neutrinos.

Some intermediate situations between hierarchical and
generate spectra have been discussed in Refs.@19# and@13#.

~5! The 0nbb mass in scenarios with four neutrinos whic
can accommodate also the LSND result have been anal
in Refs.@14#, @10#, and@11#.

Some general bounds on the 0nbb mass under various
assumptions have been discussed in Refs.@24–28# and@19#.

In a number of papers an inverse problem has b
solved: using relations between the 0nbb mass and oscilla-
tion parameters which appear in certain schemes restrict
on oscillation parameters have been found from exist
bounds onmee. In particular the 3n schemes with mass de
generacy@15# and mass hierarchy@12# have been discussed

An important ingredient for the prediction ofmee are the
phases@see Eq.~7!#. Unfortunately, there is no theory o
compelling assumptions which allows us to determine th
phases.

In this paper we will analyze the discovery potential
future 0nbb decay searches in view of existing and fort
coming oscillation experiments. We will clarify the rol
0nbb decay searches will play in the identification of th
neutrino mass spectrum. In the previous studies, implicat
of mee for oscillation parameters and the other way arou
implications of oscillations searches formee have been dis-
cussed. In contrast, we focus here on the impact of res
from both neutrino oscillations and double beta decay on
reconstruction of the neutrino mass spectrum. We put
emphasis on possible future experimental results from lo
baseline experiments, cosmic microwave background~CMB!
explorers, supernovae measurements, precision studie
properties of the solar neutrino fluxes~day-night asymmetry,
neutrino energy spectra, etc.!.

For this we first~Sec. II! consider the general relation
between the effective Majorana mass of the electron neut
and the oscillation parameters. We will study the depende
of mee on the nonoscillations parameters. The crucial
sumptions which lead to predictions formee are identified.

In Secs. III–VIII we present a systematic and upda
study of predictions formee for possible neutrino mass spe
tra. In contrast with most previous studies using oscillat
data we quantify the contributions fromindividual mass
eigenstates and we keep explicitly the dependence on
known relative mass phases. The dependence of predic
on nonoscillation parameters—the absolute mass value
the phasesf i is studied in detail. We consider 3n schemes
with mass hierarchy~Sec. III!, partial degeneracy~Sec. IV!,
total degeneracy~Sec. V!, transition regions~Sec. VI!, in-
verse hierarchy~Sec. VII! and schemes with sterile neutrino
~Sec. VIII!. We analyze how forthcoming and planned osc
lation experiments will sharpen the predictions formee. In
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Sec. IX, comparing predictions ofmee from different
schemes we clarify the role future searches for 0nbb decay
can play in the identification of the neutrino mass spectru

II. NEUTRINO OSCILLATIONS AND NEUTRINOLESS
DOUBLE BETA DECAY

As has been pointed out in the introduction, the predict
of mee depends on oscillation (uUeiu,Dm2) and nonoscilla-
tion (m1 andf j ) parameters. In this section we will consid
general relations betweenmee and the oscillation parameters
We analyze the dependence of these relations on nonos
tion parameters. We quantify ambiguities which exist in p
dictions ofmee. Our results will be presented in a way whic
will be convenient for implementations of future oscillatio
results.

A. Effective Majorana mass and oscillation parameters

The oscillation pattern is determined by the effecti
Hamiltonian~in the flavor basis!

H5
1

2E
MM†1V, ~8!

whereE is the neutrino energy,M is the mass matrix, andV
is the ~diagonal! matrix of effective potentials which de
scribe the interaction of neutrinos in a medium.

The oscillation pattern is not changed if we add toH a
term proportional to the unity matrix:

MM†→MM†6m0
2I . ~9!

Indeed, the additional term does not change the mixing
leads just to a shift of the mass eigenstates squared by
same value without affectingDmi j

2 :

mi
2→mi

26m0
2 ~10!

~we considermi
22m0

2>0 for all i to keep the Hermiticity of
the Hamiltonian!. The additional term changes, however, t
0nbb mass. Thus for a given oscillation pattern there is
freedom inmee, associated withm0

2.
Let us study how arbitrarymee can be for a given oscil-

lation pattern. According to Eqs.~9! and ~10! for the three-
neutrino case we get

mee5umee
~1!u1eif2umee

~2!u1eif3umee
~3!u, ~11!

where mee
( i )[umee

( i )uexp(ifi) ( i 51,2,3) are the contributions
to mee from individual mass eigenstates which can be writt
in terms of oscillation parameters as

umee
~1!u5uUe1u2m1 , ~12!

umee
~2!u5uUe2u2ADm21

2 1m1
2, ~13!

umee
~3!u5uUe3u2ADm31

2 1m1
2 ~14!

and f i are the relative phases of the contributions fro
massesmi andmj ~the massm0

2 has been absorbed in defi
5-3
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FIG. 1. The effective Majorana massmee in the complex plane. Vectors show contributions tomee from individual eigenstates. The tota
mee appears as the sum of the three vectors. Allowed values ofmee correspond to modulies of vectors which connect two points on
circles. Herea5f32p, b5p2f2 . ~a! umee

(1)u.umee
(2)u1umee

(3)u: the vectorsmW ee
( i ) cannot form a triangle and no complete cancellati

occurs.~b! umee
(1)u<umee

(2)u1umee
(3)u: in this case complete cancellation occurs in the intersection points of the circles, so thatmee50.
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2). The contributionsmee

( i ) can be shown as vec
tors in the complex plane~Fig. 1!.

Without loss of generality we assumem3.m2.m1>0,
so thatm1 is the lightest state. Thennormal mass hierarchy
corresponds to the case when the electron flavor prevai
the lightest state:uUe1u2.uUe2u2,uUe3u2. We will refer to
inversehierarchy as to the case whenuUe1u2,uUe2u2 or/and
uUe3u2, i.e., when the admixture of the electron neutrino fl
vor in the lightest state is not the largest one.

Let us consider the dependence ofmee on nonoscillation
parameters mee5mee(m1 ,f j ). It is obvious that due to the
freedom in the choice ofm1 there is no upper bound fo
mee. However, in some special cases lower bounds onmee
exist.

Let us start with the two neutrino case which would co
respond to zero~or negligibly small! ne admixture in one of
mass eigenstates, e.g.,uUe3u. We consider first the case o
normal hierarchyUe1

2 .Ue2
2 . For m150 the effective mass

mee is uniquely fixed in terms of oscillation parameters:

mee
0 5uUe2u2ADm21

2 [sin2 uADm21
2 , ~15!

where sinu[Ue2. For nonzerom1 , the maximal and minima
values ofmee correspond tof250 andf25p.

The upper bound (f250) on mee increases withm1 mo-
notonously from mee

0 at m150 and approaches th
asymptotic dependencemee5m1 for largem1 @see Fig. 2~a!#.
The lower limit (f25p) decreases monotonously with in
crease ofm1 starting bymee

0 . It reaches zero at

m15
sin2 u

Aucos 2uu
ADm21

2 , ~16!

and approaches the asymptotic dependencemee5ucos 2uum1
at largem1 @see Fig. 2~a!#. Thus, for arbitrary values of os
cillation parameters, no bound onumeeu exists.

~2! In the case of inverse hierarchy,uUe2u.uUe1u, the
function mee(m1) has a minimum which differs from zero,

mee
min5Aucos 2uuDm21

2 ~17!

at
07300
in
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m15
cos2 u

Acos 2u
ADm21

2 . ~18!

At large m1 it has the asymptoticsmee5ucos 2uum1 @Fig.
2~b!#. As we will see, the existence of a minimal value
umeeu can play an important role in the discrimination
various scenarios.

Let us consider now the three-neutrino case. The m
mee is given by the sum of three vectorsmW ee

(1) , mW ee
(2) andmW ee

(3)

in the complex plane~see Fig. 1!, so that a complete cance
lation corresponds to a closed triangle. The sufficient con
tion for having a minimal value ofumeeu which differs from
zero for arbitrary nonoscillation parameters is

umee
~ i !u.(

j Þ i
umee

~ j !u. ~19!

That is, one of contributionsmee
( i ) should be larger than the

sum of the moduli of the two others.
Let us prove that this condition cannot be satisfied for

normalhierarchy case. Indeed, in Eq.~19! i cannot be 1. For
m150 we havemee

(1)50, at the same time the right-hande
side of Eq.~19! is larger than zero as long asUe1

2 Þ1 ~i.e.,
any nonzero mixing ofne exists!. The condition~19! cannot
be satisfied foriÞ1 either. In this case for a large enoug
m1 , so that m1.m2.m3 , we get mee

( i ),mee
(1) since Ue1

.Uei . This proof holds also for schemes with more th
three neutrinos. Thus one can conclude that neither an u
nor a lower bound onumeeu exists for any oscillation pattern
and normal mass hierarchy. Any valueumeeu>0 can be ob-
tained by varying the nonoscillation parametersm1 andf i j .

For inverse mass hierarchy we find that condition Eq.~19!
can be fulfilled for i 53. Since now bothm3.m2 ,m1 and
uUe3u.uUe2u,uUe1u one can get

m3uUe3u2.m2uUe2u21m1uUe1u2 ~20!

for any set of values of nonoscillation parameters provid
that the mixing of the heaviest state fulfills

uUe3u2.0.5. ~21!
5-4
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FIG. 2. Qualitative dependence of the effe
tive Majorana massmee on m1 in the two neu-
trino mixing case.~a! corresponds to the case o
normal mass hierarchy,~b! to the case of inverse
hierarchy. Shown are the contributionsmee

(1)

~dashed! and mee
(2) ~dotted!. The solid lines give

mee
max andmee

min , which correspond tof2150 and
f215p, respectively. While in the case of nor
mal hierarchy a complete cancellation is possib
so thatmee50, for inverse hierarchy a minima
value umee

minu.0 exists.
o
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Indeed, for large enoughm1 , such thatm1.m2.m3 , the
condition ~20! reduces to uUe3u2.uUe2u21uUe1u2[1
2uUe3u2, and the latter is satisfied for Eq.~21!. For smaller
values ofm1 the relative difference of massesm3.m2 ,m1
increases and the inequality of contributions in Eq.~20! be-
comes even stronger. Thus the inequality~21! is the suffi-
cient condition for all values ofm1 . This statement is true
also for any number of neutrinos. It is also independent
the relative size ofUe2 andUe1 .

Summarizing, we conclude that no upper bound onumeeu
can be derived from oscillation experiments, and a low
bound exists only for scenarios with inverse mass hierar
when the heaviest state (n3) mixes strongly with the electron
neutrino:uUe3u2.0.5.

For normal mass hierarchy certain values of the nonos
lation parametersm1 ,f j exist for whichmee50.

The cases of normal and inverse mass hierarchy~they
differ by signs ofDm2 once the flavor of the states is fixed!
can not be distinguished in vacuum oscillations. Howeve
is possible to identify the type of the hierarchy in studies
neutrino oscillations in matter, since matter effects dep
07300
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on the relative signs of the potentialV andDmi j
2 . This will

be possible in future atmospheric neutrino experiments, l
baseline experiments and also studies of properties of
neutrino bursts from supernova@37#.

B. Effective Majorana mass and the degeneracy
of the spectrum

As follows from Fig. 2, predictions formee can be further
restricted under assumptions about the absolute scale of
trino massesm1 . With increase ofm1 the level of degen-
eracy of the neutrino spectrum increases and we can di
guish three extreme cases:m1

2!Dm21
2 !Dm31

2 , in this case
the spectrum has a strongmass hierarchy. Dm21

2 !m1
2

!Dm31
2 , this is the case ofpartial degeneracy; Inequality

Dm21
2 !Dm31

2 !m1
2 corresponds tostrongdegeneracy.

There are also two transition regions whenm1
2;Dm21

2 and
m1

2;Dm31
2 . In what follows we will consider all these case

in order.
5-5
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C. Effective Majorana mass and present oscillation data

Present oscillation data do not determine precisely all
cillation parameters. The only conclusion that can be dra
with high confidence level is that the muon neutrino h
large ~maximal! mixing with some non-electron neutrin
state. The channelnm↔nt is the preferable one, and it is th
only possibility, if no sterile neutrino exists. Thus in 3n
schemes the atmospheric neutrino data are described
nm↔nt oscillations as dominant mode with

Dmatm
2 5~2 – 6!31023 eV2, sin2 2uatm50.8421,

~22!

and the best fit point

Dmatm
2 53.531022 eV2, sin2 2uatm51.0. ~23!

@29#, see also Ref.@30#. A small contribution of thenm↔ne
mode is possible and probably required in view of an exc
in the e-like events in the Super-K experiment.

As it was realized some time ago@8#, predictions formee
depend crucially on the solution of the solar neutrino pro
lem. The solution of the solar neutrino problem determin
the distribution of thene flavor in the mass eigenstates, a
this affects considerably expectations for the 0nbb mass.
Up to now the unique solution is not yet identified and the
are several possibilities@31#, see also Ref.@32#:

~1! Small mixing angle ~SMA! Mikheyev-Smirnov-
Wolfenstein~MSW! solution with

Dm(
2 5~0.4– 1!31025 eV2,

sin2 2u(5~0.2– 1.2!31022. ~24!

~2! Large mixing angle~LMA ! MSW solution with

Dm(
2 5~0.1– 1.5!31024 eV2, sin2 2u(5~0.53– 1!.

~25!

~3! Low mass~LOW! MSW solution with

Dm(
2 5~0.3– 2.5!31027 eV2, sin2 2u(5~0.8– 1!.

~26!

~4! Several regions of vacuum oscillation~VO! solutions
exist with

Dm(
2 ,1029 eV2, sin2 2u(.0.7. ~27!

There is a good chance that before the new generatio
double beta decay experiments starts operation studies o
solar neutrino fluxes by existing and forthcoming expe
ments will allow us to identify the solution of the solar ne
trino problem. The key measurements include the day-n
effect, the zenith angle dependence of the signal during
night, seasonal variations, energy spectrum distortions,
the neutral current event rate.

The LSND result@33# which implies

DmLSND
2 5~0.2– 2! eV2, sin2 2uLSND5~0.2– 4!31022

~28!
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is considered as the most ambiguous hint for neutrino os
lations. The KARMEN@34# experiment does not confirm th
LSND result but it also does not fully exclude this result~see
Ref. @33#!. The oscillation interpretation of the LSND resu
will be checked by the MINIBOONE@35# experiment. A
simultaneous explanation of the LSND result and of the
lutions of the solar and atmospheric neutrino problems
terms of neutrino mass and mixing requires the introduct
of a forth neutrino. We will discuss the 4n schemes in Sec
VIII.

Summarizing, there is a triple uncertainty affecting pr
dictions ofmee.

~1! An uncertainty in oscillation parameters. The oscill
tion pattern does not determine uniquely the 0nbb mass.
Moreover, not all relevant oscillation parameters are know
so that additional assumptions are needed.

~2! An uncertainty in the absolute scalem1 . Some infor-
mation onm1 can be obtained from cosmology and may
from direct kinematical measurements.

~3! An uncertainty in the relative phases. Clearly, the d
pendence on the phases is small in the case if one of
eigenstates gives a dominating contribution tomee.

In what follows we will consider predictions for th
0nbb mass in schemes of neutrino masses and mixi
which explain the solar and the atmospheric neutrino d
The schemes differ by the solution of the solar neutr
problem, the type of the hierarchy, and the level of deg
eracy. Relative phases are considered as free paramete

III. SCHEMES WITH NORMAL MASS HIERARCHY

In the case of strong mass hierarchy,

m1
2!Dm21

2 !Dm31
2 , ~29!

the absolute mass values of the two heavy neutrinos are c
pletely determined by the mass squared differences:

m3
25Dm31

2 5Dmatm
2 , m2

25Dm21
2 5Dm(

2 . ~30!

The only freedom left is the choice of the value ofm1 . In
this case the 0nbb mass is to a large extent determined
the oscillation parameters.

Since the heaviest neutrino has a massm3<0.1 eV, the
neutrino contribution to the hot dark matter component of
universe is small:Vn,0.01. This neutrino contribution can
not be seen with present and future experimental sensiti
in the CMB radiation, unless a large lepton asymmetry ex
@36#. Oberservational evidence of a significant amount of
HDM componentVn@0.01 would testify against this sce
nario.

A. Single maximal „large… mixing

In this schemenm andnt are mixed strongly inn2 andn3
~see Fig. 3!. The electron flavor is weakly mixed: it is mainl
in n1 with small admixtures in the heavy states. The so
neutrino data are explained byne→nm ,nt resonance conver
sion inside the Sun.~Notice thatne converts tonm andnt in
5-6
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comparable portions.! A small admixture ofne in n3 can lead
to resonantly enhanced oscillations ofne to nt in the matter
of the Earth.

Let us consider the contributions tomee from individual
mass eigenstates. The contribution from the third state,mee

(3) ,
can be written in terms of oscillation parameters as

mee
~3!.

1

4
ADmatm

2 sin2 2uee. ~31!

where the mixing sin2 2uee'4uUe3u2 determines the oscilla
tions ofne driven by the atmosphericDmatm

2 . The parameter
sin2 2uee immediately gives the depth of oscillation of th
ne-survival probability and it is severely constrained by t
CHOOZ experiment. In Fig. 4 the isomass lines of eq
mee

(3) in the oscillation parameter space are shown, toge
with various bounds from existing and future reactor a
accelerator oscillation experiments. The shaded region sh
the favored range ofDm13

2 from the atmospheric neutrin
data. As follows from Fig. 4 in the Super-K favored regio
the CHOOZ bound leads to

mee
~3!,231023 eV. ~32!

For the best fit value of the atmospheric neutrinos the bo
is slightly stronger:mee

(3),1.531023 eV.
The mixing sin2 2uee and thereforemee can be further re-

stricted by searches ofnm↔ne oscillations in the long base
line ~LBL ! experiments~K2K, MINOS, CERN-Gran-Sasso!.
The effective mixing parameter measured in these exp
ments equals sin2 2uem54uUe3u2uUm3u2, so that

sin2 2uee5
sin2 2uem

uUm3u2 , ~33!

FIG. 3. Pattern of neutrino masses and mixing in the scen
with mass hierarchy and SMA solution of the solar neutrino pr
lem. The boxes correspond to mass eigenstates, the sizes of d
ent regions in the boxes show admixtures of different flavo
Weakly hatched regions correspond to the electron flavor, stro
hatched regions depict the muon flavor, black regions presen
tau flavor.
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where the matrix elementuUm3u2 is determined by the domi
nant mode of the atmospheric neutrino oscillations. Us
Eq. ~33!, the valueuUm3u25 1

2 and the expected sensitivity t
sin2 2uem(Dm2) of K2K and MINOS experiments, we hav
constructed corresponding bounds in Fig. 4. According
Fig. 4, these experiments will be able to improve the bou
on mee

(3) by a factor of 2–5 depending onDm2 and reach 2
31024 eV for a value ofDmatm

2 at the present upper bound
For smaller values ofuUm3u2 the bound onmee will be
weaker. Taking the smallest valueuUm3u250.3 allowed by
the atmospheric neutrino data, we get that the bound onmee

FIG. 5. Contributions tomee from the individual mass eigen
states for the single maximal mixing scheme with mass hierarc
The bars correspond to allowed regions.

io
-
er-
.
ly
he

FIG. 4. Isomass (̂m&5umee
(3)u) lines ~solid lines! in the scheme

with hierarchical mass spectrum. From the upper right downw
umee

(3)u decreases from 0.01 to 0.0001 eV. Also shown are the
gions favored by the Super-Kamiokande atmospheric neutrino
with current bestfit~solid horizontal line! and Kamiokande~lower
and upper shaded areas, respectively, according to Ref.@29#! and
the borders of the regions excluded by CHOOZ~solid line! @38# as
well as the expected final sensitivity of KAMLAND and K2K
~dashed! @39# as well as of MINOS@40#.
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FIG. 6. The isomasŝ m&5mee
(2)

lines, determining the contribution o
the second state in theDm12

2

2sin2 2u12 plane for the hierarchica
scheme with the LMA MSW solution.
From the upper right downward:umee

(2)u
decreases from 0.01 to 0.001 eV. Als
shown is the MSW LMA 99% C.L. al-
lowed region from the combined analy
sis of the Homestake, GALLEX,
SAGE, and Super-Kamiokande rate
and the Super-Kamiokande and th
day-night asymmetry at Super
Kamiokande. The point indicates th
best fit value parameters. The horizo
tal lines correspond to contours of con
stant day-night asymmetry@42#. KAM-
LAND should observe a disappearanc
signal in this model.
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will be 1.7 times weaker. In any case, future LBL expe
ments will be able to probe the whole region of sensitivity
even the second stage of the GENIUS experiment.

A much stronger bound onmee
(3) can be obtained from

studies of neutrino bursts from supernovae@37#. A mixing
parameter as small as sin2 2uee51024 can give an observabl
effect in the energy spectra of supernova neutrinos. This
responds tomee

(3);231026 eV.
The contribution from the second mass eigenstate is c

pletely determined by the parameters being responsible
the solution of the solar neutrino problem:

mee
~2!.

1

4
ADm(

2 sin2 2u( . ~34!

Taking the 99% C.L. region of solution~24! we obtain

mee
~2!5~531027– 1025! eV, ~35!

and in the best fit point

mee
~2!5431026 eV. ~36!

The contribution from the lightest state is

mee
~1!5m1 cos2 u(.m1!m2,231023 eV, ~37!
07300
f
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which can be even larger thanmee
(2) : if the hierarchy between

the masses of the first and the second state is not too str
mm2.1022 ~for comparisonme /mm5531023), we get
mee

(1).231025 eV, with a typical intervalmee
(1);(0.2– 2)

31024 eV.
Summing up the contributions~see Fig. 5! one finds a

maximal value for the 0nbb mass

mee
max5~2 – 3!31023 eV ~38!

which is dominated by the third mass eigenstate. No low
bound onmee can be obtained from the present data. Inde
Ue3 and thereforemee

(3) can be zero. The same statement
true for mee

(1) , since no lower bound form1 exists. The only
contribution bounded from below ismee

(2).1026 eV. How-
ever, cancellations with the two other states can yield a z
value for the totalmee ~see Fig. 5!.

The following conclusions on future double beta expe
ments and neutrino oscillations can be drawn.

~1! If future experiments will detect neutrinoless beta d
cay with a rate corresponding tomee.231023 eV, the sce-
nario under consideration will be excluded, unless contri
tions to 0nbb decay from alternative mechanisms exist.

~2! As we have pointed out, future long-baseline oscil
tion experiments onnm→ne oscillations~MINOS! may fur-
ther improve the bound onUe3

2 and therefore onmee
max by a
5-8
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factor of ;2–5. A much stronger bound may be obtain
from supernovae studies@37#. As follows from Fig. 4 and
from the fact the SMA solution is realized, KAMLAND
should give a zero result in this scheme.

~3! An important conclusion can be drawn if future LB
and atmospheric neutrino experiments will observene oscil-
lations near the present upper bound. In particular, an
down asymmetry of thee-like events at Super-Kamiokand
is one of the manifestations of these oscillations@41#. In this
case then3 contribution to mee dominates, no significan
cancellation is expected and the dependence on the rel
phases is weak. One predicts then the result

mee'mee
~3!;Ue3

2 ADmatm
2 . ~39!

The observation of 0nbb decay withmee
exp;mee

(3) would pro-
vide strong evidence of the scheme, provided that the S
solution will be established. On the other hand, it will
difficult to exclude the scheme if 0nbb decay will not be
observed at the level which corresponds tomee ~39!. In this
case the scheme will be disfavored. However, one sho
take into account also possible cancellations ofmee

(3) and
mee

(1) , if the mass hierarchy is weak.

B. Bi-large mixing

The previous scheme can be modified in such a way
the solar neutrino data are explained by the large angle M
conversion. Now thene flavor is strongly mixed inn1 and
n2 .

The contribution from the third state is the same as in
previous scheme@see Eq.~31!# with the upper boundmee

(3)

,231023 eV ~32!.
The contribution from the second level,

mee
~2!5

1

2
~12A12sin2 2u(!ADm(

2 , ~40!

can be significant: both the mixing parameter and the m
are now larger. According to Fig. 6, in the region of th
LMA solution of the solar neutrino problem, the contributio
can vary in the interval

mee
~2!5~0.5– 4!31023 eV. ~41!

In the best fit point we getmee
(2).1.431023 eV. Notice that

a lower bound onmee
(2) exists in this scheme. Notice that

day-night asymmetry of about 6% indicated by the Sup
Kamiokande experiment would correspond tomee

(3)5(1 – 3)
31023 eV.

The contributionmee
(1) ,

mee
~1!.cos2 u(m1 , ~42!

where cos2 u.0.5– 0.84, is smaller than in the previou
scheme of Sec. III A, since nowne is not purelyn1 andm1
can be as large as 131023 eV for m1 /m2,0.1. Due to the
mass hierarchymee

(1) is much smaller thanmee
(2) ~see Fig. 7!.
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Summing up the contributions, we get a maximal value
mee

max.731023 eV. The typical expected value formee is in
the range of several 1023 eV. However, no lower bound on
mee can be obtained on the basis of the present data,
though values ofmee being smaller than 1023 eV require
some cancellation of the contributionsmee

(2) andmee
(3) .

Let us consider possible implications of future resu
from oscillations and 0nbb decay searches:

The observation ofmee.~few!31022 eV will exclude the
scheme.

The nonobservation of 0nbb decay will not exclude the
scheme due to possible cancellations.

The situation can, however, change in the future, if os
lation experiments restrict strongly one of the contributio
mee

(2) or mee
(3) . Let us discuss possible developments in t

direction:
Within several years solar neutrino experiments w

check the LMA solution. In particular, further measureme
of the day-night asymmetry and zenith angle distribution
Super-K and SNO could give a decisive identification of t
solution of the solar neutrino problem~see Fig. 6!. Notice
that precise measurements of the day/night asymmetry
sharpen the predictions ofmee

(2) . Moreover, the LBL reactor
experiment KAMLAND should observe an oscillation effe
thus providing an independent check of the LMA MSW s
lution.

If MINOS or atmospheric neutrino studies will fixmee
(3)

near the present upper bound, one can study the interfer
effects ofmee

(2) and mee
(3) in 0nbb decay determined by the

relative phasesf2 andf3 .

C. Scheme with vacuum oscillation solution

The solar electron neutrinosne oscillate in vacuum into
comparable mixtures ofnm andnt ~Fig. 8!. The fit to the data
indicates several disconnected regions in theDm22sin2 2u
plot. We consider the largeDm2 region, Dm25(4 – 9)
310210eV2, and sin2 2u.0.8, where oscillations allow one
to explain an excess of thee-like events in the recoil electron

FIG. 7. Contributions from different mass eigenstates tomee for
the bi-large mixing scheme with mass hierarchy.
5-9
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spectrum indicated by Super-Kamiokande.~Obviously a
small Dm2 will give even smaller contributions to the effec
tive Majorana mass.! In this case

mee
~2!5ADm2 sin2 u(,231025 eV. ~43!

Due to the mass hierarchy and large mixing, the light
mass eigenstate gives an even smaller contribution:mee

(1)

!mee
(2) . The contribution from the third state is the same

in Eq. ~31! and in Fig. 4. For the sum we get

mee.mee
~3!,231023 eV, ~44!

and clearly,mee
(3) can be the dominant contribution~Fig. 9!.

The following conclusions may be drawn.
~1! The observation ofmee.1022 eV will exclude the

scheme. On the other hand there is no minimal value formee
according to the present data, so that negative result
searches for 0nbb decay will have no serious implication
for this scheme.

~2! A positive signal for atmosphericne oscillations or in
the MINOS experiment will allow us to predict uniquely th
value of mee. Then searches formee will give a crucial
check of the scheme. The absolute scale of the neutrino m
will be fixed.

Similar results can be obtained for the LOW MSW so
tion. Here the mass squared differenceDm21

2 5331027 eV2

implies

mee
~3!,331024 eV. ~45!

Again mee
(1)!mee

(2) , and the main contribution may arise fro
the third state.

Thus models with normal mass hierarchy lead to rat
small values ofmee, certainly below 1022 eV. Moreover,
the largest value can be obtained in the scheme with
LMA MSW solution of the solar neutrino problem. Th
lower bound is of the order;1023 eV, unless cancellation
~which looks rather unnatural! occurs. Clearly, only the sec
ond stage of the GENIUS experiment can obtain posit
results.

FIG. 8. Neutrino masses and mixing pattern of the bi-maxim
mixing scheme with mass hierarchy.
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D. Triple maximal mixing scheme

In the scheme of Ref.@43# all elements of the mixing
matrix are assumed to be equal:uUi j u51/) ~see Fig. 10!.
The 0nbb mass is dominated by the contribution from th
third state:

mee
~3!5

1

3
ADmatm

2 . ~46!

The best fit of the atmospheric neutrino data in this sche
implies thatDmatm

2 .831024 eV2 and thus

mee'1022 eV. ~47!

The scheme has rather definite predictions for solar and
mospheric neutrinos. It does not give a good fit of the d
and will be tested by forthcoming experiments.

IV. SCHEMES WITH PARTIAL DEGENERACY

In the case of partial mass degeneracy,

Dm21
2 !m1

2!Dm31
2 , ~48!

the masses of the two light neutrinos are approximately eq
to m1 and the heaviest mass is determined by the atm
spheric mass squared difference:

m1'm2 , m3'ADm31
2 5ADmatm

2 . ~49!

The interval of masses implied by the condition of part
degeneracy~48! is rather narrow especially for the LMA an
SMA solutions of the solar neutrino problem, whenDm31

2

and Dm21
2 differ by two orders of magnitude only. A mas

value ofm1.331022 eV will shift m3 to larger values, and
therefore influence the contribution from the third eigensta
We will consider this ‘‘transition’’ case separately in Se
VI.

The contribution from the third state is the same as
hierarchical schemes~see Fig. 4!. For the two light states, the
contribution can be written as

mee
~1!1mee

~2!.m1~cos2 u(1eif2 sin2 u(!, ~50!

and depending on the relative phasef2 it varies in the inter-
val

mee
~1!1mee

~2!5m1~cos 2u(21!. ~51!

This contribution can be further restricted, if the solution
the solar neutrino problem will be identified. In the case
the SMA MSW solutionmee

(1) dominates; the dependence o
the phase practically disappears and one gets

mee
~1!1mee

~2!.m1 . ~52!

The condition of partial degeneracy implies that the massm1
should be in the interval:

0.531022 eV,m1,331022 eV

and thereforem1 can reach 331022 eV at most~Fig. 11!.

l
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Summing up all contributions we expectmee between
1023 and 331022 eV. Notice that a lower bound onmee
exists here. Near the upper bound the massmee is dominated
by the contribution from the lightest states and therefore
0nbb decay rate will give a direct measurement ofm1
'mee.

Observations ofmee larger thanmee
(3)5Ue3

2 m3 (mee
(3) can

be determined from oscillation experiments! would favor the
scheme, although will not allow one to identify it unambig
ously.

Future observations of 0nbb decay with mee.3
31022 eV will exclude the scheme testifying for spect
with complete degeneracy or inverse hierarchy~see Sec. V or
Sec. VII!.

For the LMA solution the typicalDm21
2 is bigger than in

the SMA case and the condition of partial degeneracy
plies an even narrower intervalm15(1 – 3)31022 eV.
Moreover, form1 at the lower limit of this interval, the dif-
ference of light mass eigenvalues can give a substantial
rection to formula ~50!. In the lowest approximation o
Dm2/m1

2 we get

FIG. 9. Contributions from different mass eigenstates tomee for
the bi-maximal mixing scheme with mass hierarchy.

FIG. 10. Neutrino masses and mixing in the scheme with thr
fold maximal mixing.
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mee
~1!1mee

~2!.m1~cos2 u(1eif2 sin2 u(!

1eif2
Dm(

2

2m1
sin2 u( . ~53!

The correction~last term in this equation! can be as big as
1023 eV and may turn out to be important when a cance
tion of mee

(1) andmee
(2) occurs.

Summing up the contributions we find, that the maxim
value ofmee can be about 331022 eV as in the case of the
SMA solution with similar implications for future 0nbb de-
cay searches. In contrast with the SMA case, now due
possible strong cancellations of the contributions no low
bound onmee can be obtained from the present data~Fig.
12!.

Future oscillation results will allow to sharpen the pred
tions of mee. In particular, the solar neutrino experimen
will allow to measure a deviation of mixing from the max

-

FIG. 11. Contributions from different mass eigenstates tomee

for partially degenerate scenarios with MSW SMA solution.

FIG. 12. Contributions tomee from different mass eigenstates i
schemes with partial degeneracy and LMA, LOW, or VO solutio
of the solar neutrino problem. The degenerate states give the m
contribution. A complete cancellation of contributions is possibl
5-11
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mal value. The bound 12sin2 2u(.0.1 would imply that
mee

(1)1mee
(2).331023 eV. In this case no complete cancell

tion in mee is possible and a minimum valuemee>1023 eV
appears. The searches forne oscillations driven byDmatm

2

will further restrict ~or measure! mee
(3) .

Future studies of the 0nbb decay can have the following
implications: ~i! A measurement ofmee.231022 eV will
exclude the scheme.~ii ! The nonobservation ofmee at the
level of 1023 eV ~second stage of GENIUS! can exclude the
scheme if future oscillation experiments will lead to a det
mination of the summee

(1)1mee
(2) and a lower bound onmee

will be derived. ~iii ! If mee will be observed at the leve
(0.3– 2)31022 eV ~and alternative schemes which yield
prediction in this interval will be rejected by other observ
tions!, thenmee measurements will imply a certain bound
the m12f2 plane.

In the case of the LOW solutionDm(
2 is much smaller

than for the LMA solution andm1 can be in the interva
m15(1023– 331022) eV. Correspondingly, the contribu
tion from the two lightest states can be in the wider ran
(1024– 331022) eV. The maximal value formee can reach
331022 eV. However, it will be impossible to establish
lower bound onmee even if the solar mixing angleu( will
be measured.

Notice that the LOW solution can be identified by a sp
cific enhancement of the regeneration effects~in particular
the day/night asymmetry! in the lower energy part of the
solar neutrino spectrum. An especially strong effect is
pected on the7Be line.

For vacuum oscillations the situation is similar to t
LOW case.

V. SCHEMES WITH COMPLETE MASS DEGENERACY

In schemes with a degenerate neutrino mass spectrum
common massm1 is much larger than the mass splittings:

Dm21
2 !Dm31

2 !m1
2. ~54!

This can be realized as long asm1.0.1 eV.
Already the present boundmee,0.2– 0.4 eV@44# implies

not too strong degeneracy unless a substantial cancellatio
the contributions in mee occurs. Indeed, ifDmatm

2 53
31023 eV2 andm1;0.2 eV, we get

Dm23

m1
'

Dmatm
2

2m2
2 5431022. ~55!

For m150.1 eV, the ratio equals 0.15.
In the case of the SMA solution thene flavor is mainly

concentrated inn1 and

mee
~1!.m1 cos2 u(@mee

~2!@mee
~3! . ~56!

Numerically, we getmee;mee
(1);m1.0.1 eV, i.e., close to

the present bound. Basically one measuresm1 by measuring
the 0nbb mass~see Fig. 13!.

Important conclusions follow from a comparison of th
0nbb decay results with the cosmological bounds on
07300
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neutrino mass@20#, as well as from bounds which follow
from observations of the large scale structure of the U
verse. In this scenario one expects

( mi53mee, ~57!

and therefore

Vn5
3mee

91.5 eV
h22. ~58!

Thus the effective Majorana massVn and the Hubble con-
stant are related. This relation may have the following imp
cations:

~1! A significant deviation from Eq.~58! will exclude the
scheme. The present bound onmee implies 3m1
<(0.6– 1) eV. If, e.g., data on the large scale structure of
universe will requireSmi.1 eV, this scheme will be ex-
cluded@15,17#.

~2! The discovery of 0nbb decay at the level of the
present bound, 0.1–0.2 eV, will giveSmi.0.3– 0.6 eV. This
range can be probed by Microwave Anisotropy Probe~MAP!
and Planck. If these experiments will put a bound on the s
of neutrino masses below 0.3 eV the scheme will be
cluded.

~3! This scheme will also be excluded, if cosmologic
observations will requireSmi.0.3 eV, but 0nbb decay
searches will give a bound belowmee,0.1 eV.

Apart from a confirmation of the SMA solution futur
oscillation experiments will not influence predictions ofmee
in this scheme.

Observations ofmee at the level 0.1–0.4 eV will be in
favor of the scheme.

For the LMA solution a significant cancellation of th
contributions from the first and the second state may oc
resembling the situation in the partially degenerate case.
have

FIG. 13. Contributions from different mass eigenstates tomee

for the scenario with complete mass degeneracy and the SMA
lution of the solar neutrino problem.
5-12
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mee
~1!1mee

~2!.m1~cos2 u(1eif2 sin2 u(!mee
~3!5m1uUe3u2.

~59!

SinceUe3
2 <0.03, the contribution from the first two state

dominates~Fig. 14!, unless strong mixing, which has an e
tremely small deviation from maximal mixing, is introduce
u12sin2 2u(u,1023, which leads to strong cancellation
Thus

mee'mee
~1!1mee

~2!5~cos 2u(21!•m15~0.221!m1 , ~60!

and sincem1.0.1 eV, we expect for sin2 2u50.96:

mee>231022 eV. ~61!

Notice that some recent studies show that even exact m
mal mixing is allowed by the present data, so that the c
cellation can be complete.

Precise measurements ofu( in future oscillation experi-
ments will play a crucial role for predictions of the ma
mee. If the scheme will be identified, measurements ofmee
will provide a bound in them12f-plane. The same result
hold also for the LOW solution.

For the vacuum oscillations of then( problem, the situ-
ation is similar to the one with LMA MSW. In the stric
bi-maximal schemeUe3

2 50 and Ue1
2 5Ue2

2 , so that forf2

5p mee[0 in the limit of equal masses. Small deviatio
from zero can be related to the mass difference ofm1 and
m2 :

mee.
1

2
~m12m2!5

1

4

Dm(
2

m1
.10210 eV

1 eV

m1
. ~62!

Thus no unique predictions formee exists. Although a large
value mee.0.1 eV would favor degenerate scenarios,
nonobservation of 0nbb decay at the level of 0.1 eV will no
rule out the scheme.

The identification of the scenario will require~i! a strong
upper bound onUe3 , ~ii ! the confirmation of the vacuum
oscillation solution and~iii ! a largemee.0.1 eV. This would

FIG. 14. Contributions from different mass eigenstates tomee

for the scenario with complete degeneracy and LMA, LOW, or V
solution.
07300
xi-
-

e

testify for the case of addition of then1 andn2 contributions.
An upper bound onm1 can be obtained from cosmology.

If, however, 0nbb decay will not be discovered it will be
practically impossible to exclude the scenario~and distin-
guish it from the hierarchical cases!, unless cosmology will
be able to measure neutrino masses down tom1.0.1 eV.
The key element is the precise determination ofu( and its
deviation from the maximal mixing.

Let us consider how deviations from the exact bi-maxim
case affect the predictions for the rate in double beta de
experiments. The lower bound on the effective mass tu
out to be

mee.m1A12sin2 2u. ~63!

We show this results in Fig. 15 as lines of minimal values
mee in the m12sin2 2u plane. These lines give the lowe
bound on values ofm1 and the upper bound on values
sin2 2u for which a given valuemee can be reproduced. We
have shown also the favored regions of the solar MSW la
mixing angle solution as well as the ‘‘just-so’’ vacuum o
cillation solution. E.g., aL CHDM model with a totalVm
50.5 of both cold and hot dark matter as well as a cosm
logical constant, and a Hubble constant ofh50.6 would fa-
vor an overall mass scale of about 0.5 eV. Assuming a m
ing corresponding to the best fit of solar large mixing MS
or vacuum oscillations, sin2 2u50.76, this yields ^m&
50.2– 0.5 eV. Larger mixing allows for smaller values
mee. In Fig. 15 also shown is the sensitivity of CMB studie
with MAP and Planck, which have been estimated to
sensitive toSmn50.5– 0.25 eV@48,47#. For not too large
mixing already the present 0nbb decay bound ontained from
the Heidelberg-Moscow experiment@44# is close to the sen-
sitivity of these cosmological observations.

VI. TRANSITION REGIONS

There are two intermediate regions ofm1 .
~1! The region withm1;ADm(

2 , where the transition be
tween the hierarchical case and the case with partial de
eracy occurs. Herem1;m2!m3 .

~2! The region withm1;ADmatm
2 which corresponds to

the transition between partial degeneracy to complete de
eracy: m1'm2;m3 . Here the two lightest states ar
strongly degenerate and their contributions are described
Eq. ~51! in Sec. IV. with the only difference thatm1 now can
be larger. Form1

2;Dmatm
2 , m1 and thereforemee can reach

0.1 eV.
The contribution from the third state is also modified:

mee
~3!5uUe3u2ADmatm

2 F11
m1

2

Dmatm
2 G1/2

. ~64!

Thus now for the same values of the oscillation parame
the contribution mee

(3) can be @11m1
2/Dmatm

2 #1/2;(1 – 2)
times larger.

In Fig. 16 we show the dependence of the individual co
tributions tomee on m1 . For mee

(3) only the upper bound is
used; the two other lines represent possible values ofmee

(1)
5-13
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FIG. 15. Plotted are isomasŝm&
5mee

112 lines in them12sin2 2u plane
for the case of cancellation between th
contributionsm1 andm2 in degenerate
scenarios. Mass splitting is neglecte
since m22m1!m1 and m32m1

,0.1m1 . Shown are the bestfit value
of m0 for cold1hot dark matter
~CHDM! for different values of the
Hubble constant~according to Ref.
@45#! and cosmological-
constant1cold1hot dark matter
~LCHDM! with Vm50.5 ~according to
Ref. @46#! scenarios. Also shown is the
sensitivity to m0 of MAP-Planck ac-
cording to Refs.@47# and@48#. Vertical
lines indicate the favored regions an
best fits of the LMA and VO solutions
according to Ref.@49#.
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and mee
(2) for certain neutrino mixing parameters. We sho

also the maximal and the minimal possible values ofmee.
The position of the first transition region is determined

the specific solution of the solar neutrino problem: Acco
ing to Fig. 16,m15(2 – 15)31023 eV for the LMA solution,
m15(1 – 9)31023 eV for the SMA MSW solution andm1
5(1 – 10)31025 eV for the VO solution.

The position of the second transition region,m1
5(3 – 20)31022 eV, is similar in all the cases.

The upper bounds onmee as functions ofm1 have a simi-
lar dependence for all the cases. The lower bounds are
ferent and depend on specific values of oscillation para
eters.

Thus for the LMA solutions a lower bound exists in th
range of mass hierarchy (m1,1023 eV) if the solar mixing
angle is sufficiently large@see Fig. 16~b!#. In this case the
contribution fromn2 dominates and no cancellation is po
sible even for maximal possiblemee

(3) . In contrast, for a
lower sin2 2u( the cancellation can be complete so that
lower bound appears@see Fig. 16~a!#.

In the first transition region all states contribute with co
parable portions tomee, thus cancellation is possible and n
lower bound exists.

In the second transition region as well as in the co
pletely degenerate case the first and the second state giv
dominating contributions tomee and the increase ofm3 does
not influence significantly the totalmee. The massmee is
determined bym1 andu( . Moreover, a larger sin2 2u( im-
07300
-

if-
-

-

-
the

plies a larger possible range ofmee for a given m1 @Figs.
16~a! and ~b!#.

Let us consider the SMA MSW solution@Fig. 16~d!#. In
the mass hierarchy region the third state gives the main c
tribution and no lower bound exists. A lower bound onmee
appears atm1.1.531023 eV and atm1.1022 eV the mass
mee is given bym1 .

In the case of the VO solution@Fig. 16~c!# the upper
bound onmee is given bymee

(3) up to m1;231024 eV. In
the range of partial degeneracy the contribution from the fi
and the second states become important. No lower boun
mee

(3) can be established from the present data in the wh
range ofm1 .

VII. SCHEME WITH INVERSE MASS HIERARCHY

Let us consider the partially degenerate spectrum with

m3
2'm2

25Dmatm
2 , m1

2!m2
2, Dm23

2 5Dm(
2 , ~65!

so that the mass of the second and third neutrino are de
mined from the atmospheric neutrino data. Thene flavor is
concentrated in the heavy states~inverse mass hierarchy!. A
small admixture ofne in the lightest state can exist~Fig. 17!.

The contribution tomee from the first state equals

mee
~1!5m1Ue1

2 . ~66!
5-14
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FIG. 16. mee ~eV! as a function ofm1 ~eV! for three-neutrino mixing. Shown are the contributionsmee
(1) ~dashed!, mee

(2) ~dotted!, andmee
(3)

~interrupted dashes!. The solid lines correspond tomee
max andmee

min and show the allowed region formee. Panels~a!–~d! correspond to the
case for normal hierarchy; panels~e!–~h!, inverse hierarchy. Shown are the cases~a! and~e! LMA MSW with Ue2

2 50.2, ~b! and~f! LMA
MSW with Ue2

2 50.4,~c! and~g! vacuum oscillation withUe2
2 50.5, and~d! and~h! SMA MSW with Ue2

2 5731023. The mixing of the third
state is varied from zero to its upper bound,Ue3

2 52.531022.
ts
n-

.

The inequality m1
2!Dmatm

2 implies m1,231022 eV for
m1

2/m2
2,0.1. Using then the CHOOZ result which restric

~in schemes with inverse hierarchy! Ue1
2 : Ue1

2 ,2.5
31022, we get

mee
~1!,531024 eV. ~67!
07300
The sum of the contributions from the two heavy dege
erate states can be written as

mee
~2!1mee

~3!.ADmatm
2 ~sin2 u(1eif23 cos2 u(!, ~68!

wheref23[f22f3 . For the SMA solution we get from Eq
~68!
5-15
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FIG. 16 ~Continued!.
ta
o

e

vor
mee'mee
~2!1mee

~3!'ADmatm
2 5~4 – 8!31022 eV ~69!

and in the bestfit point of the atmospheric neutrino da
mee'631022 eV. This means that the predicted value
mee

2 coincides withDmatm
2 ~Fig. 18!. This coincidence pro-

vides a unique possibility to identify the scheme~see also,
e.g., Ref.@12#!.

The relationmee
2 5Dmatm

2 applies also for the case of th
07300
:
f

LMA solution as long asf250.2

For the LMA solution the sum of the contributions from
the two heavy states lies in the interval

mee
~2!1mee

~3!5~cos 2u(21!•ADmatm
2 . ~70!

2Notice that if the mass degeneracy originates from some fla
blind interactions one may indeed expect that the masses ofn2 and
n3 have the same phase.
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FIG. 16 ~Continued!.
if
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For sin2 2u(,0.98 we getmee.431023 eV which is still
much larger thanmee

(1) . The compensation can be complete
the mixing is maximal. The valuemee

(2)1mee
(3),231023 eV

requires a very small deviation from maximal mixing:
2sin2 2u(,231023. Thus the lower bound onmee can be
further strengthened, if the deviation from maximal mixin
will be established.

FIG. 17. The neutrino mass and mixing pattern in the bi-la
mixing scheme with inverse mass hierarchy.
07300
A similar consideration holds for the cases of LOW MS
or vacuum oscillation solutions~see Fig. 19!.

The contribution of the two heavier eigenstates to
HDM, Vn5(2m1)/(91.5 eVh2);0.01, is rather small and
below the reach of future projects on measurements of c
mological parameters.

e

FIG. 18. Contributions tomee from different mass eigenstates i
the scheme with inverse mass hierarchy and SMA solution.
degenerate states give the main contribution, implying a uni
prediction formee.
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If the ne admixture in the lightest state is nonzero, so th
the ne oscillations driven byDm2 exist, the scheme can b
identified by studying matter effects in atmospheric and
pernova neutrinos as well as in the long-baseline exp
ments.

Indeed, in the case of inverse mass hierarchy thene2n38
level crossing~in matter! occurs in theantineutrinochannel,
so that in supernovae the antineutrinosn̄e will be strongly
converted into a combination ofn̄m ,n̄t and vice versa. This
leads to a hardn̄e’s spectrum at the Earth detector whic
coincides with the originaln̄m spectrum@37#.

In atmospheric neutrinos the identification of the type
mass hierarchy will be possible if the sensitivity will b
enough to detect oscillation effects ine-like events~electron
neutrinos and antineutrinos!. It will be also important to
measure the sign of the electric charge of the lepton, s
the matter effects are different in the neutrino and
tineutrino channels and this difference depends on the
of mass hierarchy.

These matter effects can be studied in LBL experime
@39,40# with neutrinos from neutrino factories where beam
of neutrinos and antineutrinos are well controlled.

Let us consider the dependence of the predictions formee
on m1 . In the schemes with inverse hierarchy there is o
one transition region:m1;ADmatm

2 , that ism1;m2'm3 or
m15(1 – 8)31022 eV. The sum of the contributions from
the second and the third states dominates in the whole ra
of m1 . It is determined by the ‘‘solar’’ mixing angleu( and
m2'm3 . The latter changes fromADmatm

2 in the hierarchical
region tom1 in the region of complete degeneracy@see Figs.
16~e!–~h!#. The massmee is completely predicted in terms o
m2 for the SMA solution@Fig. 16~h!#.

No lower bound onmee appears when the~solar! mixing
parameter is maximal or close to maximal.

VIII. FOUR NEUTRINO SCENARIOS

The introduction of new~‘‘sterile’’ ! neutrinos mixed with
the usual SU~2! doublet neutrinos opens new possibilities f

FIG. 19. Contributions tomee from different mass eigenstates
the schemes with inverse hierarchy and LMA, LOW, or VO so
tions. Now cancellation between the degenerate states is pos
leading to a wide range of values allowed formee.
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the construction of the neutrino mass spectrum and for
explanation of the data. It also modifies predictions ofmee.
Here we will consider several scenarios which are motiva
both by phenomenology and theory. All scenarios we w
discuss contain one or two~degenerate! states in the range
relevant for structure formation in the universe and/or for
LSND oscillations.

A. Scenario with small flavor mixing and mass hierarchy

The scheme~Fig. 20! is characterized by a mass hiera
chy:

m45mHDM , m3'ADmATM
2 , m2'ADm(

2 , m1!m2 .
~71!

The statesnm and ns are strongly mixed in the second an
fourth mass eigenstates, so thatnm↔ns oscillations solve the
atmospheric neutrino problem. All other mixings are sma
In particular, the solar neutrino problem is solved by sm
mixing MSW conversionne→nm , ns .

The main motivation for this scheme is to avoid the intr
duction of large mixing between flavor states and to keep
this way as much as possible correspondence with the q
sector.

A clear signature of the scheme is thenm↔ns oscillation
solution of the atmospheric neutrino problem. The solut
can be tested by~i! studies of the neutral current interaction
in atmospheric neutrinos, in particular,nN→nNp0 ~with N
5n,p), which gives the main contribution to the sample
the so calledp0 events~the rate should be lower in thenm
→ns case!; ~ii ! studies of the zenith angle distribution of th
upward going muons~stopping and through-going!; ~iii ! de-
tection of thet leptons produced by convertednt .

Recent Super-Kamiokande data do not show a defici
p0 events, and moreover thenm→nt oscillations give a bet-
ter fit ~of about 2–3s! of the zenith angle distribution thu
favoring thenm→nt interpretation. However, more data a
needed to draw a definite conclusion~see Ref.@30#!.

The novel element of this scheme~compared with the 3n
schemes discussed in the previous sections! is the existence

-
ble

FIG. 20. Neutrino masses and mixing in the 4n scenario with
small flavor mixing and mass hierarchy. Here the white parts of
boxes correspond to admixtures of the sterile state.
5-18
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of a heavy state in the HDM range. Its contribution tomee
equals

mee
~4!5Ue4

2 m4 . ~72!

The relevant parameters,Ue4 and m4 , can be determined
from studies of the short rangene↔ne oscillations~disap-
pearance! driven by the largest mass splittingm4'ADm2

'mHDM . For this channel the effective mixing angle equa

sin2 2uee54uUe4u2~12uUe4u2!'4uUe4u2, ~73!

so that

mee
4 '

1

4
ADm2 sin2 3uee. ~74!

The corresponding iso-mass lines in theDm22sin2 2u plot
together with various oscillation bounds are shown in F
21.

In the cosmologically interesting range,ADm2'mHDM
.(0.5– 5) eV, the mixing is constrained by the BUGEY e
periment: sin2 2uee5(2–4)31022. Therefore we get the up
per bound

mee
~4!.~2 – 5!31022 eV. ~75!

There is no strict relation betweenmee and the parameter
of the ne↔nm oscillations since both relevant mixing ele
ments Ue3 and Um3 are small. Indeed, now the effectiv
depth of oscillations is determined by sin2 2uem
54uUe3u2uUm3u2, so that

mee
~4!5

sin2 2uemmHDM

4uUm4u2
. ~76!

It is impossible to infer useful information from this unle
the Um4 will be determined from other experiments. Takin

FIG. 21. Isomassumee
(4)u lines in the four-neutrino scenario wit

small flavor mixing and mass hierarchy. The shadowed area sh
the region for neutrino masses of cosmological interest as HD
Also shown are the regions excluded by the reactor experim
BUGEY ~from Ref. @50#!.
07300
.

the bounduUm4u2,0.25 from the 3n analysis of the atmo-
spheric neutrino data, we get from Eq.~76! the lower bound

mee
~4!.sin2 2uemmHDM . ~77!

To get an estimation we assume sin2 2uem;1023 which
corresponds to upper bounds on the elementsUe4 and Um4
from the BUGEY experiment and searches fornm↔nt os-
cillations. ~Notice that LSND result cannot be complete
explained in this scheme.! This leads to

mee
~4!*1023 eV. ~78!

The contributions from the three light states are similar
the contributions in the 3n single maximal mixing scheme
with mass hierarchy~Sec. III A!. In particular, the larges
contribution may come from the third mass eigenstate:mee

(3)

5ADmatm
2 Ue3

2 ,231023 eV @see Eq.~32!#. The contribu-
tions from the two lightest states can be estimated asmee

(2)

5(531027– 1025) eV andmee
(1),231023 eV.

Thus the 0nbb mass~see Fig. 22! can be dominated by
the contribution of the heaviest state which can reachmee

'mee
(4);531022 eV.

The contribution depends strongly on the mixing ang
sin2 2uet . Short baseline experiments~such as the rejected
short baseline neutrino oscillation proposal TOSCA! could in
principle test the region of large massesmHDM.10 eV down
to sin2 2uet51023, which correspond to an improvement o
the upper bound onmee by 1–2 orders of magnitude. Due t
possible cancellations between the contributions no lo
bound onmee can be obtained from the present data.

Notice that the MINIBOONE experiment will probe th
mixing angle sin2 2uem down to 431024 eV and thus will
check the LSND result. A confirmation of the LSND resu
will exclude this scheme.

B. Scenario with two heavy degenerate neutrinos

The main motivation for this scenario~see Fig. 23! is to
explain the LSND result along with oscillation solutions
the solar and atmospheric neutrino problems@51,52#. The
masses are determined as

ws
.

nt

FIG. 22. Contributions tomee from different mass eigenstates i
the 4n scheme with small flavor mixing and mass hierarchy.
5-19
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m3'm4'ADmLSND
2 , m2'ADm(

2 , m1!m2 . ~79!

The neutrinosnm andnt are strongly mixed in the two heav
mass eigenstatesn3 and n4 , so that nm↔nt oscillations
solve the atmospheric neutrino problem. The two other n
trinos,ne andns , are weakly mixed in the two lightest mas
states and the resonancene→ns conversion solves the sola
neutrino problem.

The two heavy neutrinos with massesm3'm4 can be
relevant for cosmology, their contribution to a hot dark m
ter component equals

mHDM52m352ADmLSND
2 . ~80!

In this scheme the new element is the existence of
heavy degenerate states. Let us consider in details their
tribution tomee ~the effect of the two lightest states is smal!.
Using relations~79! we can write this contribution as

mee
~3!1mee

~4!'~ uUe3u21uUe4u2eif34!ADmLSND
2 ~81!

and f34[f42f3 is the relative phase of then3 and n4
masses. Let us express the masses in Eq.~81! in terms of
oscillation parameters. In short baseline experiments the
oscillation phases which enter are the ones between h
states and light states. One can neglect the oscillation p
between the two light states which is determined byDm(

2

and the phase between the two heavy states which is d
mined byDmatm

2 . In this case the oscillations are reduced
two neutrino oscillations with a phase determined
DmLSND

2 and the width for thene↔nm channel:

sin2 2uem54uUe3* Um31Ue4* Um4u2. ~82!

Let us consider two extreme situations: suppose an adm
ture of thene flavor in one of the heavy states is much larg
than in the other one, e.g.,uUe3u@uUe4u, then sin2 2uem
5uUe3u2uUm3u2, and thereforeuUe3u25sin2 2uem /uUm3u2. In this
case we get from Eq.~81! mee

(3)1mee
(4)'uUe3u2m3 , and con-

sequently,

FIG. 23. The pattern of the neutrino mass and mixing in
scheme with two degenerate neutrinos and one sterile compon
07300
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mee
~3!1mee

~4!'
sin2 2uem

uUm3u2 ADmLSND
2 . ~83!

SinceuUm3u2;0.5 is determined by atmospheric neutrino o
cillations, taking sin2 2uem5231023 and ADmLSND

2 51 eV
we find mee

(3)1mee
(4)'1023 eV.

Let us now take Ue3* Um3'Ue4* Um4 , then sin2 2uem

516uUe3* Um3u and mee
(3)1mee

(4)'sin2 2uemADmLSND
2 /2, pro-

vided that the two contributions are in phase. This resul
two times smaller than the result in the previous case.

For thene↔ne channel we find the depth of oscillation

sin2 2uee54U1~12U1!'4U1 , ~84!

where U1[uUe3u21uUe4u2. At the same time mee

<U1ADmLSND
2 /2, so that

mee
~3!1mee

~4!'
1

4
sin2 2ueeADmLSND

2 . ~85!

Using the BUGEY bound on sin2 2uee we get mee
(3)1mee

(4)

*1022 eV.
Since cancellations may show up, no lower bound can

obtained.
The same combination of neutrino mixing matrix el

ments~84! determines thene mode of oscillations in atmo-
spheric neutrinos. It will lead to an overall suppression of
number of thee-like events.

The contributions from the light states are similar to tho
in the 3n case~see Sec. III A!: mee

(2)5(531027– 1025) eV
andmee

(1)!231023 eV.
Summing up all the contributions we get that the 0nbb

mass can be at most (few)31022 eV being dominated by the
contribution of the heavy states at the upper bound~Fig. 24!.
A coincidence of a 0nbb decay signal in this range with

e
nt.

FIG. 24. Contributions tomee from different mass eigenstate
for the 4n scheme with two degenerate pairs of neutrinos and n
mal mass hierarchy.
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confirmation of the LSND oscillations by MINIBOONE ca
be considered as a hint for this scheme. At the same t
since cancellation between different contributions can sh
up, no lower bound onmee exists. Thus, a nonobservation
0nbb decay of the order of magnitude (few)31022 eV does
not rule out the scheme.

A similar situation appears in the ‘‘grand unification
scenario@53,54# which is characterized by strong mixing o
nm andns in the two heavy states and mixing ofne andnt in
the two light states~Fig. 25!. Here the atmospheric neutrin
problem is solved bynm↔ns oscillations whereas the sola
neutrino data are explained byne2nt conversion.

C. Scenario with inverse mass hierarchy

The mass hierarchy in the two schemes with two pairs
states with small splitting can be inverse. In the first casene
and ns flavors are concentrated in the two heavy statesn3
and n4 , whereasnm and nt are in the two light states. Th
dominating contribution comes from the third state whi
almost coincides withne :

mee'mee
~3!'ADmLSND

2 '0.4– 1 eV. ~86!

Thus in the context of this scheme the double beta de
searches check immediately the LSND result, and in f
already existing data disfavor the scheme.

Another possibility of the inverse hierarchy is that thene
andnt flavors are concentrated in the heavy states, whe
nm andns are in the pair of light mass states whose splitti
leads to the atmospheric neutrino oscillations. The situa
is similar to that for the 3n scheme with inverse hierarch
~see Sec. VII! with the only difference thatDmatm

2 should be
substituted byDmLSND

2 :

mee
~3!1mee

~4!.ADmLSND
2 ~sin2 u(1eif23 cos2 ub.!. ~87!

The third and the fourth mass eigenstates give the domi
ing contributions. Thus the expected interval for the to
effective mass is

mee'ADmLSND
2 ~cos 2u(21!. ~88!

This interval can be probed already by existing experime
although for large mixing angle solutions of the solar ne
trino problem~LMA, LOW, VO ! strong cancellation can oc
cur.

IX. DISCUSSION AND CONCLUSIONS

We have performed a general analysis of the depende
of the effective Majorana mass on the oscillation a
nonoscillation parameters. Systematic studies of contr
tions from the individual mass eigenstates have been
formed. We also have considered future developments
view of forthcoming oscillation results. A systematic stu
of predictions from various schemes allows us to comp
these predictions and to conclude on implications of fut
double beta decay searches.

In Fig. 26 we summarize the predictions formee in vari-
ous schemes considered in this paper. We also show
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present upper bound of 0nbb decay experiments@44# and
regions of sensitivity which can be reached in future dou
beta decay experiments. Future double beta decay pro
such as GENIUS@55,13,56#, CUORE@57#, MOON @58# will
lead to a significant improvement of the sensitivity. The m
ambitious and at the same time most realistic project, G
NIUS, will test mee down to 231022 eV in the one ton
version with one year of measurement time and down t
31023 eV in the ten ton version with ten years of measu
ment time.

According to Fig. 26 there are two key scales ofmee,
which will allow one to discriminate among variou
schemes:mee;0.1 eV andmee50.005 eV.

~1! If future searches will show thatmee.0.1 eV, then the
schemes which will survive are those with neutrino ma
degeneracy or 4n schemes with inverse mass hierarchy. A
other schemes will be excluded.

~2! For masses in the intervalmee50.005– 0.1 eV, pos-
sible schemes include: 3n schemes with partial degenerac
triple maximal scheme, 3n schemes with inverse mass hie
archy and 4n scheme with one heavy@O(1 eV)# neutrino.

~3! If mee,0.005 eV, the schemes which survive aren
schemes with mass hierarchy, schemes with partial deg
eracy, and the 4n schemes with normal hierarchy. Th
schemes with degenerate spectrum and inverse mass h
chy will be excluded, unless large mixing allows for stron
cancellations. Formee,0.001 eV this applies also fo
schemes with a partial degenerate spectrum, again un
large mixing occurs.

Future oscillation experiments will significantly reduc
the uncertainty in predictions formee and therefore modify
implications 0nbb decay searches. Before a new generat
of 0nbb decay experiments will start to operate we can e
pect the following.

The solution of the solar neutrino problem will be iden
fied. Moreover,Dm(

2 and sin2 2u( will be determined with
better accuracy. In particular, in the case of the solutio
with large mixing ~LMA, LOW, VO ! the deviation of 1
2sin2 2u( from zero can be established.

The dominant channel of the atmospheric neutrino os
lation (nm2nt or nm2ns) will be identified. The mass
Dmatm

2 will be measured with better precision

FIG. 25. The neutrino masses and mixing in the grand unifi
tion scenario.
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FIG. 26. Summary of expected values formee in the different schemes discussed in this paper. The expectations are compared w
recent neutrino mass limits obtained from the Heidelberg-Moscow@44# experiment as well as the expected sensitivities for the CUORE@57#,
MOON @58# proposals and the one ton and ten ton proposal of GENIUS@13#.
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A stronger bound on the elementUe3 will be obtained or
it will be measured if oscillations of electron neutrinos to t
neutrinos driven byDmatm

2 will be discovered in the atmo
spheric neutrino or LBL experiments.

The LSND result will be checked by MINIBOONE.
In the following we summarize possible consequences

these oscillation results. The conclusions obtained are
always stringent enough to exclude or prove any of the
lutions in the whole parameter space. In these cases we
phrases like ‘‘favor’’ or ‘‘disfavor’’ to describe the situation

~1! Let us first comment on how the identification of th
solution of the solar neutrino problem will modify implica
tions of the 0nbb decay searches.

If the SMA solution of the solar neutrino problem turn
out to be realized in nature, a value ofmee.0.2 eV will
imply a completely degenerate neutrino mass spectrum
schemes with inverse mass hierarchy. The measured val
mee will coincide with m1 and will fix the absolute mas
scale in the neutrino sector. A confirmation of this conc
sion can be obtained from the CMB experiments MA
and Planck, if the degenerate neutrino mass is larger
.0.1 eV.

For lower values,mee5231023– 1022 eV, a scheme
with partially degenerate spectrum will be favored. Aga
we havemee5m1 and the mass scale can be fixed.

For even lower mass values:mee,231023 eV, or, after
MINOS improved the bound onmee

(3) ,mee&431024 eV,
with the contributionmee

(3) a new parameters enters, whic
for largermee could be neglected. Thus it will be impossib
to quantify the contribution of each single state tomee,
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unlessmee
(3) will be fixed in atmospheric or LBL oscilla-

tions.
If the LMA solution of the solar neutrino deficit turns ou

to be realized in nature, a valuemee.231022 eV will tes-
tify for a scenario with degenerate mass spectrum. A con
mation of this result will be obtained from the CMB exper
ments MAP and Planck, if the degenerate neutrino mas
larger than.0.1 eV. Using the mixing angle determined
solar neutrino experiments the range for the absolute m
scale can be determined frommee according to Fig. 15. A
value of mee,231022 eV will favor schemes with partia
degeneracy or hierarchical spectrum. As soon asmee,2
31023 eVmee

(3) becomes important and enters as a new
rameter and it will be difficult to reconstruct the type
hierarchy.

If the LOW or VO solution is the solution of the sola
neutrino problem, the situation is similar to the MSW LM
case. The only difference is, that an observed 0nbb mass
mee.231023 eV will imply a partially or completely de-
generate scheme. Below this value the type of hierarchy c
not be identified until bounds onmee

(3) will be improved.
For schemes with inverse mass hierarchy the situation

be more definite:
If the MSW SMA solution turns out to be true, a value

mee5ADmatm
2 5(5 – 8)31022 eV is expected. This value

coincides withm1.m2 and therefore will give the absolut
mass scale. For larger masses:mee.831022 eV the transi-
tion to a completely degenerate spectrum occurs.

If the MSW LMA, MSW LOW, or vacuum oscillation
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solution is realized, a value ofmee5(0.02– 8)31022 eV
will testify for inverse mass hierarchy. The interval of e
pected values ofmee can be narrower once the deviation
12sin2 2u from zero will be measured in solar neutrino e
periments.

For larger values of masses:mee.831022 eV the
scheme approaches the degenerate case.

~2! The discovery of a sterile neutrino will have signifi
cant impact on the implications of the double beta de
searches.

The existence of a sterile neutrino can be established
confirmation of the LSND result in MINIBOONE, or by a
proof of thene→ns oscillations solution of the solar neutrin
problem by SNO, or by studies of the atmospheric neutrin

For four n scenarios the interpretation of the 0nbb decay
results is rather ambiguous. A value ofmee.(few)
31022 eV will favor the intermediate mass scale scenar
while a value ofmee,1023 eV will favor a scenario with
two degenerate pairs of neutrinos and normal mass hie
chy. A value of mee.1021 eV will clearly disfavor a
strongly hierarchical scheme with normal mass hierarchy
favor the cases of inverse hierarchy or degeneracy. In
cases it will be difficult to disentangle the single contrib
tions and to identify a specific spectrum. Important input
this case may come from the CMB experiments MAP a
Planck by fixing the mass of the heaviest state.

~3! Ue3 : further searches forne oscillations in atmo-
spheric neutrinos, LBL and reactor experiments will allo
one to measure or further restrict this mixing element. Th
in turn, will be important for sharpening the predictions f
mee especially in the schemes with strong mass hierarch

~4! Matter effects and hierarchy: Studies of matter effe
on neutrino oscillations will allow us to establish the type
mass hierarchy, which in turn is of great importance for p
dictions ofmee.

We can conclude from this summary, that in 3n scenarios
any measurement ofmee.231023 eV in 0nbb decay~cor-
responding to the final sensitivity of the ten ton version
GENIUS! will provide informations about the character
hierarchy of the neutrino mass spectrum and in some c
also to fix the absolute mass scale of neutrinos. For va
of mee,231023 eV no reconstruction of the spectru
is possible until the contributionmee

(3) will be fixed or
bounded more stringent in atmospheric or LBL neutrino
cillations. For four-neutrino scenarios it will be not that ea
to fix the mass scale of the neutrino sector. Crucial inform
tions can be obtained from tests of the LSND signal a
cosmology.

As has been mentioned before, a nonzero 0nbb decay rate
always implies a nonvanishing neutrino Majorana mass@4#.
Let us comment finally on possible ambiguities in the int
pretation of a positive signal in neutrinoless double beta
cay in terms ofmee, in view of the existence of differen
alternative mechanisms, which could induce neutrinol
double beta decay, such asR-parity violating SUSY, right-
handed currents, or leptoquarks. While no absolute uni
method to identify the mechanism being responsible for n
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trinoless double beta decay exists, the following remarks
be done:

~1! Many of the possible alternative contributions requ
new particles, e.g., SUSY partners, leptoquarks, right-han
W bosons or neutrinos having masses in or below the T
range, which to date not have been observed. Thus one
pects to observe effects of new particles at future high ene
colliders as the LHC or the NLC, giving independent infi
mations on possible contributions to 0nbb decay@keeping in
mind an uncertainty in nuclear matrix elements of abou
factor of O~2!#. Notice that the same new interactions me
tioned here may induce effects in neutrino oscillations a
imply ambiguities in the interpretation of the data also the
~see, e.g., Refs.@7,59#!.

~2! Using different source isotopes in different expe
ments and figuring out the values of 0nbb decay nuclear
matrix elements for different contributions may help to ide
tify the dominant one. Also a future experiment being sen
tive to angular correlations of outgoing electrons could
useful in the discrimination of different contributions. Ob
serving a positive signal in 0nbb decay should encourag
new experimental efforts to confirm the results.

~3! Last but not least and as discussed in this pape
nonzero 0nbb decay signal can be related to some expe
mental results~both positive and negative! in neutrino oscil-
lations and cosmology. A coincident and noncontradicto
identification of a single neutrino mass scheme from
complementary results in such different experiments t
should be respected as a strong hint for this scheme.

In conclusion, after Super-Kamiokande has establis
large mixing in atmospheric neutrinos, the simplest neutr
spectrum with strong mass hierarchy and small flavor mix
~which typically predicts an undetectablemee) is excluded.
Now the neutrino mass spectrum can exhibit any surprise
can have a normal or inverse mass hierarchy, be partiall
completely degenerate. More than three mass eigenstate
be involved in the mixing. In view of this more complicate
situation a detection of a positive signal in future double b
decay searches seems to be rather plausible. We have s
that for a given oscillation pattern any value ofmee is pos-
sible, which is still not excluded by the experimental boun
on the neutrinoless double beta decay half-life limit.~A
lower bound onmee appears in the case of inverse ma
hierarchy.! This means that even after all oscillations para
eters will be measured no unique prediction ofmee can be
derived. On the other hand this means that double beta d
searches provides informations being independent on in
mations obtained from oscillation experiments. Combini
the results of double beta decay and oscillation searches
fers a unique possibility to shed some light on the abso
scale of the neutrino mass, the type of hierarchy, and
level of degeneracy of the spectrum. If we want eventually
reconstruct the neutrino mass and flavor spectrum, fur
searches for neutrinoless double beta decay with increa
sensitivity seem to be unavoidable.

Note added. When this paper was being prepared for su
mission the papers of Ref.@60# appeared which discuss sim
lar topics.
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