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Neutrinoless double-b decay with three or four neutrino mixing

Carlo Giunti
INFN, Sezione di Torino, and Dipartimento di Fisica Teorica, Universita` di Torino, Via P. Giuria 1, I-10125 Torino, Italy

~Received 8 June 1999; published 3 January 2000!

Considering the scheme with mixing of three neutrinos and a mass hierarchy that can accommodate the
results of solar and atmospheric neutrino experiments, it is shown that the results of solar neutrino experiments
imply a lower bound for the effective Majorana mass in neutrinoless double-b decay, under the natural
assumptions that massive neutrinos are Majorana particles and there are no unlikely fine-tuned cancellations
among the contributions of the different neutrino masses. Considering the four-neutrino schemes that can
accommodate also the results of the LSND experiment, it is shown that one of them is favored by the results
of neutrinoless double-b decay experiments and the measurement of the abundances of primordial elements
produced in big-bang nucleosynthesis. It is shown that in this scheme, under the assumptions that massive
neutrinos are Majorana particles and there are no cancellations among the contributions of the different
neutrino masses, the results of the LSND experiment imply a lower bound for the effective Majorana mass in
neutrinoless double-b decay.

PACS number~s!: 23.40.2s, 14.60.Pq, 14.60.St
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I. INTRODUCTION

Neutrino oscillation@1–3# is one of the most intriguing
phenomena of present day high-energy physics and on
the most promising ways to explore physics beyond the s
dard model. At present there are three experimental ind
tions in favor of neutrino oscillations that have been obtain
in solar neutrino experiments~Homestake@4#, Kamiokande
@5#, GALLEX @6#, SAGE @7#, and Super-Kamiokande@8#!,
in atmospheric neutrino experiments~Kamiokande@9#, IMB
@10#, Super-Kamiokande@11#, Soudan-2@12#, and MACRO
@13#!, and in the Liquid Scintillation Neutrino Detecto
~LSND! experiment@14,15#. On the other hand, neutrinoles
double-b decay (bb0n) experiments@16–19# and the experi-
ments on the direct measurement of neutrino masses@20#
have not obtained any positive result so far~see@21#!. The
connection between the properties of neutrinos that de
mine neutrino oscillations~mass squared differences an
neutrino mixing! and neutrinoless double-b decay has been
discussed in many papers@22–33#. In this paper we discus
some implications of the latest results of neutrino oscillat
experiments for neutrinoless double-b decay and we show
that under reasonable assumptions there is a lower boun
the effective Majorana neutrino mass measured inbb0n de-
cay experiments.

If massive neutrinos are Majorana particles, the ma
element ofbb0n decay is proportional to the effective Ma
jorana mass

u^m&u5U(
k

Uek
2 mkU, ~1.1!

whereU is the mixing matrix that connects the flavor ne
trino fields naL (a5e,m,t) to the fieldsnkL of neutrinos
with massesmk through the relation

naL5(
k

UaknkL . ~1.2!
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The present experimental upper limit foru^m&u,

u^m&uexpt<0.220.4 eV ~90% C.L.!, ~1.3!

has been obtained from the measurement of the half-life
76Ge in the Heidelberg-Moscow experiment@T1/2

0n (76Ge)
>5.731025 yr at 90% C.L.# @18#. The range of the uppe
bound~1.3! is due to the uncertainty of the theoretical ca
culation of the nuclear matrix element and has been obta
from the results of different calculations using the quasip
ticle random phase approximation~QRPA! @34,35#. In par-
ticular, the recent QRPA calculation in@35# yields the rather
stringent upper boundu^m&uexpt<0.27 eV. On the other hand
the shell model calculation in@36# yields the loser bound
u^m&uexpt<0.56 eV. However, the calculation of the nucle
matrix element for the neutrinoless double-b decay of 76Ge
presented in@36# has been truncated before reaching conv
gence and the full calculation is expected to yield a m
stringent upper bound foru^m&uexpt. Therefore, in the follow-
ing we will consider the range in Eq.~1.3! as a reliable
estimate of the uncertainty of the experimental upper bo
for the effective Majorana massu^m&u.

The next generation ofbb0n decay experiments is ex
pected to be sensitive to values ofu^m&u in the range
1022–1021 eV @17#. Values ofu^m&u as small as about 1023

eV may be reachable not far in the future@19#.
After the measurement in the Super-Kamiokande exp

ment of an up-down asymmetry ofm-like events induced by
atmospheric muon neutrinos, the experimental evidence
favor of oscillations of atmospheric neutrinos is widely co
sidered to be beyond reasonable doubts~see, for example,
@2,37,3#!. There are also convincing arguments in favor o
neutrino oscillation explanation of the solar neutrino proble
~see, for example,@38,2,39#!. Therefore, in this paper we wil
consider first, in Sec. II, the implications forbb0n decay in
the scheme with mixing of three neutrinos and a mass h
archy that can accommodate the results of atmospheric
solar neutrino experiments. In Sec. III we consider t
schemes with four massive neutrinos that can accommo
©2000 The American Physical Society02-1
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CARLO GIUNTI PHYSICAL REVIEW D 61 036002
all neutrino oscillation data, including the LSND results
favor of nm→ne and n̄m→ n̄e oscillations that wait for inde-
pendent confirmations by other experiments@40,41#.

II. THREE NEUTRINOS WITH A MASS HIERARCHY

The results of solar and atmospheric neutrino experime
indicate the existence of a hierarchy of mass-squared di
ences~see@38,42–45,11#!:

Dmsun
2 &1024 eV2!1023 eV2&Dmatm

2 &1022 eV2,
~2.1!

where Dmsun
2 and Dmatm

2 are the mass-squared differenc
relevant for solar and atmospheric neutrino oscillations,
spectively. A natural scheme that can accommodate this
erarchy is the one with three neutrinos and a mass hierar

~2.2!

In the framework of the hierarchical spectrum~2.2! the mass-
squared differences relevant for the oscillations of solar
atmospheric neutrinos are

Dmsun
2 5Dm21

2 [m2
22m1

2.m2
2,

Dmatm
2 5Dm31

2 [m3
22m1

2.m3
2. ~2.3!

The mass hierarchy~2.2! is predicted by the seesaw mech
nism @46#, which predicts also that the tree light massi
neutrinos are Majorana particles. In this case neutrino
double-b decay is possible.

It has been shown in@25–27# that the results of neutrino
oscillation experiments imply a rather stringent upper bou
~about 631023 eV! for the effective Majorana mass in neu
trinoless double-b decay in the scheme with mixing of thre
neutrinos and a mass hierarchy. In principle the effect
Majorana mass~1.1! can be vanishingly small because
cancellations among the contributions of the different m
eigenstates. However, since the neutrino masses and th
ements of the neutrino mixing matrix are independent qu
tities, if there is a hierarchy of neutrino masses, such a c
cellation would be the result of an unlikely fine-tunin
unless some unknown symmetry is at work. Here we c
sider the possibility that no such symmetry exists andno
unlikely fine-tuning operates to suppress the effective M
rana mass~1.1!. In this case we have

u^m&u.max
k

uUeku2mk . ~2.4!

Let us define the absolute value of the contribution of
neutrino massmk to u^m&u as

u^m&uk[uUeku2mk ,. ~2.5!

In the following we will estimate the value ofu^m&u using the
largestu^m&uk obtained from the results of neutrino oscill
tion experiments.
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The results of the CHOOZ experiment@47# and the
Super-Kamiokande atmospheric neutrino data@11# imply
that uUe3u2 is small (uUe3u2&531022) and there is an uppe
limit of about 631023 eV for the contributionu^m&u3 to the
effective Majorana mass inbb0n decay@25–27#. Since there
is no lower bound foruUe3u2 from experimental data,u^m&u3
could be very small.

Hence, the largest contribution tou^m&u could come from
u^m&u2[uUe2u2m2. Since in the framework of the schem
with mixing of three neutrinos and a mass hierarchyDmsun

2

.m2
2 anduUe2u2. 1

2 (12A12 sin2 2qsun) @48#, whereqsun is
the two-neutrino mixing angle used in the analysis of so
neutrino data, we have

u^m&u2. 1
2 ~12A12 sin2 2qsun!ADmsun

2 . ~2.6!

Solar neutrino data imply bounds for sin2 2qsun and
Dmsun

2 . In particular the large mixing angle~LMA !
Mikheyev-Smirnov-Wolfenstein ~MSW! @49# solution
~LMA-MSW ! of the solar neutrino problem, which seems
be favored by recent data@50#, implies that@42#

1.231025 eV2<Dmsun
2 <3.131024 eV2,

0.58< sin2 2qsun<1.00 ~2.7!

at 99% C.L., taking into account the total rates measured
solar neutrino experiments and the day-night variations
served in the Super-Kamiokande experiment@8#. Hence, for
the contribution ofm2 to the effective Majorana mass w
obtain

631024 eV&u^m&u2&931023 eV. ~2.8!

This estimate does not take into account the correlation
tweenDmsun

2 and sin2 2qsun. The precise allowed range fo
u^m&u2 as a function ofDmsun

2 obtained with Eq.~2.6! from
the LMA-MSW region~99% C.L.! in Fig. 2 of Ref.@42# is

FIG. 1. The shadowed area shows the allowed range foru^m&u2

as a function ofDmsun
2 in the scheme with mixing of three neutrino

with a mass hierarchy discussed in Sec. II, in the case of the LM
MSW solution of the solar neutrino problem. The shadowed a
has been obtained using Eq.~2.6! and the allowed range fo
sin2 2qsun given by the LMA-MSW region~99% C.L.! in the
sin2 2qsun–Dmsun

2 plane presented in Fig. 2 of Ref.@42#. The dashed
line represents the unitarity limitu^m&u2<ADmsun

2 .
2-2
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NEUTRINOLESS DOUBLE-b DECAY WITH THREE OR . . . PHYSICAL REVIEW D 61 036002
shown in Fig. 1. The dashed line in Fig. 1 represents
unitarity limit u^m&u2<ADmsun

2 . From Fig. 1 one can see tha
the LMA-MSW solution of the solar neutrino problem im
plies that1

7.431024 eV&u^m&u2&6.031023 eV. ~2.9!

Assuming the absence of fine-tuned cancellations am
the contributions of the three neutrino masses to the effec
Majorana mass, ifuUe3u2 is very small andu^m&u3!u^m&u2,
from Eqs.~2.4! and ~2.9! we obtain

731024 eV&u^m&u&631023 eV. ~2.10!

Hence, we see that,assuming the absence of an unlike
fine-tuned suppression ofu^m&u, the results of solar neutrino
experiments give an indication of the value of the effec
Majorana mass inbb0n decay, with a lower bound of abou
731024 eV in the case of the LMA-MSW solution of t
solar neutrino problem. This bound is rather small, but va
ues ofu^m&u of the order of 1023 eV, indicated by the range
~2.10!, may be measurable in a not too far future@19#.

Also the small mixing angle MSW~SMA-MSW! and the
vacuum oscillation~VO! solutions of the solar neutrino prob
lem imply allowed ranges foru^m&u2, but their values are
much smaller than in the case of the LMA-MSW solutio
Using the 99% C.L. allowed regions obtained in@38# from
the analysis of the total rates measured in solar neutrino
periments we have

531027 eV&u^m&u2&1025 eV ~SMA2MSW!,
~2.11!

1026 eV&u^m&u2&231025 eV ~VO!. ~2.12!

III. FOUR NEUTRINOS

If, in addition to the solar and atmospheric neutrino da
also the results of the accelerator LSND experiment
taken into account, at least three independent mass-squ
differences are needed. This can be seen by considering
general expression for the probability ofna→nb transitions
in vacuum@1–3#, which can be written as

Pna→nb
5U(

k
Uak* Ubk expS 2 i

Dmk j
2 L

2E DU2

, ~3.1!

whereDmk j
2 [mk

22mj
2 , j is any of the mass-eigenstate ind

ces,L is the distance between the neutrino source and de
tor, andE is the neutrino energy. The range ofL/E probed
by each type of experiment is different:L/E*1010 eV22 for
solar neutrino experiments,L/E;102–103 eV22 for atmo-
spheric neutrino experiments, andL/E;1 eV22 for the

1The upper limitu^m&u2&331023 eV presented in@27# has been
obtained from the 90% C.L. LMA-MSW region in Fig. 8a of Re
@43#, using Eq.~2.6!. The 99% C.L. LMA-MSW region in Fig. 8a
of Ref. @43# gives u^m&u2&631023 eV, in agreement with the up
per bound in Eq.~2.9!.
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LSND experiment. From Eq.~3.1! it is clear that neutrino
oscillations occur in an experiment only if there is at lea
one mass-squared differenceDmk j

2 such that

Dmk j
2 L

2E
*0.1 ~3.2!

~the precise lower bound depends on the sensitivity of
experiment! in a significant part of the energy and sourc
detector distance intervals of that experiment@if the condi-
tion ~3.2! is not satisfied,Pna→nb

.u(kUak* Ubku25dab#.

Since the range ofL/E probed by the LSND experiment i
the smaller one, a mass-squared difference is needed
LSND oscillations:

DmLSND
2 *1021 eV2. ~3.3!

Specifically, the maximum likelihood analysis of the LSN
data in terms of two-neutrino oscillations gives@15#

0.20 eV2<DmLSND
2 <2.0 eV2. ~3.4!

Furthermore, from Eq.~3.1! it is clear that a dependenc
of the oscillation probability from the neutrino energyE and
the source-detector distanceL is observable only if there is a
least one mass-squared differenceDmk j

2 such that

Dmk j
2 L

2E
;1. ~3.5!

Since a variation of the transition probability as a function
neutrino energy has been observed both in solar and a
spheric neutrino experiments and the range ofL/E probed by
each type of experiment is different, two more mass-squa
differences with different scales are needed:

Dmsun
2 ;10210 eV2 ~VO!, ~3.6!

Dmatm
2 ;1023–1022 eV2. ~3.7!

The condition ~3.6! for the solar mass-squared differen
Dmsun

2 has been obtained under the assumption of vacu
oscillations. If the disappearance of solarne’s is due to the
MSW effect @49#, the condition

Dmsun
2 &1024 eV2 ~MSW! ~3.8!

must be fulfilled in order to have a resonance in the inter
of the Sun. Hence, in the MSW caseDmsun

2 must be at least
one order of magnitude smaller thanDmatm

2 .
The existence of three different scales of neutrino ma

squared differences2 implies that at least four light massiv
neutrinos must exist in nature. Here we consider the sche
with four light and mixed neutrinos@52–58#, which consti-
tute the minimal possibility that allows to explain all the da
of neutrino oscillation experiments. In this case, in the flav
basis the three active neutrinosne ,nm ,nt are accompanied
by a sterile neutrinons that does not take part in standa
2-3
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weak interactions.
The existence of four light massive neutrinos is a lo

energy manifestation of physics beyond the standard m
~see, for example,@59#!. In most theories beyond the sta
dard model neutrinos are naturally Majorana particles
neutrinoless double-b decay is allowed. Therefore, we se
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that the experimental evidence in favor of neutrino oscil
tions indicates that neutrinos may be Majorana particles
neutrinoless double-b decay is a concrete possibility.

It has been shown@55# that there are only two scheme
with four-neutrino mixing that can accommodate the resu
of all neutrino oscillation experiments:
~3.9!
t

e

d

ri-
These two spectra are characterized by the presence of
pairs of close masses separated by a gap of about 1 eV w
provides the mass-squared differenceDmLSND

2 5Dm41
2 re-

sponsible of the oscillations observed in the LSND expe
ment. In the scheme A,Dmatm

2 5Dm21
2 and Dmsun

2 5Dm43
2 ,

whereas in scheme B,Dmatm
2 5Dm43

2 andDmsun
2 5Dm21

2 .

The results of the short-base-linen̄e disappearance exper
ment Bugey@51#, in which no indication in favor of neutrino
oscillations was found, imply that the mixing ofne with the
two ‘‘heavy’’ neutrinosn3 andn4 is large in scheme A and
small in scheme B@55,2#:

12~ uUe3u21uUe4u2!&331022 ~A!, ~3.10!

uUe3u21uUe4u2&331022 ~B!, ~3.11!

for DmLSND
2 in the LSND-allowed range~3.4!. Therefore, if

scheme A is realized in nature, the effective Majorana m
in bb0n decay can be as large asm3.m4.ADmLSND

2

.0.45–1.4 eV@24–27#. On the other hand, in scheme
neutrinoless double-b decay is strongly suppressed@25–27#.
In the following two subsections we discuss some conn
tions between the results of neutrino oscillation experime
and neutrinoless double-b decay in the schemes A and B.

2It is possible to ask if three different scales of neutrino ma
squared differences are needed even if the results of the Home
solar neutrino experiment@4# is neglected, allowing an energy
independent suppression of the solarne flux. The answer is that still
the data cannot be fitted with only two neutrino mass-squared
ferences because an energy-independent suppression of the sone

flux requires largene→nm or ne→nt transitions generated b
Dmatm

2 or DmLSND
2 . These transitions are forbidden by the results

the Bugey@51# and CHOOZ@47# n̄e disappearance experiments a
by the nonobservation of an up-down asymmetry ofe-like events in
the Super-Kamiokande atmospheric neutrino experiment@11#. I
would like to thank S.T. Petcov for useful discussions about
point.
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A. Scheme A

In the four-neutrino scheme A, from Eq.~3.10! and the
unitarity of the mixing matrix we haveuUe1u21uUe2u2
&331022. Therefore, the contribution of the two ligh
massesm1 andm2 to the effective Majorana mass inbb0n

decay can be neglected and we have

u^m&u.uUe3
2 m31Ue4

2 m4u, ~3.12!

which implies the limits

zuUe3u2m32uUe4u2m4z&u^m&u&uUe3u2m31uUe4u2m4.
~3.13!

Neglecting the small difference betweenm3 andm4 and tak-
ing into account thatm3.m4.ADmLSND

2 , we have

zuUe3u22uUe4u2zADmLSND
2

&u^m&u&~ uUe3u21uUe4u2!ADmLSND
2 .

~3.14!

Since the quantityuUe3u21uUe4u2 is large in scheme A@see
Eq. ~3.10!#, we obtain

zuUe3u22uUe4u2zADmLSND
2 &u^m&u&ADmLSND

2 .
~3.15!

Furthermore, from the inequality~3.10! one can see that th
contribution of the mixing ofne with n1 andn2 to the sur-
vival probability of solar electron neutrinos is negligible an
uUe3u2 and uUe4u2 are related to the mixing angleqsun ob-
tained from the two-generation fit of solar neutrino expe
ments by

uUe3u2. cos2 qsun, uUe4u2. sin2 qsun. ~3.16!

Hence, the range~3.15! can be written as

A~12 sin2 2qsun!DmLSND
2 &u^m&u&ADmLSND

2 ,
~3.17!
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NEUTRINOLESS DOUBLE-b DECAY WITH THREE OR . . . PHYSICAL REVIEW D 61 036002
Let us emphasize that this allowed range foru^m&u in scheme
A depends only on the assumption that massive neutrinos
Majorana particles.

In the case of the SMA-MSW solution of the solar ne
trino problem ~for both ne→nt or ne→ns transitions!
sin2 2qsun is very small (sin2 2qsun&1022) and we have

u^m&u.ADmLSND
2 .0.4521.4 eV ~SMA-MSW!.

~3.18!

Hence, the experimental upper bound~1.3! indicates thatthe
SMA-MSW solution of the solar neutrino problem is dis
vored in scheme A.

Furthermore, the upper boundNn
BBN,4 for the effective

number of neutrinos in big-bang nucleosynthesis~BBN!
~see, for example,@60#! implies that@54,57,58#

uUs1u21uUs2u2&1022, ~3.19!

in scheme A. The analysis of recent astrophysical data yi
the upper bound3 Nn

BBN<3.2 at 95% C.L.@61#, although the
issue is still rather controversial~see@62,63#!. The inequali-
ties ~3.10! and~3.19!, together with the unitarity of the mix
ing matrix, imply that the oscillations of solar neutrinos o
cur mainly in thene→ns channel@57,58#. In this case, the
analysis of solar neutrino data in terms of two-generat
ne→ns oscillations is valid in the four-neutrino scheme A
the usual two-generation mixing parametersDm2 andq are
identified, respectively, withDmsun

2 5Dm43
2 andqsun defined

in Eq. ~3.16! @from Eqs.~3.10!, ~3.16!, ~3.19! and the unitar-
ity of the mixing matrix we obtainuUs3u2. sin2 qsun and
uUs4u2. cos2 qsun]. The results of the analyses of solar ne
trino data in terms of two-generationne→ns oscillations
show that only the SMA-MSW solution is allowe
@38,42,43#. Therefore, comparing Eqs.~1.3! and ~3.18! we
conclude thatscheme A is disfavored by the experimen
upper boundu^m&u and the BBN bound Nn

BBN,4.
Summarizing, the data from oscillation experiments, fro

neutrinoless double-b decay experiments and from the me
surement of the abundances of primordial elements indi
that, among all the possible four-neutrino schemes there
one preferred, scheme B. Let us recall, however, that th
validity of thebb0n bound~1.3! and the validity of the BBN
boundNn

BBN,4 are controversial. Hopefully, future exper
mental and theoretical research will clarify this issue.

B. Scheme B

In scheme B, the BBN upper boundNn
BBN,4 implies that

@57,58#

uUs3u21uUs4u2&1024. ~3.20!

From this inequality, Eq.~3.11!, and the unitarity of the mix-
ing matrix it follows that the oscillations of solar neutrino
occur mainly in thene→ns channel. Therefore, the analys

3The bound Nn
BBN<3.2 @61# implies that uUs1u21uUs2u2

&531024 @57,58# in scheme A.
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of solar neutrino data in terms of two-generationne→ns os-
cillations is valid in the four-neutrino scheme B if the usu
two-generation mixing parametersDm2 andq are identified,
respectively, withDmsun

2 5Dm21
2 andqsun defined by

uUe1u2. cos2 qsun, uUe2u2. sin2 qsun ~3.21!

@from Eqs.~3.11!, ~3.20!, ~3.21! and the unitarity of the mix-
ing matrix we obtain uUs1u2. sin2 qsun and uUs2u2
. cos2 qsun]. Since the results of the analyses of solar ne
trino data in terms of two-generationne→ns oscillations
@38,42,43# show that only the SMA-MSW solution is al
lowed, with 1023& sin2 2qsun&1022, we have 2.531024

&uUe2u2&2.531023. Therefore, in scheme B we have

uUe1u2.1, uUe2u2,uUe3u2,uUe4u2!1. ~3.22!

In the scheme B there are two possibilities: a quasideg
erate mass spectrum

~3.23!

or a mass hierarchy

~3.24!

If the quasidegenerate mass spectrum BD is realized
nature, it is clear that from Eqs.~1.1! and ~3.22! we have

u^m&u.m1. ~3.25!

In this case, the experimental upper bound~1.3! implies that

m1&0.2–0.4 eV. ~3.26!

The observation of neutrinoless double-b decay by the next
generation of experiments, which are sensitive to values
u^m&u in the range 1022–1021 eV @17#, together with the
confirmation of the four-neutrino scheme B by neutrino o
cillation experiments, will provide an evidence in favor
the quasidegenerate scheme BD.

If the hierarchical mass spectrum BH is realized in natu
the absence of unlikely fine-tuned cancellations between
contributions ofm1 ,m2 andm3 ,m4 to the effective Majorana
mass~1.1! implies that

u^m&u.max@ u^m&u12,u^m&u34#, ~3.27!

with

u^m&u12[uUe1
2 m11Ue2

2 m2u, ~3.28!

u^m&u34[uUe3
2 m31Ue4

2 m4u. ~3.29!

From Eq. ~3.22!, if m1.m2 , we haveu^m&u12.m2 and
the contribution ofu^m&u12 to u^m&u could be sizable. On the
2-5
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other hand, ifm1!m2 , we haveu^m&u12!m2 and the con-
tribution of u^m&u12 to u^m&u is strongly suppressed. In thi
case, if there are no unlikely fine-tuned cancellations
tween the contributions ofm1 and m2 to u^m&u12, we have
u^m&u12.u^m&u2 with u^m&u2 in the range~2.11!. In any case,
at present it is not known ifm1.m2 or m1!m2 and we
cannot infer the contribution ofu^m&u12 to u^m&u.

Let us consider now the contributionu^m&u34 to the effec-
tive Majorana mass. In principle it is possible thatu^m&u34

50 if Ue3
2 m31Ue4

2 m450, i.e.,

uUe3u2m35uUe4u2m4 ~3.30!

and

uarg~Ue3!2arg~Ue4!u5p/2 ~3.31!

†the condition~3.31! is satisfied ifCP is conserved andn3
and n4 have oppositeCP parities @64,24,2,27#‡. However,
even if m3.m4, since uUe3u21uUe4u2!1 @see Eq.~3.11!#,
there is no reason to haveuUe3u2.uUe4u2. On the other hand
the explanation of the atmospheric neutrino data withnm
→nt oscillations @9–13#, which is favored by the lates
Super-Kamiokande data@65#, requires a large mixing in the
nm ,nt-n3 ,n4 sector which could be related to the fact th
uUm3u21uUm4u2 anduUt3u21uUt4u2 are large~close to 1! and
m3.m4.

Therefore, in the following we will assume thatuUe3u2
and uUe4u2 have different orders of magnitude. In this cas
the contribution ofm3 and m4 to the effective Majorana
mass is given by

u^m&u34.deADmLSND
2 , ~3.32!

where we have taken into account thatm3.m4.ADm41
2

5ADmLSND
2 and we have defined

da[ (
k53,4

uUaku2 ~a5e,m,t,s!. ~3.33!

It has been shown in@55# that de is small in scheme B:

FIG. 2. The shadowed region shows the allowed range
u^m&u34 as a function ofDmLSND

2 in the four-neutrino scheme BH
@see Eq.~3.24!#. The solid line represents the upper bound in E
~3.36! and the dotted line represents the lower bound in Eq.~3.39!.
The dashed line represents the unitarity limitu^m&u34<ADmLSND

2 .
03600
-

t

,

de<ae
Bugey, ~3.34!

with

ae
Bugey5

1

2
~12A12 sin2 2qBugey!. ~3.35!

Here sin2 2qBugey is the upper value of the two-neutrino mix
ing parameter sin2 2q obtained from the Bugey exclusio
curve @51# as a function ofDm25DmLSND

2 , whereDm2 is
the two-neutrino mass-squared difference used in the an
sis of the Bugey data@the upper bound~3.11! has been ob-
tained from the inequality~3.34! restrictingDmLSND

2 in the
LSND-allowed range~3.4!#.

From Eqs.~3.32! and ~3.34!, for u^m&u34 we obtain the
upper bound@25–27#

u^m&u34&ae
BugeyADmLSND

2 . ~3.36!

The numerical value of this upper bound as a function
DmLSND

2 is depicted by the solid line in Fig. 2. The dash
line in Fig. 2 represents the unitarity limitu^m&u34

<ADmLSND
2 .

The amplitudeAme54u(k53,4UekUmk* u2 of short-base-line

n̄m→ n̄e oscillations in scheme B is bounded by@55#

Ame<4dedm . ~3.37!

Sincedm is large in scheme B@55#, we have

de>
Ame

min

4
, ~3.38!

whereAme
min is the minimum value ofAme measured in the

LSND experiment. The physical reason of this lower bou
for de is thatne must have some mixing withn3 and/orn4 in
order to generate the oscillations observed in the LSND
periment.

Taking into account Eq.~3.32!, the inequality~3.38! leads
to the lower bound

u^m&u34*
Ame

min

4
ADmLSND

2 . ~3.39!

The numerical value of this lower bound as a function
DmLSND

2 is shown in Fig. 2 by the dotted curve that, togeth
with the solid line obtained from the upper bound~3.36!,
defines an allowed region in theDmLSND

2 –u^m&u34 plane
~shadowed area!. From Fig. 2 one can see that

6.931024 eV&u^m&u34&2.131022 eV. ~3.40!

Summarizing, in the framework of the scheme BH in E
~3.24! we have made three assumptions:~i! massive neutri-
nos are Majorana particles,~ii ! there is no unlikely fine-tuned
cancellations between the contributions ofm1 ,m2 and
m3 ,m4 to the effective Majorana massu^m&u, and ~iii ! the
two small elementsUe3 andUe4 of the neutrino mixing ma-
trix have different orders of magnitude. Under these reas

r

.
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able assumptions, we have obtained the following allow
range for the effective Majorana mass inbb0n decay:

731024 eV&u^m&u&231022 eV, ~3.41!

from the contribution ofm3 andm4 alone~the effective Ma-
jorana mass could be even larger than 231022 eV if m1
.m2*231022 eV!. Such values of the effective Majoran
mass could be measured by futurebb0n decay experiments
@17,19#.

IV. CONCLUSIONS

We have derived lower limits for the effective Majoran
mass in neutrinoless double-b decay in the scheme with mix
ing of three neutrinos and a mass hierarchy@Eq. ~2.2!# under
the natural assumptions that massive neutrinos are Majo
particles and there are no large cancellations among the
tributions of the different neutrino masses. If there is a hi
archy of neutrino masses, large cancellations are unlik
~unless an unknown symmetry is at work!, because they re
quire a fine-tuning among the values of the neutrino mas
and the elements of the neutrino mixing matrix, which a
independent quantities.

Under the only assumption that massive neutrinos are
l.

4.

,

,
o

o

h

03600
d

na
n-
-
ly

es
e

a-

jorana particles, we have shown that, among all the poss
four-neutrino schemes that can accommodate the resul
solar and atmospheric experiments and the results of
LSND experiment, the scheme B@Eq. ~3.9!# is favored by
the experimental results on neutrinoless double-b decay and
the measurements of the cosmic abundances of elements
duced in big-bang nucleosynthesis. In the scheme B there
two possibilities: the quasidegenerate mass spectrum
@Eq. ~3.23!# and the hierarchical mass spectrum BH@Eq.
~3.24!#.

If the quasi-degenerate four-neutrino scheme BD is re
ized in nature, neutrinoless double-b decay should be ob
served by the next generation of experiments, which will
sensitive tou^m&u;1022–1021 eV.

In the framework of the hierarchical four-neutrino schem
BH, we have shown that there is a lower bound for the
fective Majorana mass inbb0n decay, under the assumption
that massive neutrinos are Majorana particles, there are
large cancellations among the contributions ofm1 ,m2 and
m3 ,m4, and the two small elementsUe3 and Ue4 of the
neutrino mixing matrix have different orders of magnitude

We hope that the indications presented here in favor o
lower bound, albeit small, for the effective Majorana mass
neutrinoless double-b decay will encourage the developme
of future bb0n experiments.
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