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Neutrino masses from beta decays after KamLAND and WMAP
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~Received 12 May 2003; published 28 August 2003!

The first data released by the KamLAND Collaboration have confirmed the strong evidence in favor of the
large mixing angle solution of the solar neutrino problem. Taking into account the ranges for the oscillation
parameters allowed by the global analysis of the solar, CHOOZ and KamLAND data, we update the limits on
the neutrinoless double beta decay effective neutrino mass parameter and analyze the impact of all the avail-
able data from neutrinoless double beta decay experiments on the neutrino mass bounds, in view of the latest
WMAP results. For the normal neutrino mass spectrum the range~0.05–0.23! eV is obtained for the lightest
neutrino mass if one takes into account the Heidelberg-Moscow evidence for neutrinoless double beta decay
and the cosmological bound. It is also shown that under the same conditions the mass of the lightest neutrino
may not be bounded from below if the spectrum is of the inverted type. Finally, we discuss how future
experiments can improve the present bounds on the lightest neutrino mass set by the Troitsk, Mainz, and
Wilkinson microwave anisotropy probe results.
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I. INTRODUCTION

The first results reported by the Kamioka liquid scintill
tor antineutrino detector~KamLAND! experiment@1# have
brought new light to the search of the true solution of t
solar neutrino problem. Through large distance meas
ments, the KamLAND Collaboration has measured, for

first time, reactorn̄e disappearance within the large mixin
angle allowed region for the neutrino oscillation paramete
Moreover, the Super-Kamiokande~SK! atmospheric@2# and
the KEK to Kamioka~K2K! accelerator@3# neutrino experi-
ments strongly indicate that neutrino flavor oscillations in
nm→nt channel are the most natural explanation fornm dis-
appearance. These two evidences have changed our sta
picture of particle physics in the sense that neutrino osc
tions require neutrinos to be massive. In addition to th
neutrinos behave very differently from the other known
ementary particles not only because they are much lig
but also due to the fact that their mixing pattern differs ve
much from the one observed in the quark sector.

In spite of all the great achievements of oscillation expe
ments, we are still far from a reasonable understanding
neutrino properties. Among all the unanswered question
neutrino physics, the most fundamental one concerns the
ture of neutrinos. In particular, it is of prior importance
know whether they are Dirac or Majorana particles@4#.
While Dirac neutrinos require the existence of highly su
pressed Yukawa couplings, which are difficult to accomm
date on theoretical grounds, small Majorana neutrino ma
naturally arise in the context of minimal extensions of t
standard model where the seesaw mechanism@5# operates.
Still, our present knowledge of the neutrino sector leaves
much room for speculation about the neutrino mass gen
tion mechanism.

*Electronic address: filipe@gtae3.ist.utl.pt
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If neutrinos are massive, then the first question wh
immediately arises is concerned with the value of their
solute mass scale. The direct neutrino mass determina
method relies on the detailed analysis of the end-point par
the beta decay spectrum of some nuclei@6#. At present, the
most stringent experimental bound on the neutrino m
comes from the Mainz@7# and Troitsk@8# experiments which
have set a maximum value formne

of 2.2 eV. The KATRIN

experiment@9#, which is planned to start taking data in 200
will be able to improve the sensitivity to neutrino masses
approximately one order of magnitude.

The search for positive signs in the neutrinoless dou
beta @(bb)0n#-decay mode of certain even-even nuc
seems to be, at present, the most reliable way to look for
Majorana nature of neutrinos. The phenomenological con
quences of (bb)0n decays in the framework of neutrino os
cillations have been widely studied in the literature@10,11#.
The extraction of neutrino mass limits through (bb)0n-decay
measurements involves certain subtleties which are relate
the fact that this method of probing on the absolute neutr
mass scale strongly depends on the results provided by
trino oscillation experiments. Therefore, and in spite of n
being sensitive to it, neutrino oscillation experiments turn o
to be of great importance in the determination of the abso
neutrino mass scale.

All the outstanding developments in experimental ne
trino physics were accompanied by an equally remarka
evolution of cosmological experiments. Recently, the res
from the Wilkinson microwave anisotropy probe~WMAP!
have brought new insights into the measurements of a la
set of cosmological parameters with an incredible precisi
When combined with the data from the two degree fie
~2dF! galactic redshift survey@12#, the WMAP results se-
verely constrain the neutrino masses. In particular, this
multaneous analysis leads to the following upper bound
the neutrino contribution to theV cosmological parameter
Vn h2,0.0076 whereh is the Hubble constant@13#. This
©2003 The American Physical Society19-1
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bound, together with the relation( imi591.5Vn h2 (eV)
@14# implies ( imi,0.70 eV. Hence, in the framework o
three light neutrino species, one obtains

mi&0.23 eV, ~1!

for the mass of each neutrino, indicating that the KATR
experiment may not have enough sensitivity to measure
electron neutrino mass. Although this is true forb-decay
experiments it may not hold for (bb)0n-decay searche
which will be sensitive to even lower values of neutrin
masses, in the future. This raises the interesting questio
how competitive their results can be when compared with
cosmological ones.

Besides the constraints imposed on neutrino masses
precise cosmological measurements also place impo
bounds on the number of effective allowed neutrino spec
Nn

e f f . Furthermore, using the range of the baryon-to-pho
ratio h56.520.3

10.4310210 and the measurements of4He pri-
mordial abundances, it has been shown thatNn

e f f,3.4 @15#.
This result turns out to be in serious conflict with the e
dence forn̄m→ n̄e oscillations reported by the liquid scintil
lator neutrino detector~LSND! Collaboration@16#. It is well
known that the LSND results require the existence of at le
four neutrino species which is incompatible with the bou
Nn

e f f,3.4. Moreover, the neutrino oscillation data indica
that four neutrino oscillation scenarios are disfavored wh
compared with the three neutrino oscillation scheme@17#.
The KARMEN experiment@18# already excludes part of th
LSND parameter region but a conclusive statement abou
s
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validity of the LSND results can only be made by the Min
BooNE experiment@19#.

In this paper we update the bounds on the effective M
jorana neutrino mass parameter in view of the latest glo
analysis of all the solar, CHOOZ, and KamLAND data. Th
will be done in the framework of the normal and inverte
neutrino mass schemes. Taking into account the WMAP c
straint given in Eq.~1! and all the presently available neu
trino oscillation and (bb)0n-decay data we obtain the neu
trino mass bounds for each type of neutrino mass spectr
Finally, the impact of future (bb)0n-decay projects on the
determination of neutrino masses is discussed and the co
quences of the first Heidelberg-Moscow evidence for (bb)0n

decay, when considered simultaneously with the WM
bound onmi , are analyzed.

II. NEUTRINO OSCILLATION DATA: PRESENT STATUS

The presently available neutrino oscillation data, not
cluding the results from LSND, can be accommodated in
framework of three mixed massive neutrinos. All the info
mation about neutrino mixing is enclosed in the lepton
mixing matrix U which relates neutrino flavor and mas
eigenstates in the following way

nLa5(
i 51

3

Ua jnL j , a5e,m,t, j 51,2,3. ~2!

The mixing matrixU is a 333 unitary matrix and its form
depends on whether neutrinos are Dirac or Majorana p
ticles. In the framework of three light Majorana neutrino
the matrixU can be parametrized as
U5S c12c13 s12c13 s13

2s12c232c12s23s13e
id 2c12c232s12s23s13e

id s23c13e
id

s12s232c12c23s13e
id 2c12s232s12c23s13e

id c23c13e
id
D •S 1 0 0

0 eia 0

0 0 eib
D , ~3!
nes
will

are
nd-

the
the
wheresi j [sinuij andci j [cosuij . The phased is the leptonic
Dirac CP-violating phase anda andb are Majorana phase
@20#. The Dirac phased can induceCP-violating effects in
neutrino oscillations, sizable enough to be measured by v
long baseline neutrino oscillation experiments in the fut
@21#. On the contrary, oscillation experiments are blind to
physical effects associated to the Majorana phasesa andb .
Therefore, the determination of these phases is only viab
experiments sensitive to the Majorana nature of neutri
like (bb)0n-decay experiments. Nevertheless, this seem
be a difficult task to achieve since it requires not only t
knowledge of all the neutrino mass and mixing parame
but also the understanding of the physics related w
(bb)0n-decays; namely, the uncertainties in the nuclear m
trix elements involved in the calculation of the (bb)0n-decay
rates seem to be the major problem on the possible dete
nation of the Majorana phases@22#.

The neutrino oscillation experimental results provide
ry
e
e

in
s

to
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h
-

i-

s

with information about the neutrino mixing anglesu i j and
mass squared differencesDmi j

2 5mi
22mj

2 . The identification
of these parameters with the experimentally measured o
depends on the neutrino mass ordering. In this paper we
always identifyu12, u23, andu13 with the ‘‘solar,’’ ‘‘atmo-
spheric,’’ and the CHOOZ angles, respectively. There
two possible ways of ordering neutrino masses correspo
ing to the normal (m1,m2,m3) and inverted (m3,m1
,m2) spectra. In both cases one can express two of
neutrino masses as a function of the remaining one and
Dmi j

2 ’s. For the normal neutrino mass spectrum~NNMS!

m25Am1
21Dm21

2 , m35Am1
21Dm21

2 1uDm32
2 u, ~4!

and for the inverted spectrum~INMS!

m25Am3
21uDm32

2 u, m15Am3
21uDm32

2 u2Dm21
2 . ~5!
9-2
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TABLE I. Allowed ranges for the oscillation parametersDm21
2 and sin2u12 taken from the global analysis of all solar1CHOOZ and all

solar1CHOOZ1KamLAND data performed in Ref.@24#.

2n Solar1CHOOZ 2n Solar1CHOOZ1KamLAND
Dm21

2 (31024 eV2) sin2u12 Dm21
2 (31024 eV2) sin2u12

99% C.L. (0.2524.2) (0.2120.46) LMA I (0.5221.0) (0.2320.46)
LMA II (1.2 22.1) (0.2320.39)

95% C.L. (0.2822.3) (0.2420.42) LMA I (0.5720.92) (0.2420.4)
LMA II (1.4 21.8) (0.2720.33)

90% C.L. (0.321.9) (0.2420.4) (0.620.9) (0.2620.4)
Best fit 0.6 0.3 0.7 0.3
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The SK and K2K neutrino data point towards the existen
of neutrino oscillations in thenm→nt channel. The results o
these two experiments constrain the parametersu23 and
uDm32

2 u which, considering the SK only and SK1K2K data,
are found to lie in the ranges@23#

SK~99% C.L.!: 1.331023eV2<uDm32
2 u<5.031023eV2,

sin22 u23.0.85, ~6!

SK1K2K~99% C.L.!: 1.431023eV 2<uDm32
2 u<3.8

31023eV 2,

sin22 u23.0.85,

with the best-fit values

SK:uDm32
2 u52.731023eV 2, sin2 2u2351,

SK1K2K: uDm32
2 u52.631023eV 2, sin2 2u2351.

~7!

Although the impact of the K2K data is still not very signifi
cant, the most important fact to retain is that these results
compatible with the pre-K2K ones.

The presently available data from all solar and reac
neutrino experiments confirm that the solar neutrino prob
can be explained through the existence ofne→nm,t oscilla-
tions. After the release of the first KamLAND results, seve
global analysis of all the solar, CHOOZ, and KamLAN
data have been performed@24,25#. As an example we take
the pre-KamLAND and post-KamLAND results obtained
@24# which are summarized in Table I. Besides selecting
LMA region asthesolution to the solar neutrino problem, th
KamLAND experiment significantly restricts the correspon
ing oscillation parameter space as can be seen from Tab
The absence ofn̄e disappearance reported by the CHOO
@26# and Palo Verde@27# experiments imposes severe boun
on the u13 angle. The global analysis performed in@24#
shows that

sin2u13&0.05 ~99.73% C.L.!, ~8!

being the best-fit value

~sin2u13!BF&0.01. ~9!
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In spite of being insensitive to the absolute neutrino m
scale, neutrino oscillation experiments indicate that neutri
oscillate withDm21

2 !uDm32
2 u. This allows the classification

of the neutrino spectrum in hierarchical~HI!, inverted hier-
archical~IH!, and quasidegenerate~QD!. From Eqs.~4! and
~5! one has1

HI: m1!Dm21
2 ⇒m2.ADm21

2 , m3.AuDm32
2 u,

IH: m3!uDm32
2 u⇒m1.m2.AuDm32

2 u,

QD: m1@uDm32
2 u⇒m1.m2.m3 . ~10!

Although, the presently available neutrino data do not d
criminate between normal and inverted neutrino mass sp
tra, such a selection will be possible in future long basel
neutrino experiments; namely, the detailed study of ea
matter effects in neutrino oscillations will allow for the de
termination of the sign ofDm32

2 and therefore give us a hin
about the mass ordering of neutrino states@29#.

III. „bb…0n DECAYS AND NEUTRINO MASS SPECTRA

The combined analysis of (bb)0n decay and neutrino os
cillation experimental results may be of crucial importan
on the clarification of some aspects related with massive n
trinos. In particular, the observation of these processes
not only reveal the Majorana character of neutrinos but a
help in the determination of the absolute neutrino mass s
and spectra. If these decays occur due to the exchang
virtual massive Majorana neutrinos, their probability amp
tudes are proportional to the so-called effective Majora
mass parameter

mee5u~Mn!11u5U(
i 51

3

miUei
2 U, ~11!

whereMn is the Majorana neutrino mass matrix,mi is the
mass of the neutrino mass eigenstaten i , and theUei are the
elements of the first row of the leptonic mixing matrix. Th

1We will not consider here the cases wherem1.m2,m3 and
m3,m1.m2 which correspond to the partial and partial invert
mass hierarchy spectra, respectively. The reader is addressed to
@10# for a complete analysis on the subject.
9-3
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F. R. JOAQUIM PHYSICAL REVIEW D68, 033019 ~2003!
most significant bounds on the value of the effective neutr
mass parameter come from the Heidelberg-Moscow@30# and
IGEX @31# 76Ge experiments. Taking into account the unc
tainties in the nuclear matrix elements involved in the de
mination of the (bb)0n-decay amplitudes, one has

mee<~0.3521.24! eV ~Heidelberg-Moscow!, ~12!

mee<~0.3321.35! eV ~ IGEX!. ~13!

The reanalysis of the Heidelberg-Moscow data performed
@32# has been interpreted as an evidence of (bb)0n decay of
76Ge. The deduced range formee was

mee5~0.1120.56! eV 95% C.L., ~14!

which is modified to

mee5~0.0520.84! eV 95% C.L., ~15!

if a 650% uncertainty of the nuclear matrix elements
considered. The interval

mee5~0.421.3! eV ~16!

has been obtained in Ref.@33# using a different set of nuclea
matrix elements. After their publication, the results presen
in Ref. @32# were criticized2 by some authors@35#. At the
same time, some phenomenological implications of t
claimed evidence were explored@36#. In any case, future
experiments will have enough sensitivity to clarify this sit
ation, and if confirmed, we will surely have the first eviden
in favor of the Majorana nature of massive neutrinos.

The definition of the effective Majorana neutrino ma
parametermee in terms of the physical parametersu i j , mi ,
d, a, andb, is easily obtained from Eq.~11! and the relation

Mn5U* diag~m1 ,m2 ,m3!U†, ~17!

which comes from the diagonalization of the 333 Majorana
mass matrix. Parametrizing the mixing matrixU as done in
Eq. ~3! one gets

mee5um1Ue1
2 1m2Ue2

2 1m3Ue3
2 u

5um1c12
2 c13

2 1m2c13
2 s12

2 e22ia1m3s13
2 e22ibu. ~18!

This expression can be further written in terms of the light
neutrino massm1 (m3) for the NNMS ~INMS! and the
Dm2’s, taking into account the mass definitions given in E
~4! and ~5!

mee
NS5um1c12

2 c13
2 1Am1

21Dm21
2 c13

2 s12
2 e22ia

1Am1
21Dm21

2 1uDm32
2 us13

2 e22ibu, ~19!

2For a complete discussion on proofs and disproofs the read
addressed to Ref.@34#, and references therein.
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mee
IS5uAm3

21uDm32
2 u2Dm21

2 c12
2 c13

2

1Am3
21uDm32

2 uc13
2 s12

2 e22ia1m3s13
2 e22ibu.

~20!

Furthermore, sinceDm21
2 !uDm32

2 u, the following approxi-
mations hold:

mee
NS.m1Uc12

2 c13
2 1A11

Dm21
2

m1
2

c13
2 s12

2 e22ia

1A11
uDm32

2 u

m1
2

s13
2 e22ibU , ~21!

mee
IS.m3UA11

uDm32
2 u

m3
2

c12
2 c13

2

1A11
uDm32

2 u

m3
2

c13
2 s12

2 e22ia1s13
2 e22ibU . ~22!

The above equations are valid for any neutrino mass sp
trum since the lightest neutrino massm1 ~or m3) is not con-
strained. With the help of Eqs.~10! one can obtain approxi
mate expressions of the effective neutrino mass param
mee depending on the type of neutrino mass spectrum. Fr
Eqs.~19! and ~20! and the definitions given in Eq.~10! one
has

mee
HI.uADm21

2 s12
2 c13

2 1AuDm32
2 us13

2 e2i (a2b)u, ~23!

and

mee
IH.AuDm32

2 uc13
2 uc12

2 1s12
2 e22iau, ~24!

for the HI and IH neutrino mass spectra, respectively. In
case of three quasidegenerate neutrinos with a common m
approximately equal tom, Eqs.~19! and ~20! reduce to

mee
QD.muc13

2 ~c12
2 1s12

2 e22ia!1s13
2 e22ibu. ~25!

The allowed ranges for the effective neutrino mass param
in each case depend not only on the values of theDmi j

2 ’s and
mixing angles but also on the Majorana phasesa andb. In
fact, depending on whetherCP is conserved or violated the
value ofmee can drastically change@28#. Here we will only
be concerned with the absolute bounds onmee which can be
easily obtained from Eqs.~23!–~25! with the appropriate
choice of the phasesa andb, leading to

~mee
HI! low.uADm21

2 s12
2 c13

2 2AuDm32
2 us13

2 u,

~mee
HI!up.ADm21

2 s12
2 c13

2 1AuDm32
2 us13

2 , ~26!

~mee
IH! low.AuDm32

2 u~12s13
2 !~122s12

2 !,

~mee
IH!up.AuDm32

2 u~12s13
2 !, ~27!

is
9-4
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TABLE II. Allowed ranges for the effective Majorana mass parametermee for each type of neutrino mas
spectrum. The values presented here were determined taking into account the SK1K2K data summarized in
Eqs.~6!–~7! and the solar1CHOOZ1KamLAND results given in Table I and in Eqs.~8! and ~9!.

mee
HI (31023 eV) mee

IH (31022 eV) mee
QD/m

99% C.L. LMA I &7.5 (0.326.2) (0.02621)
LMA II &8.5 (0.826.2) (0.1621)

95% C.L. LMA I &6.5 (0.726.2) (0.1421)
LMA II &7.3 (1.226.2) (0.2721)

90% C.L. &6.7 (0.726.2) (0.1421)
Best fit (2.023.0) (2.025.0) (0.3921)
g
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~mee
QD! low.muc13

2 ~122s12
2 !2s13

2 u, ~mee
QD!up.m. ~28!

The expression (mee
QD)up together with the WMAP bound

on neutrino masses given in Eq.~1! implies mee&0.23 eV
which can be interpreted has thecosmologicalbound on the
effective Majorana mass parameter. Cancellations inmee can
in principle occur in the HI and QD cases if the followin
conditions are fulfilled:

HI:s13
2 5

ADm21
2 s12

2

AuDm32
2 u1ADm21

2 s12
2

.~0.0320.15!, ~29!

QD:s13
2 .

cos2u12

11cos 2u12
.~0.0720.35!. ~30!

Comparing these ranges with the bound given in Eq.~8! one
immediately concludes that cancellations cannot occu
neutrinos are almost degenerate. Still, the conditionmee50
is compatible with a hierarchical neutrino mass spectru
From Eq.~27! one can see that this can be accomplished
the IH case ifs12

2 50.5, which is already excluded by the da
03301
if

.
n

at 99% C.L. The allowed ranges for the Majorana mass
rameter are shown in Table II for each type of neutrino m
spectrum and the dependence ofmee on the lightest neutrino
mass for the NNMS~INMS! is shown in Figs. 1~a,b! where
the shaded regions indicate the possible values formee in
each case. From Fig. 1 and Table II it becomes evident
the intervals determined formee may overlap when consid
ering the different types of neutrino mass spectra. This f
raises the interesting question which are the conditions
must be fulfilled in order to get a clear separation of t
different types of neutrino mass schemes. The imposition
such constraints can be translated into

~mee
HI!up,~mee

IH! low , ~mee
IH!up,~mee

QD! low ,

~mee
HI!up,~mee

QD! low . ~31!

Making use of Eqs.~26!–~28! one can show that this is
equivalent to
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FIG. 1. Dependence of the effective Majorana neutrino mass parametermee on the lightest neutrino mass for the~a! NNMS and~b!
INMS. The shaded regions were obtained considering the SK1K2K results and the solar1CHOOZ1KamLAND at 99% C.L. given in Eqs.
~6! and Table I, respectively, and the bound~8! on s13

2 . The solid lines correspond to the case where the best-fit values given in Eqs.~7!, ~9!
and Table I are taken into account.
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s12
2 ,

12tan2u13

21ADm21
2 /uDm32

2 u
,

s12
2 ,

1

2
~12r 322tan2u13!,

s12
2 ,

12tan2u13~11r 32!

21r 21
, ~32!

respectively, with r 32[AuDm32
2 u/m and r 21[ADm21

2 /m.
Choosing m*0.2 eV @10# and m&2.2 eV (Troitsk
1Mainz) one has, considering the 99% C.L. bounds on
oscillation parameters,ADm21

2 /uDm32
2 u.(0.1220.39), r 32

.(0.0220.31), and r 21.(0.327)31022. Together with
the inequalities~32! this leads to

s12
2 &~0.3920.47!, s12

2 &~0.3220.49!, s12
2 &~0.4520.50!.

~33!

Taking into account that the WMAP result impliesm
.0.23 eV, the first and third relations above remain pra
cally unchanged whereas the second one is modified tos12

2

&(0.3420.39). This discussion shows that discriminati
between the HI and IH or HI and QD leads to less restrict
conditions than the one needed for the discrimination
tween the IH and QD neutrino mass spectra. The possib
of determining the type of neutrino mass spectrum has b
studied in detail in Ref.@37# where the uncertainties in th
measured value ofmee due to the imprecise knowledge o
the nuclear matrix elements were taken into account. In
ticular, it has been shown that depending on the uncerta
factor, the above ranges ofs12

2 get modified, being even mor
restrictive.

At this point one may wonder if the results in favor
(bb)0n decay reported by the Heidelberg-Moscow Collab
ration may help us in the determination of the neutrino m
ac
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spectrum type. Comparing the results plotted in Fig. 1 w
the ranges~14!–~16! it becomes obvious that the HI spe
trum is ruled out. Requiring (mee

IH)up&mee
min.0.05, one can

show that the IH spectrum is excluded if

uDm32
2 u&F ~mee!min

12s13
2 G 2

.2.831023 eV2. ~34!

Hence, considering the SK1K2K ranges foruDm32
2 u given in

Eq. ~7!, one concludes that there is still a small windo
allowed for the inverted hierarchical neutrino mass spectru
On the other hand, the bounds presented in Eqs.~14! and
~16! select the QD spectrum as the only possible scenario
neutrino masses since in these cases (mee

IH)up,mee
min .

IV. NEUTRINO MASS BOUNDS FROM „bb…0n DECAYS

In this section we analyze the impact of all the availab
data from (bb)0n-decay experiments on the neutrino ma
spectrum, taking into account the present neutrino oscilla
results and the cosmological bound on neutrino masses.

Let us suppose thatmee is found in the rangemee
min<mee

<mee
max. This, together with Eq.~19! leads to

mee
max>mee

NS>c13
2 um1~122s12

2 !2s13
2 Am1

21uDm32
2 uu,

~35!

and

mee
min<mee

NS<m11~Am1
21uDm32

2 u2m1!s13
2 , ~36!

for the NNMS andmee
max@ADm21

2 s12
2 . The above inequalities

allow one to find approximate expressions for the upper
lower bounds of the lightest neutrino massm1, which we
will denote bymNS

up andmIS
low , respectively. We obtain in this

case
mNS
up .

mee
maxcos 2u12c13

2 1s13
2 A~mee

max!21uDm32
2 u~cos2 2u12c13

4 2s13
4 !

cos2 2u12c13
4 2s13

4
, ~37!
to

mNS

low.
mee

minc13
2 2s13

2 A~mee
min!21uDm32

2 u~122s13
2 !

122s13
2

. ~38!

On the other hand, ifmee
min&ADm21

2 s12
2 , the lower bound on

m1 does not exist. This can be understood taking into
count that this condition is compatible withm150. In par-
ticular, from Eq.~26! one has (mee

HI) low&ADm21
2 s12

2 , which
means that formee

min&ADm21
2 s12

2 .0.0025eV the value ofm1

is not bounded from below. The expressions formNS
up and
-

mNS
low can be further simplified if the terms proportional

uDm32
2 u are negligible or more specifically if

~mee
max!2@uDm32

2 u~cos2 2u12c13
4 2s13

4 !,

~mee
min!2@uDm32

2 u~122s13
2 !. ~39!

If this is the case, one gets
9-6
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FIG. 2. ~a! Allowed region for the upper bound on the lightest neutrino mass for both the NNMS and INMS when the Heide
Moscow resultmee&(0.3521.24) eV is taken into account. The horizontal dash-dotted line indicates the bound onmup set by the Troitsk
and Mainz experiments. The vertical dashed lines delimit thes12

2 ranges given in Table I, and the vertical dotted line corresponds to
best-fit value (s12

2 )BF50.3. The limit onmup imposed by the WMAP12dF results is also shown.~b! Values of (s12
2 )max under which the

boundsmup52.2 eV ~Trotsk1Mainz! and mup50.23 eV (WMAP12dF) can be improved for a givenmee
max. The horizontal dash-dotted

lines delimit the presently allowed regions fors12
2 at 99% C.L. and the vertical dotted lines correspond to the sensitivities of fu

(bb)0n-decay experiments.
mNS
up .

mee
max

cos 2u12c13
2 2s13

2
~40!

and

mNS
low.mee

min , ~41!

which show thatmNS
up strongly depends on theu12 angle

while mNS
low is only affected by the value ofmee

min . Equivalent
expressions can be found for the INMS considering that
t

rg

03301
mee
max>mee

IS>uc13
2 ~122s12

2 !Am3
21uDm32

2 u2m3s13
2 u,

~42!

mee
min<mee

IS<Am3
21uDm32

2 u, ~43!

for mee
max@ADm21

2 s12
2 . These inequalities imply
mIS
up.

mee
maxs13

2 1cos 2u12c13
2 A~mee

max!22uDm32
2 u~cos2 2u12c13

4 2s13
4 !

cos2 2u12c13
4 2s13

4
, ~44!
n be
n in
f

d

g

mIS
low.A~mee

min!22uDm32
2 u, ~45!

which reduce to the expressions given in Eq.~40! in the limit
where the terms proportional touDm32

2 u can be neglected. I
can easily be seen from the above expression that formee

min

&AuDm32
2 umax.0.06 eV there is no lower bound onm3 in the

INMS case.
Let us now discuss the implications of the Heidelbe

Moscow experimental result given in Eq.~12! on the values
of neutrino masses. In this casemee&(0.3521.24) eV and
-

therefore only an upper bound on the neutrino masses ca
set. In order to compute it we can use the first expressio
Eq. ~40! for both NNMS and INMS since for this range o
mee

max the first inequality in Eq.~39! is verified. Therefore, we
will denote bothmNS

up and mIS
up just by mup. In Fig. 2~a! we

show the allowed region formup as a function ofs12
2 , ob-

tained for s13
2 50.05. Taking into account the Troitsk an

Mainz bound onmup and the 99% C.L. allowed range fors12
2

one can conclude thatmee
max&1 eV. This can be seen puttin

s13
2 50.05 andmNS

up 52.2 eV in Eq. ~40!. Using the best-fit
value s12

2 50.3 and the bound~9! one getsmee
max&0.9 eV.
9-7
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Consideringmee&0.35 eV one can see that the value ofmup

extracted from (bb)0n decay is smaller than the Troitsk an
Mainz bound fors12

2 &0.4. Alternatively, withs12
2 50.3 and

s13
2 50.01 we getmup.0.9 eV formee

max50.35 eV. From Fig.
2~a! we can also see that the bounds onmup are always more
conservative than the WMAP bound.

The sensitivity tomee is expected to be improved by se
eral future experiments like the NEMO3 experiment@38#,
which has started to take data last year, and the CUORIC
project @39# to be operative this year. Other experimen
setups are being planned or under construction with the
of reaching sensitivities ofmee.0.01 eV @40#. Taking this
into consideration, it is interesting to analyze how these
coming experiments can improve the present bounds onmup.
It can be shown that in order for this to happen the followi
condition has to be verified:

s12
2 &

1

2 S 12
mee

max1AuDm32
2 u1~mup!2s13

2

mup~12s13
2 !

D
.

1

2 S 12
mee

max/mup1s13
2

~12s13
2 !

D [~s12
2 !max, ~46!

where the last expression corresponds to the limitmup

@AuDm32
2 u. In Fig 2~b! we show the dependence of (s12

2 )max

on the values ofmee
max for mup52.2 eV~Troitsk1Mainz! and

mup50.23 eV (WMAP12dF). The vertical dotted lines in
dicate the sensitivities of some future (bb)0n-decay experi-
ments.

Turning now our attention to the evidence for (bb)0n

decay reported by the Heidelberg-Moscow Collaboration
taking into account themee ranges given in Eqs.~14!–~16!,
we can use Eqs.~35! and~36! to compute the values ofmNS

up

and mNS
low which are shown in Fig. 3. The horizontal line

s
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m
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ee
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FIG. 3. Allowed ranges for the lightest neutrino massm1 in the
NS case, when the latest results of the Heidelberg-Moscow exp
ment are considered. The shaded region corresponds to the in
of mee given in Eq.~14! and the dash-dotted and solid lines to t
ranges~15! and ~16!, respectively.
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correspond to the values of mNS
low for mee

min

50.05,0.11,0.4 eV. We can see that the lower bounds on
lightest neutrino mass in each case obey the relationmNS

low

.mee
min , as already shown in Eq.~41!. Consequently, the

lower bound ofmee given in Eq.~16! is in conflict with the
WMAP result. Considering the results~14! and~15!, together
with the cosmological bound on neutrino masses, one has
the NNMS

0.05 eV&m1&0.23 eV. ~47!

Regarding the inverted neutrino mass spectrum, we note
the above results obtained formup remain valid, as already
discussed before. However, the situation changes formIS

low in
the sense that now the lower bound on the lightest neut
mass may not exist. Consideringmee

min50.1,0.4 eV we obtain
mIS

low.0.1,0.4 eV since for these values ofmee
min we can ne-

glect uDm32
2 u in Eq. ~45!. On the other hand, from Eq.~45!

and the SK1K2K allowed ranges forDm32
2 given in Eq.~6!

one hasmIS
low&1.131023 eV for mee

min50.05.

V. CONCLUSIONS

In this paper we have focused on the implications of
available data from (bb)0n-decay experiments in the light o
the latest neutrino oscillation and WMAP results. We ha
briefly commented on the possible occurrence of cance
tions in the effective Majorana neutrino mass parameter
ing into account the allowed ranges for the neutrino osci
tion parameters at 99% C.L. given in Refs.@23,24#. We
conclude that cancellations are only possible for the HI n
trino mass spectrum. However, this is no longer true if o
relies on the best-fit values given in Eqs.~7!, ~9! and Table I
since in this case the conditionmee.0 cannot be fulfilled for
any of the neutrino mass schemes considered here. As fo
extraction of neutrino mass bounds from the presently av
able (bb)0n-decay data we have seen that, while the est
lishment of an upper bound on the mass of the lightest n
trino strongly depends on the value ofs12

2 , the lower bound
is only sensitive tomee

min , for the NNMS. In particular, the
range 0.05 eV&m1&0.23 eV is obtained if one consider
the intervals formee given in Eqs.~14!–~16! together with
the WMAP bound. In the INMS case, the knowledge
uDm32

2 u may be relevant for the lower bound on the lighte
neutrino mass since in this case the lower bound onm3 may
not exist if a650% uncertainty in the nuclear matrix ele
ments is taken into account. We have also discussed how
upcoming (bb)0n-decay experiments may improve th
WMAP result and concluded that, again, the key point rel
on the measurement ofs12

2 which is expected to be improve
by the future KamLAND and BOREXINO@41# data. Never-
theless, a sensitivity ofmee.0.09 eV is required if the best
fit value s12

2 50.3 is considered. Finally, we would like t
remark that the cosmological bound on the absolute neut
mass scale has important consequences for the future p
pects in the study of (bb)0n-decay searches. On the oth
hand, the boundmi,0.23 eV is not encouraging for th
KATRIN experiment which will be sensitive tomi

ri-
val
9-8
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*0.35 eV. In any case, one should remember that the k
of analysis presented here is based on the assumption
(bb)0n decays are mediated by the exchange of mas
Majorana neutrinos. However, other mechanisms can g
rise to these processes@42#. This possibility opens a new
challenging question, namely, how one can identify the ph
ics behind (bb)0n decays.
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