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Neutrinoless doublef decay with three or four neutrino mixing
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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 dg@lidecay, 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 doubl@ 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 doubl@ decay.

PACS numbd(s): 23.40-s, 14.60.Pq, 14.60.St

I. INTRODUCTION The present experimental upper limit fgmy|,

Neutrino oscillation[1-3] is one of the most intriguing |(M)]expe=0.2—0.4 eV (90% C.L), 1.3
phenomena of present day high-energy physics and one of
the most promising ways to explore physics beyond the starPas been obtained from the measurement of the half-life of
dard model. At present there are three experimental indical®Ge in the Heidelberg-Moscow experimeﬁrg,”z(mee)
tions in favor of neutrino oscillations that have been obtained=5.7x 107> yr at 90% C.L] [18]. The range of the upper
in solar neutrino experimenidomestakgd4], Kamiokande bound(1.3) is due to the uncertainty of the theoretical cal-
[5], GALLEX [6], SAGE[7], and Super-Kamiokandgs]),  culation of the nuclear matrix element and has been obtained
in atmospheric neutrino experimeritéamiokandg 9], IMB from the results of different calculations using the quasipar-
[10], Super-Kamiokandgl1], Soudan-Z412], and MACRO ticle random phase approximatid@RPA) [34,35. In par-
[13]), and in the Liquid Scintillation Neutrino Detector ticular, the recent QRPA calculation [85] yields the rather
(LSND) experimen{14,15. On the other hand, neutrinoless stringent upper boungdm)|e.,=0.27 eV. On the other hand,
double decay B8,,) experimentg16—19 and the experi- the shell model calculation if36] yields the loser bound
ments on the direct measurement of neutrino maf8@k  |(M)|ex,=<0.56 €V. However, the calculation of the nuclear
have not obtained any positive result so faee[21]). The  matrix element for the neutrinoless douledecay of "°Ge
connection between the properties of neutrinos that detepresented if36] has been truncated before reaching conver-
mine neutrino oscillationdmass squared differences and gence and the full calculation is expected to yield a more
neutrino mixing and neutrinoless doubl|@-decay has been stringent upper bound f¢(m)|expt. Therefore, in the follow-
discussed in many papel8d2—33. In this paper we discuss ing we will consider the range in Eq1.3) as a reliable
some implications of the latest results of neutrino oscillationestimate of the uncertainty of the experimental upper bound
experiments for neutrinoless doulliedecay and we show for the effective Majorana magémy|.
that under reasonable assumptions there is a lower bound for The next generation oB3,, decay experiments is ex-
the effective Majorana neutrino mass measure@fy, de-  pected to be sensitive to values @fm)| in the range
cay experiments. 1072-10 ! eV [17]. Values of|(m)| as small as about 16

If massive neutrinos are Majorana particles, the matrixeV may be reachable not far in the futdr9)].
element of33,, decay is proportional to the effective Ma-  After the measurement in the Super-Kamiokande experi-
jorana mass ment of an up-down asymmetry gf-like events induced by

atmospheric muon neutrinos, the experimental evidence in
favor of oscillations of atmospheric neutrinos is widely con-

' (1.1 sidered to be beyond reasonable doulstese, for example,
[2,37,3). There are also convincing arguments in favor of a
neutrino oscillation explanation of the solar neutrino problem
(see, for exampld 38,2,39). Therefore, in this paper we will
consider first, in Sec. Il, the implications f@3,, decay in
the scheme with mixing of three neutrinos and a mass hier-
archy that can accommodate the results of atmospheric and
VaLZEK U Vil - (1.2) solar neutrino experiments. In Sec. Il we consider the

(=] 3 vgm,

whereU is the mixing matrix that connects the flavor neu-
trino fields v, (a=e,u,7) to the fieldsv,, of neutrinos
with massesn, through the relation

schemes with four massive neutrinos that can accommodate
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all neutrino oscillation data, including the LSND results in T

favor of v,— v, andv,,— v, oscillations that wait for inde- e

M . . . -
pendent confirmations by other experimef#g,41]. 1072 F Gy Yt -~ E
: qpitart3-= ]

(eV)

II. THREE NEUTRINOS WITH A MASS HIERARCHY : -

[l

The results of solar and atmospheric neutrino experiments
indicate the existence of a hierarchy of mass-squared differ-

-3
ences(see[38,42-45,1)): 10 i

L L 1 L M|
Am2,<10% eV?<10 % eV’=AmZ,<10 2 eV? 105 e
(2.1 Am2,  (eV?)

2un @nd AmZ,, are the mass-squared differences  FIG. 1. The shadowed area shows the allowed rang fofi
relevant for solar and atmospheric neutrino oscillations, re@s & function oAmg,,in the scheme with mixing of three neutrinos
spectively. A natural scheme that can accommodate this hivith a mass hierarchy discussed in Sec. Il, in the case of the LMA-

erarchy is the one with three neutrinos and a mass hierarch ,SW solution of the solar neutrino problem. The shadowed area
as been obtained using EQR.6) and the allowed range for

where Am?

sun Sir? 29, given by the LMA-MSW region(99% C.L) in the
m € my K ms . 2.2 sir? 2095,—AmZ,, plane presented in Fig. 2 of Ré#2]. The dashed
~ ~~ : line represents the unitarity limitm)|,=<AmzZ,,

atm

The results of the CHOOZ experimef#7] and the
In the framework of the hierarchical spectriin?) the mass- Super-Kamiokande atmospheric neutrino datd] imply
squared differences relevant for the oscillations of solar anthat|Ugs|? is small (U3/><5x1072) and there is an upper

atmospheric neutrinos are limit of about 6x 102 eV for the contributior{{m)|5 to the
) ) s o effective Majorana mass i3, decay[25—27. Since there
Amg,=Am3,=m;—mi=m, is no lower bound fotU ¢3|? from experimental datd({m)|,
AmZ,=Am3=m3—mi=mj. (2.3  could be very small.

Hence, the largest contribution tm)| could come from
The mass hierarch{2.2) is predicted by the seesaw mecha- |{m)|,=|U¢,|?m,. Since in the framework of the scheme
nism [46], which predicts also that the tree light massivewith mixing of three neutrinos and a mass hierarchiy2,,
neutrinos are Majorana particles. In this case neutrinoless-m3 and|U,|?=2(1— V1— sir? 29, [48], wheredg,is
doubles decay is possible. the two-neutrino mixing angle used in the analysis of solar

It has been shown if25-27 that the results of neutrino neutrino data, we have

oscillation experiments imply a rather stringent upper bound
(about 6x 102 eV) for the effective Majorana mass in neu- [(m)|,= 3 (1—J1— sir? 29, \/Amgun' (2.6)
trinoless doubles decay in the scheme with mixing of three
neutrinos and a mass hierarchy. In principle the effective Solar neutrino data imply bounds for $W,, and
Majorana masg1.1) can be vanishingly small because of Amgun' In particular the large mixing anglgLMA)
cancellations among the contributions of the different massikheyev-Smirnov-Wolfenstein (MSW) [49] solution
eigenstates. HOWEVET, since the neutrino masses and the GI_MA-MSW) of the solar neutrino pr0b|em, which seems to

ements of the neutrino mixing matrix are independent quanpe favored by recent daf&0], implies that[42]
tities, if there is a hierarchy of neutrino masses, such a can-

cellation would be the result of an unlikely fine-tuning, 1.2x10°° eV?<Am?,<3.1x10* eV?,
unless some unknown symmetry is at work. Here we con-
S|d_er the_ p055|t_)|llty that no such symmetry exists aned _ 0.58< sir? 29,<1.00 (2.7
unlikely fine-tuning operates to suppress the effective Majo-
rana masg(1.1). In this case we have at 99% C.L., taking into account the total rates measured in
) solar neutrino experiments and the day-night variations ob-
[(m)[=maxU ey “m. (24 served in the Super-Kamiokande experimi8it Hence, for
K the contribution ofm, to the effective Majorana mass we

Let us define the absolute value of the contribution of thePbtain
neutrino massn, to |[(m)| as

— 2
KM=V ed . @9 This estimate does not take into account the correlation be-
In the following we will estimate the value ¢fm)| using the tweenAm3,, and sif 29, The precise allowed range for
largest|(m)| obtained from the results of neutrino oscilla- |(m)|, as a function ofAm2,, obtained with Eq(2.6) from
tion experiments. the LMA-MSW region(99% C.L) in Fig. 2 of Ref.[42] is

6x10°4 eV=|(m)|,<9x10° 3 eV. 2.8
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shown in Fig. 1. The dashed line in Fig. 1 represents th& SND experiment. From Eq(3.1) it is clear that neutrino
unitarity limit |(m)|2s\/Am§urT From Fig. 1 one can see that oscillations occur in an experiment only if there is at least
the LMA-MSW solution of the solar neutrino problem im- one mass-squared differenAenEJ- such that

plies that

AmgiL
=

7.4x10°% eV=|(m)[,<6.0x10 % eV. (2.9 g =01 (3.2

Assuming the absence of fine-tuned cancellations amon
the contributions of the three neutrino masses to the effectiv
Majorana mass, ifUg|? is very small and(m)|s<|[(m)|,,
from Egs.(2.4) and(2.9) we obtain

ghe precise lower bound depends on the sensitivity of the
experiment in a significant part of the energy and source-
detector distance intervals of that experimghthe condi-
tion (3.2 is not satisfied,PVFVBz|EKU§kUBk|2=5aﬂ].
7x107% eV=|(m)|<6x103 eV. (2.10  Since the range of/E probed by the LSND experiment is

) ] the smaller one, a mass-squared difference is needed for
Hence, we see thagssuming the absence of an unlikely | sND oscillations:

fine-tuned suppression {fm)|, the results of solar neutrino

experiments give an indication of the value of the effective Amigp=10"1 eV?, (3.3

Majorana mass in33q, decay, with a lower bound of about

7x10°* eV in the case of the LMA-MSW solution of the Specifically, the maximum likelihood analysis of the LSND

solar neutrino problemThis bound is rather small, but val- data in terms of two-neutrino oscillations givig5]

ues of|[(m)| of the order of 102 eV, indicated by the range

(2.10, may be measurable in a not too far fut(ii®)]. 0.20 eV<Am’qp,=<2.0 e\’. (3.9
Also the small mixing angle MSWSMA-MSW) and the

vacuum oscillatior{VVO) solutions of the solar neutrino prob- Furthermore, from Eq(3.1) it is clear that a dependence

lem imply allowed ranges fof(m)|,, but their values are of the oscillation probability from the neutrino energyand

much smaller than in the case of the LMA-MSW solution. the source-detector distancés observable only if there is at

Using the 99% C.L. allowed regions obtained[B8] from  least one mass-squared differembmﬁj such that

the analysis of the total rates measured in solar neutrino ex-

periments we have AmgiL
oE ~1. (3.5

5x10° 7 eV=|(m)|,<107° eV (SMA—MSW),

(213 Since a variation of the transition probability as a function of
-6 ay< 2% 10°5 neutrino energy has been observed both in solar and atmo-
1070 ev=[(m)p=2x107" eV (VO). (212 spheric neutrino experiments and the rangk/& probed by
each type of experiment is different, two more mass-squared
IIl. FOUR NEUTRINOS differences with different scales are needed:

If, in addition to the solar and atmospheric neutrino data,

also the results of the accelerator LSND experiment are Amg,~1071 eV? (VO), (3.6
taken into account, at least three independent mass-squared ) o

differences are needed. This can be seen by considering the Amg~107°-10"° eV~ (3.7)
general expression for the probability of— v, transitions N )

in vacuum[1—3], which can be written as The condition(3.6) for the solar mass-squared difference

Am?,, has been obtained under the assumption of vacuum
oscillations. If the disappearance of solafs is due to the
, (3D MSw effect[49], the condition

AmgL\ |2

_ * i
PVWVB_EK UakUBkexr< i 5E )

whereAmg;=m;—m?, j is any of the mass-eigenstate indi- AmZ, <1074 eV2 (MSW) (3.9
ces,L is the distance between the neutrino source and detec-

tor, andE is the neutrino energy. The range IofE probed  must be fulfilled in order to have a resonance in the interior
by each type of experiment is differemt/E=10'°eV-2for  of the Sun. Hence, in the MSW caden?must be at least

sun

solar neutrino experiments,/E~10°~1C° eV~? for atmo-  one order of magnitude smaller tham?, .

spheric neutrino experiments, andE~1 eV~ for the The existence of three different scales of neutrino mass-
squared differencésmplies that at least four light massive
neutrinos must exist in nature. Here we consider the schemes

The upper limit|(m)|,<3x 102 eV presented ifi27] has been  With four light and mixed neutrinof52—-58, which consti-

obtained from the 90% C.L. LMA-MSW region in Fig. 8a of Ref. tute the minimal possibility that allows to explain all the data

[43], using Eq.(2.6). The 99% C.L. LMA-MSW region in Fig. 8a Of neutrino oscillation experiments. In this case, in the flavor

of Ref. [43] gives|(m)|,=<6x 102 eV, in agreement with the up- basis the three active neutrineg,v,,v, are accompanied

per bound in Eq(2.9. by a sterile neutrinavg that does not take part in standard
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weak interactions. that the experimental evidence in favor of neutrino oscilla-
The existence of four light massive neutrinos is a low-tions indicates that neutrinos may be Majorana particles and

energy manifestation of physics beyond the standard modeleutrinoless doubl@-decay is a concrete possibility.

(see, for example59]). In most theories beyond the stan- It has been showf55] that there are only two schemes

dard model neutrinos are naturally Majorana particles andvith four-neutrino mixing that can accommodate the results

neutrinoless doubl@- decay is allowed. Therefore, we see of all neutrino oscillation experiments:

atm sun sun atm
prm—e N e ounPuse
(A) my <mgo <mz< My, (B) my <mg <mg < my . 3.9
LSND LSND
|
These two spectra are characterized by the presence of two A. Scheme A

pairs of close masses separated by a gap of about 1 eV which |, the four-neutrino scheme A. from E.10 and the

; ; 2 2
provides the mass-squared differenfen s\p=AMy; e~ ypjtarity of the mixing matrix we haveU g2+ |Ugl?
sponsible of the oscillations observed in the LSND experi-<3x 1072, Therefore, the contribution of the two light

2 2 2 _ 2 . . .
ment. In the scheme AAmy,,=Amj;; and Amg,=AMgs,  massesn; andm, to the effective Majorana mass B3,

whereas in scheme BymZ,=Amj; and AmZ, = Amj,. decay can be neglected and we have
The results of the short-base-limg disappearance experi- ) )
ment Bugey[51], in which no indication in favor of neutrino [{m)[=|Uggmz+Ugsmy|, (3.12

oscillations was found, imply that the mixing of with the
two “heavy” neutrinosvz and v, is large in scheme A and Which implies the limits
small in scheme B55,2]:
[|Uesl®mg— [Ueql*my|=<[(m)| =[Ues| >3+ |U g4/ M.

(3.13

Neglecting the small difference betwesnr andm, and tak-
ing into account thamz=m,= \/AmESND, we have

||Ue3|2_|Ue4|2|\/AmESND

for AmZgyp in the LSND-allowed rangé3.4). Therefore, if <|(M)|=(|Uesl®+|Uea®) VAMEsyp.
scheme A is realized in nature, the effective Majorana mass

3.1
in BBy, decay can be as large angzm4z\/Am2LSND (319

20.45—1.4 eV[24-21. On.the other hand, in scheme B gjnce the quantityU |2+ |U 4|2 is large in scheme Asee
neutrinoless doublg-decay is strongly suppressg2b—27.  gq.(3.10], we obtain
In the following two subsections we discuss some connec-

tions between the results of neutrino oscillation experiments 2_ 2 AmZ = - A2
and neutrinoless doublg-decay in the schemes A and B. IUesl* = [Ueal"VAMLgno=(m)|= VAMLyo

1—-(|Ues|?+|Ues|?=3%10"2 (A),  (3.10

|Ugs|?+|Uea?<3x10°2 (B),  (3.11)

(3.19

Furthermore, from the inequality3.10 one can see that the
2t is possible to ask if three different scales of neutrino masscontribution of the mixing ofv, with »; and v, to the sur-
squared differences are needed even if the results of the Homestali/al probability of solar electron neutrinos is negligible and

solar neutrino experiment4] is neglected, allowing an energy- |Ugs|? and|U.4|? are related to the mixing angl8,, ob-

independent suppression of the sakaflux. The answer is that still  tgined from the two-generation fit of solar neutrino experi-
the data cannot be fitted with only two neutrino mass-squared difynants by

ferences because an energy-independent suppression of thesolar
flux requires largeve— v, or v.— v, transitions generated by
Am2,.,or Am?gyp . These transitions are forbidden by the results of
the Bugey[51] and CHOOZ47] v, disappearance experiments and
by the nonobservation of an up-down asymmetrg-tike events in

the Super-Kamiokande atmospheric neutrino experinjéd. |
would like to thank S.T. Petcov for useful discussions about this V(1- sir? 20 su) AMEgpp=|(M)|= VAMZg\p,
point.

|Ue3|22 cos Fsuns |Ue4|22 sir? Ysun- (3.16

Hence, the rangé3.15 can be written as
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Let us emphasize that this allowed range|fon)| in scheme of solar neutrino data in terms of two-generatian- v¢ 0s-
A depends only on the assumption that massive neutrinos arllations is valid in the four-neutrino scheme B if the usual
Majorana particles. two-generation mixing parametetsn? and 9 are identified,
In the case of the SMA-MSW solution of the solar neu- respectively, withAm?2,,= Am3, and 9, defined by
trino problem (for both v.—wv, or v.— v transitions

Sir? 20, is very small (siR29,,=<10 2) and we have [Uerl?= €0S I, |Ugal®=si? 95y (3.2
[(m)|= VAMZsyp=0.45-1.4 eV (SMA-MSW). [from Egs.(3.11), (3.20, (3.21) and the unitarity of the mix-

(3.18 ing matrix we obtain [Ug|?=sir’ 9y, and [Ug|?
= cog J4,]. Since the results of the analyses of solar neu-
Hence, the experimental upper bouidd) indicates thathe  trino data in terms of two-generation,— v oscillations
SMA-MSW solution of the solar neutrino problem is disfa-[38,42,43 show that only the SMA-MSW solution is al-
vored in scheme A lowed, with 10 3< sir?29,,=<10"2, we have 2.5%10 *
Furthermore, the upper boudP®N<4 for the effective  <|U,|2<2.5x 1073. Therefore, in scheme B we have

number of neutrinos in big-bang nucleosynthe&&BN)
(see, for exampld,60]) implies that[54,57,58 [Uet|?=1, |Ugl? |Ugsl? [Ueal®<1.  (3.22

|Ug|?+|Ug|?<1072, (3.19 In the scheme B there are two possibilities: a quasidegen-
erate mass spectrum
in scheme A. The analysis of recent astrophysical data yields

the upper bourtiNB®N<3.2 at 95% C.L[61], although the — < ,j&_\
issue is still rather controversiéee[62,63)). The inequali- my <ma 5 my < My (BD) (3.23
ties (3.10 and(3.19, together with the unitarity of the mix- LSND

ing matrix, imply that the oscillations of solar neutrinos oc-

cur mainly in thev,— v¢ channel[57,58. In this case, the )

analysis of solar neutrino data in terms of two-generatiorP’ & mass hierarchy

ve— Vg OScillations is valid in the four-neutring scheme A if sun atm
the usual two-generation mixing parametans and ¥ are e s, e e,

identified, respectively, witthmZ,= Am3, and 9, defined m <my K My S My (BH) (3.29
in Eq. (3.16 [from Eqgs.(3.10, (3.16), (3.19 and the unitar- LSND

ity of the mixing matrix we obtainU g|?= sirf d,, and
|Ugs|?= cog 9g,]. The results of the analyses of solar neu-
trino data in terms of two-generation,— v¢ oscillations
show that only the SMA-MSW solution is allowed

If the quasidegenerate mass spectrum BD is realized in
nature, it is clear that from Eqg¢l.1) and(3.22 we have

[38,42,43. Therefore, comparing Eq$1.3) and (3.18 we [{m)|=m;. (3.29
conclude thatscheme A is disfavored by the experimental
upper bound(m)| and the BBN bound R¥N<4. In this case, the experimental upper boytd) implies that

Summarizing, the data from oscillation experiments, from
neutrinoless doubl@ decay experiments and from the mea- m;=0.2-0.4 eV. (329

surement of the abundances of primordial elements indicat¢ne opservation of neutrinoless douledecay by the next

that, among all the possible four-neutrino schemes there igjeneration of experiments, which are sensitive to values of
one preferred, scheme. Ret us recall, however, that the |(m)| in the range 102-10"% eV [17], together with the

validity (gBtht‘eﬁBOV bound(1.3) and the validity of the BBN  ¢qnfirmation of the four-neutrino scheme B by neutrino os-
boundN,""<4 are controversial. Hopefully, future experi- cjjjation experiments, will provide an evidence in favor of

mental and theoretical research will clarify this issue. the quasidegenerate scheme BD.
If the hierarchical mass spectrum BH is realized in nature,
B. Scheme B the absence of unlikely fine-tuned cancellations between the
In scheme B, the BBN upper bou'N:EBN<4 implies that contributions ofm,,m, andmg,m, to the effective Majorana
(57,5 ’ mass(1.1) implies that
U2+ |Ug/2=1074, (3.20 [{m)|=max{[{m)|12,[(m)]3a], (3.27
with

From this inequality, Eq(3.11), and the unitarity of the mix-

ing matrix it follows that the oscillations of solar neutrinos —1112 2
. . . = + .
occur mainly in thev,— v channel. Therefore, the analysis (M) 12=Ueama + Ugomy, (328
[(M)]34=|UZsmg+UZ,my|. (3.29
3The bound NB8N<3.2 [61] implies that |Ug|2+|Ug|2 From Eq.(3.22, if m;=m,, we have[(m)|;,=m, and
=5x10 *[57,59 in scheme A. the contribution of(my)|, to |(m)| could be sizable. On the
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de=a’ue®, (3.39
with
1
aS“gey=§(1— 1 sir’ 29gygey)- (3.39

Here sirf 20g,4ey S the upper value of the two-neutrino mix-
ing parameter sf29 obtained from the Bugey exclusion
curve[51] as a function ofAm?=Am?g,, whereAm? is

the two-neutrino mass-squared difference used in the analy-
sis of the Bugey datfthe upper bound3.11) has been ob-

FIG. 2. The shadowed region shows the allowed range fotained from the inequality3.34) restricting AmZgy in the

|(m)|s4 as a function ofAm?gyp in the four-neutrino scheme BH

[see EQq.(3.24]. The solid line represents the upper bound in Eq.

(3.36 and the dotted line represents the lower bound in(BQR9.
The dashed line represents the unitarity |i||"(]i‘h)|34£x/Am2|_SND.

other hand, ifm;<m,, we have|(m)|;,<m, and the con-

LSND-allowed rangg3.4)].
From Egs.(3.32 and (3.34), for [(m)|3, we obtain the
upper bound25-27

[{m)|34=ag"9NAm{gyp. (3.36

tribution of [{m)|,, to [(m)| is strongly suppressed. In this The numerical value of this upper bound as a function of
case, if there are no unlikely fine-tuned cancellations beAm?g,, is depicted by the solid line in Fig. 2. The dashed

tween the contributions afh; andm, to |(m)|,,, we have
[(m)|12=|(m}|, with [{m}|, in the rangeg2.11). In any case,
at present it is not known ifn;=m, or m;<m, and we
cannot infer the contribution dfmj)|y, to [(m)|.

Let us consider now the contributigtm)|;, to the effec-
tive Majorana mass. In principle it is possible thém)|s,
=0 if UZmy+U2,m,=0, i.e,

(3.30

|U sl “my= | Ue4|2m4
and

|argUeg) —arg Ues)| = m/2 (3.31)
[the condition(3.3]) is satisfied ifCP is conserved and,
and v, have oppositeCP parities[64,24,2,27]. However,
even if my=m,, since|U|?+|Uq|?°<1 [see Eq.(3.1D)],
there is no reason to hay ¢3%=|U4|%. On the other hand,
the explanation of the atmospheric neutrino data wifh

— v, oscillations [9-13], which is favored by the latest
Super-Kamiokande da{#®5], requires a large mixing in the
v, ,v,~v3,v4 Sector which could be related to the fact that

|U ,3%+|U .4l and|U 5|2+ |U ,4|* are large(close to 3 and
m32m4.
Therefore, in the following we will assume thH 45|?

and|U,|? have different orders of magnitude. In this case,
the contribution ofm; and m, to the effective Majorana

mass is given by

|<m>|34:de\/AmESND'

where we have taken into account thag=m,=\/Am2,
= JAm?Zg,p and we have defined

(3.32

daE 2 |Ua/k|2 (C!:e,,u,,’]',S).

k=3,4

(3.33

It has been shown ifb5] thatd, is small in scheme B:

line in Fig. 2 represents the unitarity limit(m)|s,

< VAM{snp:

The amplitudeﬁwd,:4|Ek:3y4UekaLk|2 of short-base-line
— v Oscillations in scheme B is bounded [B5]

Vi
A e<4dd, . (3.37
Sinced,, is large in scheme B55], we have
Amin
de= Ze , (3.39

where AT is the minimum value ofA . measured in the
LSND experiment. The physical reason of this lower bound
for d. is thatv, must have some mixing with; and/orv, in
order to generate the oscillations observed in the LSND ex-
periment.

Taking into account E(3.32), the inequality(3.38 leads
to the lower bound

min

[{m)|3s= %VAmLSND'

The numerical value of this lower bound as a function of
Am?gyp is shown in Fig. 2 by the dotted curve that, together
with the solid line obtained from the upper bouf(@l36),
defines an allowed region in thAm’gyp—|(mM)|s4 plane
(shadowed argaFrom Fig. 2 one can see that

(3.39

(3.40

Summarizing, in the framework of the scheme BH in Eq.
(3.24 we have made three assumptiofi$:massive neutri-
nos are Majorana particlegi) there is no unlikely fine-tuned
cancellations between the contributions of;,m, and
ms,m, to the effective Majorana magém)|, and (iii) the
two small element$) .3 andU, of the neutrino mixing ma-
trix have different orders of magnitude. Under these reason-

6.9x10 % eV=|(m)|3=2.1x10"2 eV.
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able assumptions, we have obtained the following allowedorana particles, we have shown that, among all the possible
range for the effective Majorana massgB,, decay: four-neutrino schemes that can accommodate the results of
solar and atmospheric experiments and the results of the
7x10°* ev=|(m)|=2x102 eV, (3.41)  LSND experiment, the scheme [[Eq. (3.9)] is favored by
o ) the experimental results on neutrinoless doybldecay and
from the contribution ofng andm, alone(the effective Ma-  the measurements of the cosmic abundances of elements pro-
jorana mass could be even larger than 0" eV if m;  duced in big-bang nucleosynthesis. In the scheme B there are
=m,=2x10 2 eV). Such values of the effective Majorana two possibilities: the quasidegenerate mass spectrum BD
mass could be measured by futy@,, decay experiments [Eq. (3.23] and the hierarchical mass spectrum BHq.

[17,19. (3.29].
If the quasi-degenerate four-neutrino scheme BD is real-
IV. CONCLUSIONS ized in nature, neutrinoless douledecay should be ob-

served by the next generation of experiments, which will be

We have derived lower limits for the effective Majorana sensitive to|(m)|~102-10"! eV.
mass in neutrinoless doubf@eecay in the scheme with mix- In the framework of the hierarchical four-neutrino scheme
ing of three neutrinos and a mass hierarfhy. (2.2)] under BH, we have shown that there is a lower bound for the ef-
the natural assumptions that massive neutrinos are Majorariactive Majorana mass i3, decay, under the assumptions
particles and there are no large cancellations among the cothat massive neutrinos are Majorana particles, there are no
tributions of the different neutrino masses. If there is a hierdarge cancellations among the contributionsnef,m, and
archy of neutrino masses, large cancellations are unlikelyn;,m,, and the two small elementd.; and Uy, of the
(unless an unknown symmetry is at wirkecause they re- neutrino mixing matrix have different orders of magnitude.
quire a fine-tuning among the values of the neutrino masses We hope that the indications presented here in favor of a
and the elements of the neutrino mixing matrix, which arelower bound, albeit small, for the effective Majorana mass in
independent quantities. neutrinoless doubl@ decay will encourage the development

Under the only assumption that massive neutrinos are Maef future 83,, experiments.
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