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We have studied the constraints imposed by the results of neutrino oscillation experiments on the effective
Majorana mas§ m)| that characterizes the contribution of Majorana neutrino masses to the matrix element of
neutrinoless double-beta decay. We have shown that in a general scheme with three Majorana neutrinos and a
hierarchy of neutrino masséwhich corresponds to the standard seesaw mechanimresults of neutrino
oscillation experiments imply rather strong constraints on the parar{et}. From the results of the first
reactor long-baseline experiment CHOOZ and the Bugey experiment it followg(that<3x 102 eV if
Am?<2 eV? (Am? is the largest mass-squared differenddence, we conclude that the observation of
neutrinoless double-beta decay with a probability that corresponden¢=10"* eV would be a signal for a
nonhierarchical neutrino mass spectrum and/or nonstandard mechanisms of lepton number violation.
[S0556-282(198)04811-3

PACS numbsdis): 14.60.Pq, 23.46:s

I. INTRODUCTION (A, Z2)—(A,Z+2)+e +e™. 1.9

The investigation of the fundamental properties of neutri- The neutrinoless doublg-decay of different nuclei has
nos[neutrino masses and neutrino mixing, the nature of magaeen searched for in many experime(dse, for example,
sive neutrinogDirac or Majoranaf neutrino magnetic mo- Ref. [15]). No positive signal was found up to now. The
ments, etd. is the most important problem of today’s Most stringent limits on the half-lives fop(3),, decay were
neutrino physics. This investigation is one of the major di-found in °Ge and'**Xe experiments. In the experiments of
rections of the search for physics beyond the standard moddf€ Heidelberg-Moscow16,17 and Caltech-Neuchatel-PSI

At present, there are three experimental indications in fal18] Collaborations it was found that
vor of neutrino oscillations. The first indication comes from
solar neutrino experimentsiomestakd 1], Kamiokandg 2], T1"%Ge)>1.2<10° y (90% C.L)

GALLEX [3], SAGE[4], and Super-Kamiokand&]). The Heidelberg-Moscow, (1.2
second indication was found in the Kamiokandd, IMB

[7], Soudan[8], and Super-Kamiokandgd] atmospheric T 13%Xe)>4.2x10°% y  (90% C.L)

neutrino experiments. The third indication in favor of neu-

trino oscillations was obtained by the Liquid Scintillation Caltech-Neuchatel-PSI. (1.3
Neutrino Detector(LSND) Collaboration[10,11]. On the

other hand, in many short-baselif®BL) reactor and accel-  The standard mechanism 08#),, decay is the mecha-

erator experimentssee the reviews in Ref12]) and in the  hism of the mixing of neutrinos with Majorana masses. In

recent long-baselind.BL ) reactor experiment CHOOL3]  accordance with the hypothesis of neutrino mixisge Refs.

no indications in favor of neutrino oscillations were found. [19-21), the left-handed flavor neutrino fields are com-
Neutrino oscillation experiments cannot provide an an-binations of fields of neutrinos with definite masses:

swer to the question: what type of particles are massive neu-

trinos, Dirac or Majoranaee Ref[14]). The answer to this _ . )

question, which is of fundamental importance, could be ob- V/L_Ei Uari (/=em.7), (19

tained from experiments on the investigation of processes in

which the total lepton numbdr=L.+L,+L, is not con-  whereuv; is the field of neutrinos with mass; andU is the

served. The classical process of this type is neutrinolessnitary mixing matrix. If massive neutrinos are Majorana

double decay [(B8)o,] particles, the fieldsy; satisfy the Majorana condition;
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=1=Cy] (C is the charge conjugation matfixthe total Il. THREE NEUTRINOS WITH A MASS HIERARCHY

lepton number is not conserved, andf)o, decay is pos- The results of the experiments at the CERNe™ collider
sible. In the framework of neutrino mixing the procedsl) | ep on the measurement of the invisible width of the
is a process of the second order in the charged cut@@t  poson imply that only three flavor neutrinos exist in nature
weak interaction Hamiltonian (see Ref[35]). The number of light massive Majorana neu-
G trinos is equal to 3 in the case of a left-handed Majorana
S ~ e, iCC mass term and can be more than 3 in the general case of a
H _EZ/;W LY ale THC, 19 Dirac and Majorana mass terfsee, for example, Reff19—

21]). Let us notice that the result of LEP measurements does
with a virtual neutrino. In Eq(1.5) G is the Fermi constant Nt exclude this last possibility. If the number of light mas-
andjCis the standard hadronic charged current. The matri®/Veé Majorana neutrinos is more than 3, sterile neutrinos
element of 83),, decay is proportional to the effective Ma- must exist. The sterile _flelds dq not enter in the standar_d
jorana neutrino masee, for example, Ref§19—21)): neutral current and their effect is not seen in LEP experi-

ments.
We will consider here the simplest case of three light
<m>=2 uzZm. (1.6)  Majorana neutrino$.As is well known, a general character-
1

istic feature of the mass spectra of leptons and quarks is the
. . . hierarchy of the masses of the particles of different genera-
The negative results of the experiments searching fofjons \What about neutrinos? Different possibilities for the
(BB)o, decay imply upper bounds for the parametem)|.  asq spectrum of three neutrinos were considered in the lit-
The numerical values of the upper bounds depend on thg . re(see Refs[34,36—38). We assume that the neutrino

model that is used for the calculation of the nuclear matrixmassesm My, My, as the masses of quarks and leptons
elements. From the results of tHéGe and **e experi- satisfy th(la’hiezr’arcgr%y ’

ments the following upper bounds were obtained:
|(m)|<(0.5-1.1) eV ("®Ge[16,17,22), (1.7 My <Mz <Ms. @
Such a spectrum corresponds to the seesaw mechanism for
[(m)|<(2.3-2.7) eV (**Xe[18)). (1.8 neutrino mass generatiof89] which is the only known
mechanism that explains naturally the smallness of neutrino
Significant progress in the search of neutrinoless dogble- masses with respect to the masses of other fundamental fer-
decay is expected in the future. Several collaborations argions. We do not assume, however, any spec¢ficadratic
planning to reach a sensitivity of 0:10.3 eV for [(m)|  or linea)y seesaw relation between neutrino masses. We will
[16,17,23. use only the results of neutrino oscillation experiments in the
Contributions to the matrix element 0of3f3),, decay of  general framework of a hierarcig.1) of neutrino masses.
different nonstandard mechanisms for violation of the lepton |n all solar neutrino experimentslomestakd 1], Kamio-
number (right-handed current$21,24,23, supersymmetry kande[2], GALLEX [3], SAGE[4], and Super-Kamiokande
with violation of R parity [24,26—2§, and otherg29,30)  [5]) the detected event rates are significantly smaller than the
have recently been considered in the literature. At present, Bvent rates predicted by the existing standard solar models
is not possible to distinguish different mechanisms. It is ob{SSM9 [40]. Moreover, a phenomenological analysis of the
vious that it is important to obtain independent informationdata of the different solar neutrino experiments, in which the
about the contribution to the matrix element of th&3),,  values of the neutrino fluxes predicted by the SSMs are not
decay of Majorana neutrino masses and mixing, given by thesed, strongly suggest that the solar neutrino problem is real
effective Majorana neutrino magém)|. [41]. In order to take into account the results of solar neu-
In this paper, we will show that the existing neutrino os-trino experiments in the framework of a hierarchy of neu-
cillation data imply rather strong constraints on the effectivetrino masses, it is necessary to assume maglz mg— mf
Majorana mas§m)| under the general assumption of a neu-js relevant for the suppression of the flux of sakgss. In this
trino mass hierarchy. The first estimates of the parametegase, the results of the solar neutrino experiments and the
|(m)| obtained from the data of SBL reactor experimentSpredictions of the SSMs can be reconciled if
were given in Ref[31] and a more detailed analysis, includ-
ing the results of the Krasnoyar$B2] and Bugey[33] ex- Am3,~(0.3-1.2X10°° eV? or Am3;~10 1© eV?,
periments and the first results of the LSND experinéj (2.2
was presented in Ref34]. Since these analyses have been
carried out, new results of the LSND experiment have beein the case of Mikheyev-Smirnov-WolfensteiklSW) reso-
published 11] and the results of the first LBL reactor experi- nant transitiond42] and just-so vacuum oscillatior{g3],
ment CHOOZ appeardd 3]. We will use all these data and respectively.
the results of the Kamiokandé] and Super-Kamiokand@]
atmospheric neutrino experiments in order to obtain new
bounds on the effective Majorana mgém)|. In Secs. llI Some remarks about the case of four neutrinos are presented in
and IV we will see that these data imply rather strong conSec. V.
straints on this parameter. In Sec. V we present some re-?Another possible mass spectrum of three neutrino is discussed in
marks on nonhierarchical neutrino mass spectra. Sec. V.
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Under the assumption of a neutrino mass hierarchy, the 10° . .
effective Majorana masigm)| is given by[31]
—— Bugey
[(m)|=|U g5 2mg=|U 5|>VAM?, (2.3 102 b ---- CHOOZ |
with Am?=m3—m?.
101 L .
[ll. CONSTRAINTS FROM REACTOR NEUTRINO
EXPERIMENTS AND THE LSND EXPERIMENT
N - -
In order to obtain information ofiJg;|? and the effective o 1
Majorana mas$(m)| from the results of reactor oscillation L
experiments, we will follow the method presented in Ref. "5
[34] (see also Refl31]). 10 ; 3
In the case of a smalAm3, and a neutrino mass hierar- )
chy, the probability of the transitions,— v, of terrestrial N
neutrinos is given by 102 S
I
N
CiAm? ~
P, v, =[8,1,+U 3Uks(e” A2 —1)]2 (3.0) 3 S
107 Tt _ 4
HerelL is the distance between the neutrino source and the
detector andp is the neutrino momentum. In E@3.1) we
used the unitarity of the mixing matrix and we took into 104 = —
account the fact that for the distances and energies of neutri- 10 010 10°
nos in terrestrial experimentAmglL/Zp<1. For thev, a,
E;Z])) survival probability, from Eq(3.1) we have(see Ref. FIG. 1. TheAm? versusa? plot obtained from the 90% C.L.
exclusion plots of the Bugey83] and CHOOZ 13] reactor neutrino
1 AmZ2L oscillation experimentfsee Eq(3.9)].
P, . =PH=1——B/./(1—COS—), (3.2 _ _
remte e 27" 2p does not add any new constrairithese experimental results
o ) ] provide the most stringent limits for the neutrino oscillation
where the oscillation amplitudes, ., are given by amplitudeB,c .
From Egs.(3.3) and (3.5), it follows that |Ug|? must
— 2 2 . . =7 €
B, =4{U 3/ (1~[U 5. (3.3 satisfy one of two inequalities:
Several oscillation experiments with reacteg’s have |Uggl?<al (3.6)
been performed in the last few yedsee the review in Ref.
[12] and Ref.[13]). No indications in favor of neutrino os- Of
cillations were found in these experiments. 2 0
We will consider the square of the largest neutrino mass [Ues| =12, 3.7

m3=Am? as a parameter and we will consider values of this, here
parameter in the wide range of sensitivity of SBL and LBL
reactor neutrino experiments

ad= %(1— V1-B2,). (3.9

. : . In Fig. 1, we have plotted the values of the parametger
From the negative results of reactor neutrino experiments, ap g b P a&

) . . obtained from the 90% C.L. exclusion plots of the Buge
any flxe_d val_ue ofAm? i the range(3.4) for the amplitude and CHOOZ experiments. Figure 1 sho?/vs th&tis smaIIg ’
Bee Of ve— ve transitions we have the upper bound for Am? in the range(3.4). Thus, the results of the reactor
oscillation experiments imply that) .3|? can only be small
or large(close to )}.

o0 ) ) The results of the solar neutrino experiments exclude the
where the quantitBe is the ordinate of the poinfat the  hossibility of a large value ofUes|?. The argument goes as
corresponding\m?) of the exclusion curve of a reactor neu- follows. The averaged probability>""  (E) for solar v.'s
trino oscillation experiment in the §i29—Am? plane B, o Ve Ve . e
corresponds to sf¢ in the two-neutrino schemeln our to SZUI’VIVG, in the case gf a Neutrino mass hlerar(_:hy_wnh
numerical calculations, we have used the 90% C.L. exclusio Ma1 relgv?nétllor the oscillations of solar neutrinos, is given
plots of the SBL Bugey33] experiment and of the first LBL PY (Se€ Ref[44])

neutrino reactor experiment CHOJZ3] (the inclusion of sun A 225(1.2) 4

the results of the Krasnoyar§B2] experiment in the analysis Pveﬂe(E)_(l Ues|*) Pveﬂve(E)+|Ue3| . (3.9

10°° eV’=sAm?’<10® eV?. (3.9

Be.e<BZ., (3.5
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FIG. 2. The lower boundF(f,‘e”LVe)min for the probability of solar FIG. 3. Upper bounds for the effective Majorana m#@s))|

ve's to survive in the case of a large value of the paramidtes|>  obtained from the 90% C.L. exclusion plots of the Bugsyplid
(=>1-aQ). The values ofa? are obtained from the 90% C.L. ex- ine) and CHOOZ(dashed ling neutrino reactor experiments. The
clusion plots of the Buge}y33] and CHOOZ[13] reactor neutrino  shadowed region corresponds to the rangaA wf allowed at 90%
oscillation experiments. C.L. by the results of the LSND experiment, taking into account the
results of all the other SBL experiments. The thick solid line rep-

(1,2) resents the unitarity upper bouf@n)|< JAm?.

where PVe_,Ve(E) is the v, survival probability due to the

mixing of », and v, andE is the neutrino energy. iU />
satisfies the inequality(3.7), we have PS"" (E)=(1

I/e—> 14

The upper bounds obtained with E@.10 from the 90%
C.L. exclusion plots of the Buge}33] and CHOOZ[13]
—ag)ZE(Piulve)min. In Fig. 2 we have plotted the values of experiments for 10* eV’<=Am?<10° eV? are presented

e

(Pizlye)min obtained from the exclusion plots of the Bugey IN Fig. 3 (the solid and dashed lines, respectivelfhe thick
and CHOOZ experiments. It can be seen tHaf’l., )i i?::;ine%—z;] Fig. 3 represents the unitarity upper bound
=0.9 for Am?=2x10 2 eV2. Furthermore, Eq(3.9) im- As can be seen from Fig. 3, the upper bound for the ef-
plies that the maximal variation ¢#}™",, (E) as a function  fective Majorana masgm)| depends rather strongly on the
of neutrino energy is given by (2|Uq3|?)2. If |U|? satis-  value of Am? (whose square root is equal to the heaviest
fies the inequality(3.7), we have (I |Ugl?)%<(a%?  massmy). From Fig. 3 one can see thatAfm? is less than
which is a very small quantitjffrom Fig. 1 one can see that 10 eV?, the effective Majorana mag¢m)| is smaller than
(1—|Uw3l9)2<9x10 2 for Am? in the range(3.4) and (1 10 ! eV. Figure 3 also shows thatAm? is less than 2 e¥/
—|Ugs|?)?<4x10 3 for Am?=2x10"3 eV?]. Thus, if from exclusion plots of the Bugey and CHOOZ experiments
|Uegl? is large, P35, (E) is practically constant. The large it follows that|(m)|=3x 1072 eV.

lower bound for the survival probabilitp$™", , and its prac- Up to now we have considered only the data of reactor
L . Ve Ve _ heutrino experiments. Let us now also take into account the
tical independence of the neutrino energy are not compatiblg,gits of the LSND experimefit1]. The data of this experi-
with the data of the solar neutrino experimef$ee Refs. ant fix an allowed region oAm?. Combined with the
[45,46]). Therefore, from the two possibilities for the ele- negative results of the Bugd3] and BNL E776[47] ex-
ment|U|?, small[see Eq(3.6)] or large[see Eq(3.7)], the  periments, the allowed plot of the LSND experiment imply
results of solar neutrino experiments allow us to choose only 5t Am? lies in the range

one:|Ugs|? must be small and satisfies the inequali3y6).
The limit (3.6) for |Ug|? implies the following upper
bound for the effective Majorana maksn)|:

0.3 eV’=Am?<2.2 e\’ (3.11

The corresponding region of allowed values|@h)| is rep-
resented by the shadowed region in Fig. 3. One can see that
the results of the LSND experiment, together with the nega-

(3.10

|(m)|<alyAm?.
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tive results of other SBL experiments, imply that the value of The results of atmospheric neutrino experiments can be
[(m)| is very small:|(m)|<3x 10 2 eV. explained by neutrino oscillations. The recent results of the
Thus, we conclude that if massive neutrinos are Majoran&€HOOZ experimen{13] exclude the possibility of’, = v,
particles and if there is a hierarchy of neutrino masses, thescillations. In the framework of two flavar,— v, oscilla-
existing data of reactor neutrino experiments imply a strongdions, the following 90% C.L. allowed ranges for the oscil-
constraint on the parametd(m)|: |(m)|<10"' eV for lation parameters were found by the analysis of the Kamio-
Am?<10 e\2. Let us stress that the valliém)|~10"1 eV  kande datd6]:
corresponds to the sensitivity of the next generation of
(BB)o, decay experimentl6,17,23. 5x10 3% eV2=Am?<3x10 2 eV?, 0.7ssirf29=<1.
If the results of the LSND experiment are confirmed by (4.5
future experiments, the upper bound for the paramétey|
is about 3x10 2 eV. Such small values o m)| can be The preliminary analysis of the Super-Kamiokande daia
explored only by 38),, decay experiments of future gen- indicate the following 90% C.L. allowed ranges for the os-

erations(see Ref[17]). cillation parameters:
— 4 2 2 —3 2 H
IV. CONSTRAINTS FROM ATMOSPHERIC NEUTRINO 3x107* eVPsAm?s6x10°% eV?, 0.8ssif29=<1.
EXPERIMENTS (4.6

In the previous section we obtained constraints on théThe values ofAm? allowed by the Super-Kamiokande data
Majorana parametéfmy)| from the results of reactor experi- are significantly smaller than those allowed by the Kamio-
ments and of the LSND experiment. In this section wekande data. However, the two allowed ranges\af? over-
present the allowed region for the parameten)| obtained lap at Am?=5x10"2 eV?, indicating that the two experi-
from the data of atmospheric neutrino experiments in th@nental results are compatible.
scheme with mixing of three Majorana neutrinos and a neu- In Sec. Ill we obtained restrictions on the paraméten)|
trino mass hierarchy. The ratio of muon and electron atmofrom the exclusion plots of reactor experiments and from the
spheric neutrino events has been found to be significantlgllowed plot of the LSND experiment. Here we present the
smaller than the expected one in the Kamiokafle IMB  allowed region of the Majorana parame{ém)| obtained
[7], and Soudar{8] experiments. For the double ratR  from the results of g? analysis of the Kamiokande atmo-
=(u/€) gare (n/€)mc [(/€)Mmc is the Monte Carlo calcu- spheric neutrino data in the model with mixing of three neu-
lated ratio of muon and electron events under the assumptiofinos and a neutrino mass hierarcf§0]. In this case, the
that neutrinos do not oscillakein the regions of neutrino oscillation probabilities of atmospheric neutrinos depend on
energies less than 1.3 Gelgub-GeVf and more than 1.3 three parametersAm?, |Ugl?, and U3l (JUs?=1

GeV (multi-GeV) the Kamiokande Collaboration found —|U#3|2—|Uu3|2)- The matter effect for the atmospheric
Ub-GeV 0.06 neutrinos reaching the Kamiokande detector from below has
RRamiokandé= 0-60" ¢oe 0.05, (4.1 been taken into account. The presence of matter is important
, ' because it modifies the phases of neutrino oscillat{&i$
Rput-GeV —0.57" 998+ 0.07. and its effect is to enlarge the allowed region towards low
values of Am? (see Ref[50]). The best fit of the Kamio-
The IMB [7] and Soudan8] Collaborations found kande data is obtained foAm?=2.5x1072 eV?, |Ugl?

=0.26 andU ,5|2=0.49, withx?=6.9 for 9 degrees of free-
Rimg=0.54+0.05+0.12, Rgoygar=0.75+0.16+0.10. dom, corresponding to a C.L. of 65%.
(4.2 The range allowed at 90% C.L. in thém)|-Am? plane
'és shown in Fig. 4 as the vertically shadowed region. The
solid and dashed lines in Fig. 4 represent the upper bounds
obtained with Eq(3.10 from the 90% C.L. exclusion plots
o _ o+ of the Bugey[33] and CHOOZ[13] experiments, respec-
Reres=0.9950.13+0.08, Ruusex 1'04_0'25’(4'3) tively. The thick solid line represents the unitarity upper
bound |(m)|<Am?. From Fig. 4 it can be seen that the
are compatible with unity(but cannot exclude the atmo- results of the Kamiokande experiment, together with the ex-
spheric neutrino anomaly because of large ejrors clusion plots of the Bugey and CHOOZ experiments, imply
The existence of the atmospheric neutrino anomaly waghat
recently confirmed by the results of the high statistics Super-

On the other hand, the values of the double ratio found in th
Frejus[48] and NUSEX[49] experiments,

Kamiokande experimen]: [(m)|<=8x1073 eV. 4.7
R o %= 0.6350.03:+0.010 0.052, w The horizontally shadowed region in Fig. 4 indicates the
_ 44 range(4.6) of Am? allowed at 90% C.L. by the preliminary
RO /= 0.604" :023+0.018+ 0.065. analysis of the data of the Super-Kamiokande experiment

[9]. This range covers values Afm? smaller by an order of
Here the three errors are, respectively, the statistical errors ohagnitude with respect to the range din? allowed by the
the data, the statistical error of the Monte Carlo, and thé&kamiokande data. However, the two allowed ranges have an
systematic error. overlap aroundAm?=5x 102 eV2. If this is the value of
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10! 7 o relevant for the suppression of the flux of solals. Another
[ excluded possibility to explain the solar neutrino data in the frame-
region work of three neutrino mixing is to assume that the neutrino
N mill mass spectrum has the foffi37,3§
N
ﬁmgdhm m;<<My=ms, (5.9
i jw TFEIR \l andAm3, is relevant for the suppression of the flux of solar
102 o ,m ] ve's. In this case, SBL neutrino oscillations are described by
the expressiong3.2) and (3.3, with the changdJ ,;—U /4.
N; From the exclusion plots of reactor experiments it follows
) ! ~ that
~ X ’,:" 0
5 ‘ AN Ual?<al, (5.2
| =~ Am? with a2 given by Eq.(3.8). The value ofa’ depends on
10% E&W | e .
Am?=m3—mi=m3. From Fig. 1 one can see thaf is
/ small for Am? in the range(3.4). In this case, the effective
Bugey Majorana mass is given by
/' ——— CcHOOZ
I Kamiokande [(m)|=|UZ+ Uz VAm?. (5.9
E= Super-Kam If CP is conserved in the lepton sector and the rela@®
104 . parity of v, and v is equal to unity,|(m)| is (practically
103 102 10 equal to\J/Am? [31,38. In general, we have
)| (eV
Kol (V) [(m)|<VAm?. (5.4

FIG. 4. Upper bounds for the effective Majorana me88)|  Thus, in the case of the neutrino mass spect(ém), the
obtained from the 90% C.L. exclusion plots of the Budeplid  nner pound for the effective Majorana mass could be in the
line) and CHOOZ(dashed ling neutrino reactor experiments. The eV region(if the LSND result is confirmed If the spectrum

vertically shadowed region is allowed at 90% C.L. by the data of 5.1) is realized in nature, from the inequalit§.2) it follows
the Kamiokande atmospheric neutrino experiment. The horizontall Iéo that neutrino mass(éH) measured ir?H-decay experi-
shadowed region corresponds to the rangAwf allowed at 90% - . . }

C.L. by the preliminary analysis of the data of the Super-ments is practically equal to the heaviest meas:

Kamiokande experiment. The thick solid line represents the unitar- 3 >
ity upper bound(m)|< JAm?Z. MCH)= vAm?®. .9
Let us notice that in the case of a hierarchy of three neutrino

8masses the contribution of the term that dependsman

=~ JAm? to the 8 spectrum of*H is suppressed by the factor
(m)|=3x 1073 evV. (4.9 |L_Jeg|2s al . Therefore, the observation of the effect of a neu-
trino mass in the experiments measuring the high-energy part

Thus we can conclude that in all possible scenarios wittf the 8 spectrum of®H [52,53 would be an indication in

mixing of three massive Majorana neutrinos and a neutrindavor of the neutrino spectrun(.1) with an “inverted”

mass hierarchy, the existing neutrino oscillation data implymass hierarchy.

that the effective Majorana mass, which characterizes the (Il) Four massive neutrinogll the existing indications in

Am?, the exclusion curve of the CHOOZ experiment puts
very strong constraint of{my|:

matrix element of 88),, decays, is very small. favor of neutrino mixing(solar neutrinos, atmospheric neu-
trinos, LSND cannot be described by any scheme with three
V. NONHIERARCHICAL NEUTRINO MASS SPECTRA massive neutrinof54-57. If we take all data seriously, we

need to consider schemes of mixing witt least four mas-
In this section we consider the following two possibilities. sive neutrinod58], that include not onlyv, v,, andv,,
(I) *Inverted mass hierarchy of three neutrinok the  but also(at least one sterile neutrino. In Reff54,55 it was
previous sections we have assumed that there are three Mshown that among all the possible mass spectra of four neu-
jorana neutrinos with a hierarchy of masses and mhaﬁl is  trinos only two can accommodate all the existing data:

atm sun sun atm
— e PN, PR N — |
(A) my < mg L ms < my, (B) my <myKm3<my.
LSKD LSND

(5.6)
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In the case of schem@), Am3, is relevant for the atmo- and the results of solar neutrino experiments, we can con-
spheric neutrino anomaly anfimZ, for the suppression of clude thaf(m)|<10"* eV for Am?<10 e\?. From the new
solar v¢'s, whereas in scheméB) the roles ofAm3, and  results of the first LBL experiment CHOOZ and from the
AmZ, are reversed. In both schemes two groups of clos&xclusion curve of the Bugey experiment it follows that for

masses are separated by the “LSND gap” of the order of 1AM’=2 eV” the parametel{m)| is less than % 10" 2 eV. If
eV. In schemdB), the upper bound for the effective Majo- We take into account the results of the LSND experiment, we

rana mass is given by come to the conclusion thatm)|<3x 1072 eV.
We have also calculated the region of the paraniétey|
|(m)|<alJAm?, (5.77  allowed by the data of the Kamiokande atmospheric neutrino

experiment, using the recent three-neutrjfoanalysis pre-
with Am?>=m3—m3=mj3. Hence, in scheméB) the effec- sented in Ref[50]. Taking into account this allowed range
tive Majorana mas$(m)| must satisfy the constraints dis- of |(m)| and the constraints obtained from the results of the
cussed in Sec. Il and presented in Fig. 3. This means that iBugey and CHOOZ experiments, we conclude that very
scheme(B) the contribution of Majorana neutrino masses tosmall values of(m)| are allowed{(m)|<8x 102 eV. Tak-
the amplitude of B)q, decay is strongly suppressed. In ing into account also the results of the preliminary analysis
schemeg(A), the effective Majorana mass is bounded by  of Super-Kamiokande data, an even stronger constraint can
be placed{(m)|<=3x 103 eV.
- 12 7 7 The constraints on the value of the effective Majorana
|<m>|\i:23,4 [Ueilvam=< yam®. ©8 mass|(m)| that follow from the results of neutrino oscilla-
tion experiments must be taken into account in the interpre-
Hence, nca priori SuppreSSion of the Majorana mass Contri'tation of the data OfﬁB)OV decay experiments_ The obser-
bution to (88)o, decay is expected in scherfi). vation of neutrinoless doublg-decay with a probability that
Also the values of the effective neutrino masg®H)  corresponds td(m)|=10"1 eV (which is the sensitivity of
measured in experiments that inVeStigate the high'energwture (BB)OV decay experimen)swould |mp|y that the
part of thep spectrum of’H [52,53 are different in schemes spectrum of three neutrinos does not follow a hierarchical
(A) and (B). In scheme(A) we havem(®*H)=m,=\Am?,  pattern and the neutrino masses are not of seesaw origin, or
whereas in schem@) the contribution of the term that de- that there are more than three massive neutrinos. This obser-
pends on the heavy masseg~m, to the 3 spectrum of’"H  vation could also imply that nonstandard mechanisms for the

is suppressed by the factEri=3,4IUei|2$ag. violation of lepton number, such as right-handed currents
(see Refs[21,24,29), supersymmetry with violation oR
VI. CONCLUSIONS parity [26,24,27,28 and other§29,30], are responsible for

neutrinoless doubl@ decay. Thus, the observation of

We have obtained various constraints on the parametefg )~ decay could allow us to obtain information not only
|(_m)| (which characterlze_s the contribution O.f Majorana neu-gphaut the nature of massive neutrin@rac or Majoranal
trino masses to the matrix element of neutrinoless dopble- ;1 4150 about the pattern of the mass spectrum of neutrinos

decay from the results_ of neutrino oscill_ation _e_xperiments.andlor about nonstandard mechanisms of violation of the
We have shown that in the scheme with mixing of threelepton number.

Majorana neutrinos and a mass hierar@hfich corresponds

to the seesaw mechanism for the generation of neutrino
massep the results of neutrino oscillation experiments put
rather severe restrictions on the valug/@h)|. The numeri-

cal value of the upper bound fdKm)| depends rather S.M.B. would like to acknowledge support from the
strongly on the value of the parametem?’=ms—mZ. If we  Dyson Visiting Professor Funds at the Institute for Advanced
take into account only the results of SBL reactor experimentStudy.

ACKNOWLEDGMENTS

[1] B.T. Clevelandet al, in Neutrino 94 Proceedings of the 16th News About SNYPecember, 1997, Santa Barbara, California
International Conference on Neutrino Physics and Astrophys-  (URL http://www.itp.ucsb.edu/online/snu/
ics, Eilat, Israel, edited by A. Daat al. [Nucl. Phys. B(Proc. [6] Y. Fukudaet al, Phys. Lett. B335 237 (1994).

Suppl) 38, 47 (1999)]. [7]1 R. Becker-Szendgt al., in Neutrino 94[1], p. 331.
[2] K.S. Hirataet al, Phys. Rev. D44, 2241(199)). [8] W.W.M. Allison et al, Phys. Lett. B391, 491 (1997.
[3] GALLEX Collaboration, W. Hampeét al,, Phys. Lett. B388 [9] K. Martens, Talk presented at tHeternational Europhysics
384 (1996. Conference on High Energy Physi#sugust, 1997, Jerusalem,
[4] J.N. Abdurashitowet al, Phys. Rev. Lett77, 4708(1996. Israel (URL http://www.cern.ch/hep97/abstract/tpal0.htis.
[5] K. Inoue, Talk presented at tih International Workshop on Kearns, Talk presented at tfh International Workshop on
Topics in Astroparticle and Underground Physi€&UP97, Topics in Astroparticle and Underground PhysiT&UP97
Gran Sasso, ltaly, September, 1997URL http:// [5].

www.sk.icrr.u-tokyo.ac.jp/doc/sk/pub/pub_sk.htmIR. Svo-  [10] C. Athanassopoulost al, Phys. Rev. Lett75, 2650(1995.
boda, Talk presented at tieéonference on Solar Neutrinos: [11] C. Athanassopoulost al, Phys. Rev. Lett77, 3082(1996.



6988 S. M. BILENKY, C. GIUNTI, C. W. KIM, AND M. MONTENO 57

[12] F. Boehm, inTAUP95 Proceedings of the International Work- (1995; G. Raffelt and J. Silkibid. 366, 429(1996.
shop on Theoretical and Phenomenological Aspects of Underf38] S.M. Bilenky, C. Giunti, C.W. Kim, and S.T. Petcov, Phys.
ground Physics, Toledo, Spain, edited by A. Moragdsal. Rev. D54, 4432(1996.
[Nucl. Phys. B(Proc. Supp). 48, 148 (1996]; F. Vannucci, [39] M. Gell-Mann, P. Ramond, and R. Slansky, Supergravity
ibid., p. 154. Proceedings of the Workshop, Stony Brook, New York, 1979,
[13] CHOOZ Collaboration, M. Apolloniet al., hep-ex/9711002. edited by D. Freedman and P. van Nieuwenhuitsorth-
[14] S.M. Bilenky, J. Hosek, and S.T. Petcov, Phys. Le#B, 495 Holland, Amsterdam, 1979p. 315; T. Yanagida, ifProceed-
(1980; M. Doi et al, ibid. 102B, 323(1981. ings of the Workshop on Unified Theory and the Baryon Num-
[15] M. Moe and P. Vogel, Annu. Rev. Nucl. Part. Sd4, 247 ber of the Universe Tsukuba, Japan, 1979, edited by O.
(1994). Sawada and A. Sugamot&KEK, Tsukuba, 1979 S. Wein-
[16] M Guntheret al, Phys. Rev. D65, 54 (1997. berg, Phys. Rev. Letd3, 1566(1979.
[17] H.V. Klapdor-Kleingrothaus, hep-ex/9802007. [40] J.N. Bahcall and M.H. Pinsonneault, Rev. Mod. PH§/5.781
[18] J. Busto, inTAUP95[12], p. 251. (1995; S. Turck-Chige et al, Phys. Rep230, 57 (1993; V.
[19] S.M. Bilenky and S.T. Petcov, Rev. Mod. Phys9, 671 Castellaniet al,, ibid. 281, 309(1997).
(1987). [41] V. Castellaniet al, Astron. Astrophys271, 601 (1993; N.
[20] C.W. Kim and A. PevsnerNeutrinos in Physics and Astro- Hata, S.A. Bludman, and P. Langacher, Phys. Re¥9[8622
physics Vol. 8 of Contemporary Concepts in Physi@dar- (1999; V. Berezinsky, Comments Nucl. Part. Phydl, 249
wood Academic, Chur, Switzerland, 1993 (1994): J.N. Bahcall, Phys. Lett. B38 276 (1994).
[21] R.N. Mohapatra and P.B. Pallassive Neutrinos in Physics [42] GALLEX Collaboration, P. Anselmanet al, Phys. Lett. B
and Astrophysigsvol. 41 of World Scientific Lecture Notes in 285, 390(1992; P.l. Krastev and S.T. Petcoihid. 299 99
Physics(World Scientific, Singapore, 1991 (1993; N. Hata and P.G. Langacker, Phys. Rev.50 632

[22] G. Pantis, F. Simkovic, J.D. Vergados, and A. Faessler, Phys.  (1994; G. Fiorentiniet al, ibid. 49, 6298(1994).
Rev. C53, 695(1996; F. Simkovic, J. Schwieger, G. Pantis, [43] V. Barger, R.J.N. Phillips, and K. Whisnant, Phys. Rev. Lett.
and A. Faessler, Found. Phy&z, 1275(1997. 69, 3135(1992: P.I. Krastev and S.T. Petcoihid. 72, 1960
[23] NEMO Collaboration, inTAUP95[12], p. 226; F.A. Danevich (19949.
et al, ibid., p. 232; A. Alessandrell@t al, ibid., p. 238; J.  [44] X. Shi and D.N. Schramm, Phys. Lett. 283, 305 (1992.
Hellmig and H.V. Klapdor-Kleingrothaus, Z. Phys.359 351  [45] P.I. Krastev and S.T. Petcov, Phys. Lett3B5 69 (1997.

(1997). [46] G. Conforto, A. Marchionni, F. Martelli, and F. Vetrano,
[24] R.N. Mohapatra, hep-ph/9507234. hep-ph/9708301.
[25] M. Hirsch, H.V. Klapdor-Kleingrothaus, and O. Panella, Phys.[47] L. Borodovskyet al, Phys. Rev. Lett68, 274(1992.

Lett. B 374, 7 (1996. [48] K. Daumet al, Z. Phys. C66, 417 (1995.
[26] K.S. Babu and R.N. Mohapatra, Phys. Rev. L&, 2276  [49] M. Aglietta et al, Europhys. Lett15, 559 (1991).

(1995. [50] C. Giunti, C.W. Kim, and M. Monteno, hep-ph/9709439.

[27] M. Hirsch, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenko, [51] J. Pantaleone, Phys. Rev.49, R2152(1994.
Phys. Rev. Lett75, 17 (1999; Phys. Lett. B351, 1 (1995; [52] A.l. Belesevet al,, Phys. Lett. B350, 263 (1995.
372 181 (1986; Phys. Rev. D53, 1329 (1996; 54, R4207  [53] C. Weinheimeret al, Phys. Lett. B300, 210(1993.

(1996. [54] S.M. Bilenky, C. Giunti, and W. Grimuslroceedings of Neu-
[28] A. Faessler, S. Kovalenko, F. Simkovic, and J. Schwieger, trino 96, Helsinki, June 1996, edited by K. Enqvist al.
Phys. Rev. Lett78, 183(1997. (World Scientific, Singapore, 1997p. 174; Eur. Phys. J. C,
[29] M. Hirsch, H.V. Klapdor-Kleingrothaus, and S.G. Kovalenko, 247 (1998.
Phys. Rev. D54, R4207(1996); 57, 1947 (1998. [55] N. Okada and O. Yasuda, Mod. Phys. Lett12 3669(1997).
[30] O. Panella, C. Carimalo, Y.N. Srivastava, and A. Widom, [56] G.L. Fogli, E. Lisi, D. Montanino, and G. Scioscia, Phys. Rev.
Phys. Rev. D66, 5766 (1997. D 56, 4365(1997).
[31] S.T. Petcov and A.Yu. Smirnov, Phys. Lett. 82 109 [57] S.M. Bilenky, C. Giunti, and W. Grimus, hep-ph/9711311.
(1994. [58] J.T. Peltoniemi and J.W.F. Valle, Nucl. PhyB406, 409
[32] G.S. Vidyakinet al, JETP Lett.59, 390(1994. (1993; D.O. Caldwell and R.N. Mohapatra, Phys. Rev4B
[33] B. Achkaret al., Nucl. Phys.B434, 503(1995. 3259 (1993; Z. Berezhiani and R.N. Mohapatrihid. 52,
[34] S.M. Bilenky, A. Bottino, C. Giunti, and C.W. Kim, Phys. 6607 (1999: J.R. Primacket al, Phys. Rev. Lett74, 2160
Lett. B 356, 273(1995; Phys. Rev. D64, 1881(1996. (1995; E. Ma and P. Roy, Phys. Rev. B2, R4780(1995; R.
[35] Particle Data Group, R.M. Barnett al, Phys. Rev. D54, 1 Foot and R.R. Volkashid. 52, 6595(1995: E.J. Churet al,
(1996. Phys. Lett. B357, 608(1999; J.J. Gomez-Cadenas and M.C.
[36] H. Minakata, Phys. Rev. 32, 6630(1995; K.S. Babu, J.C. Gonzalez-Garcia, Z. Phys. €1, 443 (1996; S. Goswami,
Pati, and F. Wilczek, Phys. Lett. B59 351 (1999; G.L. Phys. Rev. D55, 2931(1997; A. Yu. Smirnov and M. Tan-
Fogli, E. Lisi, and G. Sciosicia, Phys. Rev.32, 5334(1995. imoto, ibid. 55, 1665(1997); E. Ma, Mod. Phys. Lett. Al1,

[37] D.O. Caldwell and R.N. Mohapatra, Phys. Lett.384, 371 1893(1996.



