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The relations between the effective Majorana mass of the electron nentgim@sponsible for neutrinoless
double beta decay and the neutrino oscillation parameters are considered. We show that for any specific
oscillation patterrm, can take any valuérom zero to the existing upper bounfbr normal mass hierarchy
and it can have a minimum for inverse hierarchy. This means that oscillation experiments cannot fix in general
Mee. Mass ranges fomg, can be predicted in terms of oscillation parameters with additional assumptions
about the level of degeneracy and the type of hierarchy of the neutrino mass spectrum. These predictions for
m, are systematically studied in the specific schemes of neutrino mass and flavor which explain the solar and
atmospheric neutrino data. The contributions from individual mass eigenstates in terms of oscillation param-
eters have been quantified. We study the dependentgain the nonoscillation parameters: the overall scale
of the neutrino mass and the relative mass phases. We analyze how forthcoming oscillation experiments will
improve the predictions fom... On the basis of these studies we evaluate the discovery potential of future
OvBpB decay searches. The role/8B decay searches will play in the reconstruction of the neutrino mass
spectrum is clarified. The key scalesmf,, which will lead to the discrimination among various schemes, are:
Mg~ 0.1 eV andmg~0.005eV.
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[. INTRODUCTION HereU,; are the elements of the mixing matrix relating the
flavor states to the mass eigenstates. In this general case the

The goal of the search for neutrinoless double beta decagass parametdOvB8B mass which enters the @38 decay
(0OvBB decay is to establish the violation oftotal) lepton  rate is not the physical mass of the neutrino but the combi-
numberL and to measure the Majorana mass of the electromation|m.d of physical masses:
neutrino, thus identifying the nature of the neutrifig2].
Both issues are related: Even if the main mechanisnvgi0 _
decay may be induced by, e.g., lepton number violating Imee|=z |Ugjl%€"®im,
right-handed currentsR-parity violation in supersymmetry y
(SUSY) models, leptoquark-Higgs couplingfor an over-
view see, e.g., Ref3]), the observation of @83 decay im-  Apart from the absolute values of masses and mixing
plies always a nonvanishing effective neutrino Majoranamatrix elements, the effective Majorana mass depends also
mass(OvBB mass at loop level[4]. on new parameters: phasgs which originate from a pos-

If 0vBB decay is induced dominantly by the exchange ofsible complexity of the mass eigenvalues and from the mix-
a light Majorana neutrinort<30 MeV), the decay rate is ing matrix elements. Thus searches for double beta decay are
proportional to the Majorana mass of the electron neutrincsensitive not only to masses but also to mixing matrix ele-
Mg Squared: ments and phases; .

Notice that in the presence of mixing, is still the ee
element of the neutrino mass matrix in the flavor bagrs.
this sense it gives the scale of elements of the neutrino mass
matrix. However, in generaln,. does not determine the

Thus, in the absence of lepton mixing, the observation ofcale of the physical masses. #£g3 decay will be discov-
0vBB decay would provide information about the absolute€'®d and if it will be proven to proceed via the Majorana
scale of the Majorana neutrino mass. neutrino mass mechanism, then timg, extracted from the
The situation is changed in the presence of neutrino mix-
ing when the electron neutrino is not a mass eigenstate but
turns out to be a combination of several mass eigenst@tes !y general the experimental value of,, depends on the process
with mass eigenvalues; : being considered. It coincides with the theoretital, of Eq. (3) if
all massesn;<Q, whereQ is the energy release of a given process.
This fact may become important for comparing heavy neutrino con-
Vo= E Ugivi, i=1,23.... 2 tributions in /BB decay and inverse neutrinoless double beta decay
i at colliders; see, e.g., Rdb].

. 3

Toem?,, (1)
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decay rate will give a lower bound on some physical massesnass, and thus will allow us to fix the absolute scale of
As it is easy to see from E@3), at least one physical mass masses. Projects are under consideration which will have a
m; should be sensitivity of about 1 eV and legRef. [6]).

(3) The expansion of the universe and its large scale struc-
ture are sensitive to neutrinos with masses larger than about
0.5 eV. The status of neutrinos as the hot dark maH&M)

Canmee be predicted? According to qu) the MassMe, component of the universe is rather uncertain now: it seems

depends on absolute values of masses, mixings, and pha§5§‘t .t_he present co_smc_)logical observations do not require a
¢;. Certain information about masses and mixing can b |gn|f!cantQV contribution gnd therefore a Iarg@l 1 eV) .
obtained from(i) oscillation searchesiji) direct kinematical neutrino mass. However,_m SOME cases massive neutrinos
measurements, ariidi ) cosmology. Let us comment on these may help to get a better fit of the data on density perturba-
; . ' tions.
issues in order. | der t dictn hould not only determine th

(1) The oscillation pattern is determined by mass squared h order o predicine, one snould not only determine the
differences, moduli of elements of the mixing matrix, ang oscillation parameters but make additional assumptions

(for three neutrino mixingonly one complex phase which which will fix the nonoscillation parameters. If the oscilla-
leads toCP violating effects in neutrino oscillations: tion pgrameters are "”OV.V”' then, depending on thes.e as-
sumptions, one can predich,, completely or get certain

m;=Me (4)

for the three-neutrino case.

Ami=|mil>=|m;|2, |Ugl%  Scp. (5)  bounds ommee. ,
What are these assumptions?
(We indicated here only mixing elements which emgy.) It was pointed out in Ref[8] that predictions ormg,
In what follows we will call Eq.(5) the oscillation param-  significantly depend on two points: the level of degeneracy
eters of the neutrino mass spectrum, which is related to the abso-

Neutrino oscillations and neutrinoless double beta decayyte scale of neutrino masses; the solution of the solar neu-
however, depend on different combinations of neutrinotrino problem; this solution determines to a large extent the
masses and mixings. In terms of the oscillation parameterdistribution of the electron neutrino flavor in the mass eigen-

the masq3) can be rewritten as states, that iS|yUej|2'
The assumptions about the level of degeneracy allow one
i to fix the absolute scale of the neutrino mass. In fact, at
|Med = 2 |Ugjl%€'%iyAm? +m3], (6)

present even the oscillation parameters are essentially un-

known, so that further assumptions are needed. Evidence of
where we assumed for definitenesg to be the smallest neutrino oscillationdatmospheric, solar neutrino problems,
mass. We also pup;=0 and consider the othep; asthe  Liquid Scintillation Neutrino DetectofLSND) resulf allow
relative phases us in principle to determine the oscillation parameters up to a

According to Eq.(6) the oscillation parameters do not certain ambiguity related, in particular, to the existence of
allow one to determine uniquely,.. Apart from these pa- several possible solutions of the solar neutrino problem.
rameters, the mass,, depends also on the absolute value of A number of studies of the #B3 mass have been per-
the first masgabsolute scaleand on the relative phases: ~ formed, using various assumptions about the hierarchy or

degeneracy of the spectrum which remove the ambiguity in

my, ¢, j=23,.... (7)  interpretations of existing oscillation data. In fact, these as-

sumptions allow one to construct the neutrino mass and mix-

These parameters cannot be determined from oscillation e¥ng spectrum, and some studies have been performed for
periments and we will call themonoscillation parameters  specific neutrino spectra. Most of the spectra considered so

The mass squared difference gives the absolute value @y explain the atmospheric neutrino problem and the solar
the mass only in the case of strong mass hierarchy: neutrino problem assuming one of the suggested solutions.
>m;, when|m|~ \/Amjzl. However, even in this case the Some results have also been obtained for schemes with four
lightest masgwhich can give a significant or even dominant neutrinos which also explain the LSND result. Let us sum-
contribution tomgg) is not determined. marize the main directions of these studies.

The relative phaseg; which appear inme. [Eq. (3)] dif- (1) Three-neutrino schemes with normal mass hierarchy
fer from Scp and cannot be determined from oscillation ex- which explain the solar and atmospheric neutrino data have
periments, since the oscillation pattern is determined byeen studied in Ref§8-13. Various solutions of thes
moduli |m;|2. On the other hand, the phase relevant for neuproblem were assumed. These schemes give the most strin-
trino oscillations does not enten,. or can be absorbed in gent constraints on®BB mass in terms of oscillation param-
phases of masses. eters.

(2) Apart from neutrino oscillations, informations on neu-  (2) The OvBB mass in three-neutrino schemes with in-
trino masses and especially on the absolute scale of massearse mass hierarchy has been considered in Reds12,
can be obtained from direct kinematical searches and cosnd[13]. These schemes favar,, to be close to the present
mology. experimental bound.

There is still some chance that future kinematical studies (3) Three-neutrino schemes withartial degeneracy of
of the tritium beta decay will measure the electron neutrinahe spectrum and various solutions of the problem were
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discussed in Refd.8] and[13]. In these schemes,, can  Sec. IX, comparing predictions ofn,. from different
also be close to the present experimental bound. schemes we clarify the role future searches fg8® decay

(4) Large attention was devoted to the three-neutrinocan play in the identification of the neutrino mass spectrum.
schemes with complete degenergByl5—-23,13 since they
can explain solar and atmospheric neutrino data and also Il. NEUTRINO OSCILLATIONS AND NEUTRINOLESS
give a significant amount of the hot dark mat{etDM) in DOUBLE BETA DECAY

the universe. In these schemes the predictionaQfdepend . . . . -
mainly on the absolute mass scale and on the mixing anglef As hgs beedn pointed 'cl)lu':.m |the ||ntArodzuct|o(rj], ihe pre.c|i||ct|on
relevant for the solar neutrinos. Of Mg depends on oscillation|.;,Am?) and nonoscilla-

Some intermediate situations between hierarchical and dé'°" (m, and¢j) parameters. In this section we will consider
generate spectra have been discussed in Refsand|[13], general relations between, and the oscnlat_lon parameters.
(5) The QBB mass in scenarios with four neutrinos which We analyze the dependence of these relations on nonoscilla-

can accommodate also the LSND result have been analyzé. n parameters. We quantify ambiguities which exist in pre-
in Refs.[14], [10], and[11]. ictions ofmg.. Our results will be presented in a way which

will be convenient for implementations of future oscillation

Some general bounds on thedB mass under various results

assumptions have been discussed in He#-28 and[19].
In a number of papers an inverse problem has been
solved: using relations between thedB mass and oscilla- A. Effective Majorana mass and oscillation parameters
tion parameters which appear in certain schemes restrictions The oscillation pattern is determined by the effective
on oscillation parameters have been found from existingHamiltonian(in the flavor basis
bounds orm.. In particular the 3 schemes with mass de-
generacy{15] and mass hierarchiyl2] have been discussed. 1 +
An important ingredient for the prediction ofi,. are the H= 2E MM'+V, ®
phasegsee Eq.(7)]. Unfortunately, there is no theory or
compelling assumptions which allows us to determine theswhereE is the neutrino energy is the mass matrix, and
phases. is the (diagonal matrix of effective potentials which de-
In this paper we will analyze the discovery potential of scribe the interaction of neutrinos in a medium.
future OvBB decay searches in view of existing and forth- The oscillation pattern is not changed if we addHoa
coming oscillation experiments. We will clarify the role term proportional to the unity matrix:
OvBpB decay searches will play in the identification of the . fo 2
neutrino mass spectrum. In the previous studies, implications MM'—MM "+ mgl. €)
of mg, for oscillation parameters and the other way around
implications of oscillations searches for,, have been dis-
cussed. In contrast, we focus here on the impact of resul
from both neutrino oscillations and double beta decay on th
reconstruction of the neutrino mass spectrum. We put an
emphasis on possible future experimental results from long-

baseline experiments, cosmic microwave backgrd@B) (e considem?—m2=0 for all i to keep the Hermiticity of

explorers, supernovae measurements, precision studies fe Hamiltonian. The additional term changes, however, the
properties of the solar neutrino fluxgday-night asymmetry, 4,33 mass. Thus for a given oscillation pattern there is a
neutrino energy spectra, etc. . freedom inm,,, associated witim2.

For this we first(Sec. 1) consider the general relations Let us study how arbitraryn, can be for a given oscil-
between the effective Majorana mass of the electron neutrin%ltion pattern. According to ESEQ) and (10) for the three-
and the oscillation parameters. We will study the dependencﬁeutrino casé we get
of mge on the nonoscillations parameters. The crucial as-
sumptions which lead to predictions for,. are identified. mee:|m<ele>| +é ¢z|mg42| +e“”3|mg3e>|, (11)

In Secs. llI-VIIl we present a systematic and updated
study of predictions fom,, for possible neutrino mass spec- where m{)=|m{)|exp(¢) (i=1,2,3) are the contributions
tra. In contrast with most previous studies using oscillationto m, from individual mass eigenstates which can be written
data we quantify the contributions fronmdividual mass in terms of oscillation parameters as
eigenstates and we keep explicitly the dependence on un-

Indeed, the additional term does not change the mixing, it
ggads just to a shift of the mass eigenstates squared by the
game value without affectingm:

mf—mZ+mj (10)

known relative mass phases. The dependence of predictions ImY|=|Ue|?my, (12
on nonoscillation parameters—the absolute mass value and

the phasesp; is studied in detail. We considen3chemes IMZ)| = U ol 2VAMS,+m2, (13
with mass hierarchySec. Il), partial degenerac{Sec. V),

total degeneracySec. V), transition regiongSec. V), in- IMS)| =|Uesl?VAM3,+ m? (14)

verse hierarchySec. VIl) and schemes with sterile neutrinos
(Sec. VIll). We analyze how forthcoming and planned oscil-and ¢; are the relative phases of the contributions from
lation experiments will sharpen the predictions fog.. In massesn; andm; (the massmé has been absorbed in defi-
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FIG. 1. The effective Majorana mass, in the complex plane. Vectors show contributionsrtg, from individual eigenstates. The total
Mee @ppears as the sum of the three vectors. AIIowed valuefaegfcorrespond to modulies of vectors which connect two points on the
circles. Herea= ¢y—m, B=m—d¢,. (@ |m|>|m@|+|m)|: the vectorsm{) cannot form a triangle and no complete cancellation
occurs.(b) [mY|<|m@|+|m{)|: in this case complete cancellation occurs in the intersection points of the circles, so,thad.

nition of m3). The contributionsn{) can be shown as vec- coL 6
tors in the complex planéFig. 1). my=——+Ams,. (18
Without loss of generality we assunme;>m,>m;=0, Vcos 29

so thatm, is the lightest state. Themormal mass hierarchy

corresponds to the case when the electron flavor prevails Iﬁtblar%e my it Tlas thehasymptotlcsneef—lcos 2‘)|m|1 [Fllg ¢
the lightest state|Uq|?>|Uey|% |Ugsl?>. We will refer to (b)]. As we will see, the existence of a minimal value o

inversehierarchy as to the case whiltle,|2<|U |2 or/and Im.d can play an important role in the discrimination of

|Ugs|2, i.e., when the admixture of the electron neutrino fla-a'0usS Scenarios. .
vor in the lightest state is not the largest one. Let us consider now the three- neutrmo case. The mass

) - (2) (3)
Let us consider the dependencemf, on nonoscillation ~ Mee S given by the sum of three vect , Mg andmg
parameters m=megMy, ;). It is obvious that due to the in _the complex planésee Fig. 1, SO that a comple.te. cancel— _
freedom in the choice of, there is no upper bound for lation corresponds to a closed triangle. The sufficient condi-

Me.. However, in some special cases lower boundsmgp o1 for having a minimal value ofm.J which differs from

exist. zero for arbitrary nonoscillation parameters is
Let us start with the two neutrino case which would cor-
respond to zerdor negligibly small v, admixture in one of <|>|>E |m (19)

mass eigenstates, e.U.3|. We consider first the case of

normal hierarchyu? >U2,. For m;=0 the effective mass _ N

Mee IS UNiquely fixed in terms of oscillation parameters: ~ That is, one of contributionmgg should be larger than the
sum of the moduli of the two others.

m2.=|Ueo|?VA mzzlz sir? A mzzl, (15 Let us prove that this condition cannot be satisfied for the
normal hierarchy case. Indeed, in EG.9) i cannot be 1. For
where sirg=Ug,. For nonzeran,, the maximal and minimal  m,=0 we havem{!)=0, at the same time the right-handed
values ofme, correspond tap,=0 and¢,=m side of Eq.(19) is larger than zero as long &, #1 (i.e.,

The upper bound¢§2 0) onme, increases W|thn1 MO-  any nonzero mixing ok, exists. The condition(19) cannot
notonously from m3, at m;=0 and approaches the pe satisfied foii#1 either. In this case for a large enough
asymptotic dependence, .= m;, for largem; [see Fig. 2a)]. m;, so thatm,~m,~m;, we getmil<m( since U,
The lower limit (¢,=) decreases monotonously with in- ~y_. This proof holds also for schemes with more than

crease o, starting bym{,. It reaches zero at three neutrinos. Thus one can conclude that neither an upper
) nor a lower bound ofm.J exists for any oscillation pattern
_ sir? JANZ, and normal mass hierarchy. Any valire.J=0 can be ob-
ml—\/: Am21, ( 6) . . oyl
|cos 26| tained by varying the nonoscillation parametersand ¢;; .

For inverse mass hierarchy we find that condition @§)
and approaches the asymptotic dependange=|cos 2lm;  can be fulfilled fori=3. Since now bottm;>m,,m; and
at largem; [see Fig. 2a)]. Thus, for arbitrary values of 0s- |U3|>|Ues|,|Ue1| ONe can get
cillation parameters, no bound ¢om. exists.

(2) In the case of inverse hierarchjl)q,|>|Ugl, the M3| U ea|*> M| U gl >+ my| Uy | (20
function mgg(m,) has a minimum which differs from zero,

. for any set of values of nonoscillation parameters provided
m™"= \/|cos 20| AmZ, (17)  that the mixing of the heaviest state fulfills
at |Ue3/2>0.5. (21)
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m ee
3

FIG. 2. Qualitative dependence of the effec-
tive Majorana massn,e on my in the two neu-
trino mixing case(a) corresponds to the case of
normal mass hierarchyb) to the case of inverse
hierarchy. Shown are the contributions(Y
(dashedl andm{2 (dotted. The solid lines give
mgeXandmly", which correspond t@,,=0 and
¢,1= T, respectively. While in the case of nor-
mal hierarchy a complete cancellation is possible,
so thatmg=0, for inverse hierarchy a minimal

value |m{y"|>0 exists.

m,

Indeed, for large enougmy, such thatm;=m,=m;, the  on the relative signs of the potentidll andAmiZj. This will
condition (20) reduces 10 |Ugsl?>|Ugy|?+|Ug|?=1  be possible in future atmospheric neutrino experiments, long
—|Ues|?, and the latter is satisfied for ER1). For smaller  baseline experiments and also studies of properties of the
values ofm, the relative difference of masses;>m,,m; neutrino bursts from supernoya7].

increases and the inequality of contributions in E2) be-

comes even stronger. Thus the inequal®l) is the suffi-

cient condition for all values ofn,;. This statement is true B. Effective Majorana mass and the degeneracy
also for any number of neutrinos. It is also independent of of the spectrum
the relative size ofJ,, andUy; .
Summarizing, we conclude that no upper bound g As follows from Fig. 2, predictions fom,, can be further

can be derived from oscillation experiments, and a lowefestricted under assumptions about the absolute scale of neu-
bound exists only for scenarios with inverse mass hierarchytino massesm,;. With increase ofm, the level of degen-
when the heaviest state4) mixes strongly with the electron  gracy of the neutrino spectrum increases and we can distin-

A 2 R . .
neLIJ:t””O'|UeS|I >O.5.h' b certain val i (uish three extreme casasi<Ama,<Am3, in this case

r normal m ierar rtain v nonoscil: .

or hormal mass hierarchly ceriain vaiues ot t€ NONOSClline  spectrum has a stronmass  hierarchy Am2,<m?

lation parametersn, , ¢; exist for whichmg=0. <AmZ. this is th ial d O lit
The cases of normal and inverse mass hierargthgy m3,, this is the case opartial degeneracy; Inequality

differ by signs ofAm? once the flavor of the states is fiYed Am3,<Amg;<mj corresponds tetrong degeneracy.

can not be distinguished in vacuum oscillations. However, it There are also two transition regions wiefr~Am3; and

is possible to identify the type of the hierarchy in studies ofmZ~Am3,. In what follows we will consider all these cases
neutrino oscillations in matter, since matter effects dependh order.
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C. Effective Majorana mass and present oscillation data

Present oscillation data do not determine precisely all os
cillation parameters. The only conclusion that can be draw

PHYSICAL REVIEW D63 073005

is considered as the most ambiguous hint for neutrino oscil-
lations. The KARMEN[34] experiment does not confirm the

- SND result but it also does not fully exclude this regsite

Ref.[33]). The oscillation interpretation of the LSND result

with high confidence level is that the muon neutrino has™, -
large (maxima) mixing with some non-electron neutrino Will P& checked by the MINIBOONES35] experiment. A

state. The channel, < v, is the preferable one, and it is the simultaneous explanation of the LSND resu_lt and of the so-
only possibility, if no sterile neutrino exists. Thus inv3 lutions of the solar and atmospheric neutrino problems in

schemes the atmospheric neutrino data are described 6?Frm? ofhneutnr_\o mass a_r|1|ddm|xmg rﬁquwei the |nt_roduct|on
Vv, oscillations as dominant mode with S/H? orth neutrino. We will discuss therdschemes in Sec.

Amitm:(2—6)><10_3 eV?,  Sirf 260,,=0.84-1, Summarizing, there is a triple uncertainty affecting pre-

(22 dictions of mge.
(1) An uncertainty in oscillation parameters. The oscilla-
and the best fit point tion pattern does not determine uniquely theSB mass.
> , ) . 3 Moreover, not all relevant oscillation parameters are known,
Am;,=3.5x10°% eV%  Sif20,,=1.0.  (23) g that additional assumptions are needed.

(2) An uncertainty in the absolute scaie,. Some infor-
mation onm; can be obtained from cosmology and may be
from direct kinematical measurements.

(3) An uncertainty in the relative phases. Clearly, the de-
pendence on the phases is small in the case if one of the

[29], see also Ref.30]. A small contribution of the,«< v,
mode is possible and probably required in view of an exces
in the e-like events in the Super-K experiment.

As it was realized some time ag8], predictions form,,
depend cricaly on e Sallon of e solar UL P00 ienstates gues @ cominating conbutos,
the aistribution of they, flavor in the masps eigenstates, and In what fo_llows we wil consiqer predictions for Fh'e
this affects consideragly expectations for thes®B mas:s Ovﬁ p mass n schemes of neutrino Masses and. mpangs

" which explain the solar and the atmospheric neutrino data.

Up to now the “”_‘q.‘?? solution is not yet identified and thereThe schemes differ by the solution of the solar neutrino
are several possibilitief81], see also Ref.32]: problem, the type of the hierarchy, and the level of degen-

Wo(l%()ansstr;ﬁl(lM?\l/\)gngolL?t?ogr:evéi?r?AA) Mikheyev-Smirnov- eracy. Relative phases are considered as free parameters.

Amé: (0.4-1) x 1075 eV? IIl. SCHEMES WITH NORMAL MASS HIERARCHY

In the case of strong mass hierarchy,

S 20,=(0.2—1.3%x10 2. (24)

(2) Large mixing anglgLMA) MSW solution with mi<Am3,<Am3, (29
Si? 26, =(0.53—1.

(29

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

Am3=(0.1-1.5x10 *eV?,

(3) Low mass(LOW) MSW solution with mi=Amd=AmZ,, mi=Am,=Am3. (30)

AmZ=(0.3-2.5%10"7 eV2 sirf20,=(0.8-1).

26) The only freedom left is the choice of the valueraf. In

this case the BB mass is to a large extent determined by
the oscillation parameters.

Since the heaviest neutrino has a mags<0.1eV, the
neutrino contribution to the hot dark matter component of the
(27)  universe is small(),<0.01. This neutrino contribution can-

not be seen with present and future experimental sensitivity

There is a good chance that before the new generation af the CMB radiation, unless a large lepton asymmetry exists
double beta decay experiments starts operation studies of tfg6]. Oberservational evidence of a significant amount of the
solar neutrino fluxes by existing and forthcoming experi-HDM component(),>0.01 would testify against this sce-
ments will allow us to identify the solution of the solar neu- nario.
trino problem. The key measurements include the day-night
effect, the zenith angle dependence of the signal during the
night, seasonal variations, energy spectrum distortions, and
the neutral current event rate.

The LSND resul{33] which implies

(4) Several regions of vacuum oscillatio®O) solutions
exist with

Am3<10° eV? sirf26,>0.7.

A. Single maximal (large) mixing

In this schemev,, and v, are mixed strongly in, and v
(see Fig. 3 The electron flavor is weakly mixed: it is mainly
in v, with small admixtures in the heavy states. The solar
neutrino data are explained by— v, ,v, resonance conver-
sion inside the Sun(Notice thatv, converts tov,, andv, in

AmPep=(0.2-2 eV? sir 26 syp=(0.2-4x 102

(28)
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FIG. 3. Pattern of neutrino masses and mixing in the scenario 1072 10741 1
<m>=0.001 eV Sinzze

with mass hierarchy and SMA solution of the solar neutrino prob-
lem. The boxes correspond to mass eigenstates, the sizes of differ- @) 1 L )
ent regions in the boxes show admixtures of different flavors. FlG,' 4. Isgmass((m)—|mee|) lines (solid lines in the scheme
Weakly hatched regions correspond to the electron flavor, strongl{¥ith hierarchical mass spectrum. From the upper right downward

. . . (3) -
hatched regions depict the muon flavor, black regions present th&ee| decreases from 0.01 to 0.0001 eV. Also shown are the re
tau flavor. gions favored by the Super-Kamiokande atmospheric neutrino data

with current bestfit(solid horizontal ling and Kamiokandelower

. . . and upper shaded areas, respectively, according to[Reff. and
comparable portionsA small admixture ofv, in v3 can lead the borders of the regions excluded by CHO@alid line) [38] as

to resonantly enhanced oscillationsgfto v, in the matter well as the expected final sensitivity of KAMLAND and K2K

of the Earth. o o (dashedl [39] as well as of MINOS40].
Let us consider the contributions to,, from individual

mass eigenstates. The contribution from the third sta@é),,

. 2 . - -
can be written in terms of oscillation parameters as where the matrix element ,5|* is determined by the domi-

nant mode of the atmospheric neutrino oscillations. Using

o 1 — Eq. (33), the valugU ,5|°= 3 and the expected sensitivity to
m:(ee)zz\/Amatmsmz 20¢e- (3D sin?26,,(AnP) of K2K and MINOS experiments, we have
constructed corresponding bounds in Fig. 4. According to
o _ 5 . _ Fig. 4, these experiments will be able to improve the bound
v_vhere the mixing Sifi20,~4{Uql d_etegmlnes the oscilla- p m{ by a factor of 2-5 depending ahm? and reach 2
tions of v driven by the atmospheriémg,,, The parameter . 1g-4ev for a value ofAmZ, at the present upper bound.
S|n2206? |mmed|ate_ly g|ves.the depth of oscnlayon of the For smaller values OfUM3|2 the bound onmg, will be
ve-survival probability and it is severely constrained by theyaaker Taking the smallest valyel ,5|2=0.3 allowed by

. u .

C";O_OZ experiment. In Fig. 4 the isomass lines of equakpe atmospheric neutrino data, we get that the bounchan
mge) in the oscillation parameter space are shown, together

with various bounds from existing and future reactor and

accelerator oscillation experiments. The shaded region shows [eVIA
the favored range oAmZ, from the atmospheric neutrino i —
data. As follows from Fig. 4 in the Super-K favored region 10 7T
the CHOOZ bound leads to -
@ L 10 7
Mea <2X 10 ° eV. (32
107 7

For the best fit value of the atmospheric neutrinos the bound
is slightly strongerm(3)<1.5x 10 3eV.

The mixing siff 2., and thereforem,, can be further re- 10 T
stricted by searches of,« v, oscillations in the long base-
line (LBL) experimentsK2K, MINOS, CERN-Gran-Sas$o
The effective mixing parameter measured in these experi-
ments equals sfr26,,=4|UgU 5, so that m m 2 m"

2 FIG. 5. Contributions tan,, from the individual mass eigen-
Si 26 _S! 266# (33) states for the single maximal mixing scheme with mass hierarchy.
ee 2 .
|U 3l The bars correspond to allowed regions.
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<m>|=0.005

FIG. 6. The isomass(m)=m{
lines, determining the contribution of

0.002 the second state in theAmZ,
—sir? 20, plane for the hierarchical
0.005 scheme with the LMA MSW solution.
From the upper right downwardm{)|
0.010 decreases from 0.01 to 0.001 eV. Also
Lol 0,015 shown is the MSW LMA 99% C.L. al-
0.020 lowed region from the combined analy-
sis of the Homestake, GALLEX,
i @ 020 SAGE, and Super-Kamiokande rates
§ 0040 and the Super-Kamiokande and the

day-night asymmetry at Super-
Kamiokande. The point indicates the
best fit value parameters. The horizon-
tal lines correspond to contours of con-
stant day-night asymmetiy#2]. KAM-
LAND should observe a disappearance
signal in this model.
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will be 1.7 times weaker. In any case, future LBL experi- which can be even larger thamfe%): if the hierarchy between
ments will be able to probe the whole region of sensitivity ofthe masses of the first and the second state is not too strong,
even the second stage of the GENIUS experiment. mm,>102 (for comparisonmg/m,,=5X 107%), we get

A much stronger bound om{ can be obtained from mL>2x10%eV, with a typical intervalm{Z~(0.2—2)
studies of neutrino bursts from supernoJa&&]. A mixing X 10 %eV.
parameter as small as $2¥..=10“ can give an observable Summing up the contributionésee Fig. % one finds a
effect in the energy spectra of supernova neutrinos. This colmaximal value for the 938 mass
responds tan{3)~2x 10 CeV.

The contribution from the second mass eigenstate is com- M= (2-3)xX103 eV (39
pletely determined by the parameters being responsible for

the solution of the solar neutrino problem: which is dominated by the third mass eigenstate. No lower
1 bound onm,, can be obtained from the present data. Indeed,
m2 =" \/WSinz 20, . (349 Ue and thereforen(®) can be zero. The same statement is
4 true form&), since no lower bound fom, exists. The only
contribution bounded from below ig{%>10"°eV. How-
ever, cancellations with the two other states can yield a zero
value for the totaimg, (see Fig. 5.
The following conclusions on future double beta experi-
ments and neutrino oscillations can be drawn.
(2) If future experiments will detect neutrinoless beta de-
cay with a rate corresponding to,.>2x 10 3eV, the sce-

Taking the 99% C.L. region of solutiof24) we obtain
mZ=(5x10""-10"°) eV, (35)

and in the best fit point

(2) — —6 . . . . .
Mge =4X10"" eV. (36 nario under consideration will be excluded, unless contribu-
o . ] tions to OvBB decay from alternative mechanisms exist.
The contribution from the lightest state is (2) As we have pointed out, future long-baseline oscilla-

tion experiments o, — v, oscillations(MINOS) may fur-

mMgd=m; coS o=m;<m,<2X107° eV, (37  ther improve the bound ob2, and therefore om™ by a
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factor of ~2—5. A much stronger bound may be obtained [eV]A
from supernovae studig87]. As follows from Fig. 4 and
from the fact the SMA solution is realized, KAMLAND 10—2 1
should give a zero result in this scheme.

(3) An important conclusion can be drawn if future LBL -
and atmospheric neutrino experiments will obsery@scil- 10" T+
lations near the present upper bound. In particular, an up-
down asymmetry of the-like events at Super-Kamiokande ”
is one of the manifestations of these oscillatipfg]. In this 10 71
case thew; contribution tom,. dominates, no significant
cancellation is expected and the dependence on the relative -5
phases is weak. One predicts then the result

Mee~M) ~UZJAMS, . (39

(3) @ (1)
The observation of 838 decay withm&¥~m) would pro- e Pee e
vide strong evidence of the scheme, provided that the SMA FIG. 7. Contributions from different mass eigenstatesq for
solution will be established. On the other hand, it will be the bi-large mixing scheme with mass hierarchy.
difficult to exclude the scheme if 33 decay will not be
observed at the level which correspondsntg, (39). In this Summing up the contributions, we get a maximal value of
case the scheme will be disfavored. However, one shoulghm~7x10-3eV. The typical expected value fon, is in

take into account also possible cancellationsndf) and  the range of several I8 eV. However, no lower bound on

m{Y, if the mass hierarchy is weak. Mee Can be obtained on the basis of the present data, al-
though values ofm,, being smaller than 1C°eV require
B. Bi-large mixing some cancellation of the contributiong? andm{2).

Let us consider possible implications of future results
m oscillations and 38 decay searches:

The observation afn,.> (few)x 102 eV will exclude the
scheme.

The contribution from the third state is the same as in the The nonobservation of g decay will not exclude the

. ) 3  scheme due to possible cancellations.
ggﬁol%ﬁfgce(g‘gsee Eq.(31)] with the upper boundnge The situation can, however, change in the future, if oscil-

A lation experiments restrict strongly one of the contributions

The contribution from the second level, mZ or m{). Let us discuss possible developments in this
1 direction:

mffgz—(l— J1-—sir? 20@)\/Am2@, (40 Within several years solar neutrino experiments will

2 check the LMA solution. In particular, further measurements

of the day-night asymmetry and zenith angle distribution at

can be significant: both_the mixi_ng parameter an_d the mas§uper-K and SNO could give a decisive identification of the
are now larger. According to Fig. 6, in the region of the

. . .~ .~ solution of the solar neutrino problefsee Fig. 6. Notice
LMA solupo?hof.tr}e sollar neutrino problem, the contribution that precise measurements of the day/night asymmetry can
can vary in the interva sharpen the predictions ai{2). Moreover, the LBL reactor
experiment KAMLAND should observe an oscillation effect
thus providing an independent check of the LMA MSW so-
) ) 5 ) lution.
In the best fit point (vzv)e ggmf(sze)_zl-‘_lx 10 %eV. Notice that If MINOS or atmospheric neutrino studies will fix{®)
a lower bound ommg’ exists in ﬂl's scheme. Notice that a pegr the present upper bound, one can study the interference
day-r_ught asymmet_ry of about 6% indicated b)y_the Superyfiects Ofm((eze) and mg;) in 0vBB8 decay determined by the
Kamiokande experiment would correspondm@i} =(1-3)  (elative phases, and ¢.
x10 3eV.

The contributionm(Y,

The previous scheme can be modified in such a way th&';m
the solar neutrino data are explained by the large angle MS

conversion. Now the/, flavor is strongly mixed inv; and
V2

mZ=(0.5-4x10"° eV. (41

C. Scheme with vacuum oscillation solution

mi¢=cos fomy, (42 The solar electron neutrinog, oscillate in vacuum into
comparable mixtures of , andv, (Fig. 8). The fit to the data
where c0$6~0.5-0.84, is smaller than in the previous indicates several disconnected regions in Aa?— sir?26
scheme of Sec. lll A, since now, is not purelyr; andm;  plot. We consider the largeAm? region, Am?=(4-9)
can be as large asx110 3eV for m;/m,<0.1. Due to the %10 °eV?, and sif26>0.8, where oscillations allow one
mass hierarchyn(Y) is much smaller tham{®) (see Fig. 7. to explain an excess of thelike events in the recoil electron
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m, eV D. Triple maximal mixing scheme
10-1 - 7 In the scheme of Refl43] all elements of the mixing
= v, E— matrix are assumed to be equill;|=1#3 (see Fig. 10
2 1R v - The BB mass is dominated by the contribution from the
L third state:
10-3 -~ ATM 7 @_ 1 =
mee=§ Amat y (46)
0k =
The best fit of the atmospheric neutrino data in this scheme
oS L lﬂf, —m 1 implies thatAmZ,,~=8x10"*eV? and thus
;| B Mee~10"2 eV. 47)
10
A vy V3 The scheme has rather definite predictions for solar and at-

mospheric neutrinos. It does not give a good fit of the data

FIG. 8. Neutrino masses and mixing pattern of the bi-maximaland will be tested by forthcoming experiments.
mixing scheme with mass hierarchy.

_ . . IV. SCHEMES WITH PARTIAL DEGENERACY
spectrum indicated by Super-Kamiokand@bviously a
small Am? will give even smaller contributions to the effec-  In the case of partial mass degeneracy,
tive Majorana masgln this case ) 5 5
Amz;<mi<Amg,, (48

m2 = JAm?sir? 9,<2X10°° eV. (43) _ _ ,

the masses of the two light neutrinos are approximately equal

Due to the mass hierarchy and large mixing, the lightesto m; and the heaviest mass is determined by the atmo-
mass eigenstate gives an even smaller contributinf} ~ SPheric mass squared difference:

(2) ibuti i i
<mgy . The contribution from the third state is the same as - v e
in Eq. (31) and in Fig. 4. For the sum we get My~My, Mg~ VA= VA Mgy, (49

The interval of masses implied by the condition of partial
degeneracy48) is rather narrow especially for the LMA and
SMA solutions of the solar neutrino problem, wham3,
and Am3, differ by two orders of magnitude only. A mass
value ofm;>3x 10 2?eV will shift m, to larger values, and
therefore influence the contribution from the third eigenstate.

e will consider this “transition” case separately in Sec.

Mee=mJ<2x107% eV, (44)

and clearlym®) can be the dominant contributidfig. 9).

The following conclusions may be drawn.

(1) The observation ofn,.>10 2eV will exclude the
scheme. On the other hand there is no minimal valuerigy
according to the present data, so that negative results
searches for §38 decay will have no serious implications
for this scheme.

(2) A positive signal for atmospherieg, oscillations or in
the MINOS experiment will allow us to predict uniquely the

The contribution from the third state is the same as in
hierarchical schemdsee Fig. 4. For the two light states, the
contribution can be written as

value of mg.. Then searches fom,, will give a crucial mY+mZ=m;(cos 6, +e ?2sirf 6,), (50)
check of the scheme. The absolute scale of the neutrino mass
will be fixed. and depending on the relative phasgit varies in the inter-

Similar results can be obtained for the LOW MSW solu- val

tion. Here the mass squared differeniom3,=3x 10"’ eV?
implies mY+m=m;(cos 20,—1). (51)

m@<3x10°% eV. (45 This contribution can be further restricted, if the solution of
the solar neutrino problem will be identified. In the case of
i (L) ; .
Againm{P<m® , and the main contribution may arise from the SMA MSW solutionmg/ dominates; the dependence on

the third state. the phase practically disappears and one gets

Thus models with normal mass hierarchy lead to rather
small values ofm,,, certainly below 102eV. Moreover,
the largest value can be obtained in the scheme with th
LMA MSW solution of the solar neutrino problem. The
lower bound is of the order- 10 3eV, unless cancellation

mig +mZ=m, . (52)

%he condition of partial degeneracy implies that the nmags
should be in the interval:

(which looks rather unnatunabccurs. Clearly, only the sec- 0.5X10 2 eV<m;<3X10 2 eV
ond stage of the GENIUS experiment can obtain positive
results. and thereforen; can reach X 10 2eV at most(Fig. 11).
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[eVIA [eVIA
<3 ] ¥
10 7 10° 1 D
- 1 _3 ]
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-1 -4
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10 7T -5
10 7T
3 2 (D)
me, Mee Mee (3) ) 1)

I . . Mee Mee "+ Mg

FIG. 9. Contributions from different mass eigenstatesiq for
the bi-maximal mixing scheme with mass hierarchy. FIG. 11. Contributions from different mass eigenstatesn{qQ

for partially degenerate scenarios with MSW SMA solution.

Summing up all contributions we expent.. between
103 and 3x 10 2eV. Notice that a lower bound om, miL + miZ=m,(cog 6, +e'*2sirf 6)
exists here. Near the upper bound the nmagsis dominated )
by the contribution from the lightest states and therefore the Lt Mg
OvBpB decay rate will give a direct measurement of 2m,
~Mge.

Sgser\,aﬂons ofne, larger thanmg?=U§3m3 (mgo‘e) can The correction(last term in this equationcan be as big as
be determined from oscillation experimenteould favor the 10 >€V and may turn out to be important when a cancella-
scheme, although will not allow one to identify it unambigu- tion of m{Y andm&) occurs.
ously. Summing up the contributions we find, that the maximal

Future observations of BB decay with myc>3  value ofme, can be about 310 ?eV as in the case of the
X 10 2eV will exclude the scheme testifying for spectra SMA solution with similar implications for future B3 de-
with complete degeneracy or inverse hierart$ge Sec. V or cay searches. In contrast with the SMA case, now due to
Sec. VII). possible strong cancellations of the contributions no lower

For the LMA solution the typicalim3, is bigger than in  bound onme, can be obtained from the present défég.
the SMA case and the condition of partial degeneracy im12.
plies an even narrower intervai;=(1-3)x10 2eV. Future oscillation results will allow to sharpen the predic-
Moreover, form; at the lower limit of this interval, the dif- tions of mee. In particular, the solar neutrino experiments
ference of light mass eigenvalues can give a substantial colvill allow to measure a deviation of mixing from the maxi-
rection to formula(50). In the lowest approximation of

Am?/m3 we get [eVIA
1 107 T
10-1 — = v n
€ E PR
v R
5 u 10
107 Ml v, 7]
% 4 ]
S 103 F Vsolar - 10
ATM 5
-4 10 7T
10 — ]
-5
LA 3) @
=0 | Mg My, + My
vy vy L FIG. 12. Contributions ton,. from different mass eigenstates in

schemes with partial degeneracy and LMA, LOW, or VO solutions
FIG. 10. Neutrino masses and mixing in the scheme with threeeof the solar neutrino problem. The degenerate states give the main
fold maximal mixing. contribution. A complete cancellation of contributions is possible.
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mal value. The bound 4sir?26,>0.1 would imply that [eV1k
m{Y+m@>3x10"2eV. In this case no complete cancella-
tion in M, is possible and a minimum valua,.=103eV 101 +

appears. The searches fog oscillations driven byAmitm
will further restrict(or measur}sm(3).

Future studies of theBB decay can have the following 107
implications: (i) A measurement ofmges>2X 10 2eV will
exclude the schemeii) The nonobservation o, at the 10'1 1

level of 10 3 eV (second stage of GENIUSan exclude the
scheme if future oscillation experiments will lead to a deter-
mination of the sunm{Y)+m{2 and a lower bound om,, 107 T
will be derived. (iii) If mg, will be observed at the level
(0.3-2)x 10 ?eV (and alternative schemes which yield a
prediction in this interval will be rejected by other observa- 3) ) ®
tions), thenm,, measurements will imply a certain bound in Mee Mee "+ Mee
them;— ¢, plane.

In the case of the LOW solutioAm? is much smaller
than for the LMA solution andn; can be in the interval
m;=(10"3-3x 10 2) eV. Correspondingly, the contribu-
tion from the two lightest states can be in the wider rang
(107 4-3x 10 2?) eV. The maximal value fom,, can reach
3x 10 2eV. However, it will be impossible to establish a
lower bound omm, even if the solar mixing anglég will
be measured.

Notice that the LOW solution can be identified by a spe- E m;=3Mge, (57)
cific enhancement of the regeneration effe(@ts particular
the day/night asymmetyyin the lower energy part of the
solar neutrino spectrum. An especially strong effect is ex2nd therefore
pected on theéBe line.

FIG. 13. Contributions from different mass eigenstatesnfqQ
for the scenario with complete mass degeneracy and the SMA so-
lution of the solar neutrino problem.

€heutrino masg20], as well as from bounds which follow
from observations of the large scale structure of the Uni-
verse. In this scenario one expects

For vacuum oscillations the situation is similar to the Q= 3Mee
LOW case. =915 o (58)
V. SCHEMES WITH COMPLETE MASS DEGENERACY Thus the effective Majorana mas$s, and the Hubble con-

In schemes with a degenerate neutrino mass spectrum tﬁ’éa”t are related. This relation may have the following impli-
common massn, is much larger than the mass splittings: ations:

(1) A significant deviation from Eq(58) will exclude the
Am§l<Am§1<m§. (54) scheme. The present bound om.. implies 3m;
<(0.6—1) eV. If, e.g., data on the large scale structure of the
This can be realized as long ag>0.1eV. universe will requireXm;=1 eV, this scheme will be ex-

Already the present bounti,<0.2—0.4 eV[44] implies  cluded[15,17].
not too strong degeneracy unless a substantial cancellation of (2) The discovery of @38 decay at the level of the
the contributions inme, occurs. Indeed, ifAmZ,=3  presentbound, 0.1-0.2 eV, will gidém;=0.3-0.6 eV. This

x 10 3eV? andm;~0.2 eV, we get range can be probed by Microwave Anisotropy PraéaP)
and Planck. If these experiments will put a bound on the sum
Amy Ami, , of neutrino masses below 0.3 eV the scheme will be ex-
- ~ % =4x10°. (55 cluded.
(3) This scheme will also be excluded, if cosmological
Form;=0.1eV, the ratio equals 0.15. observations will requirezm;>0.3eV, but 38 decay
In the case of the SMA solution the, flavor is mainly ~ searches will give a bound belom,<0.1eV.
concentrated in/; and Apart from a confirmation of the SMA solution future
oscillation experiments will not influence predictionsrof,
miy =m, cog fo>mZ>m? (56) in this scheme.

Observations ofng, at the level 0.1-0.4 eV will be in
Numerically, we gem..~m{)~m,;>0.1eV, i.e., close to favor of the scheme.
the present bound. Basically one measumgsy measuring For the LMA solution a significant cancellation of the
the vBB mass(see Fig. 1R contributions from the first and the second state may occur,
Important conclusions follow from a comparison of the resembling the situation in the partially degenerate case. We
OvBpB decay results with the cosmological bounds on thehave
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[eV1A testify for the case of addition of the andv, contributions.
An upper bound om, can be obtained from cosmology.
If, however, @88 decay will not be discovered it will be
practically impossible to exclude the scenafand distin-
0 T guish it from the hierarchical casesinless cosmology will
10 T be able to measure neutrino masses dowmie=0.1eV.
The key element is the precise determinationdgf and its
1 deviation from the maximal mixing.
10 7 Let us consider how deviations from the exact bi-maximal
case affect the predictions for the rate in double beta decay
10-2 1 experiments. The lower bound on the effective mass turns
out to be

1
10 7T

Mee=My 1 —sirf 26. (63
3) 1) (2)

Mee Mee "+ Mee We show this results in Fig. 15 as lines of minimal values of
Mee iN the m;—sir?2¢ plane. These lines give the lower
bound on values ofn; and the upper bound on values of
sir? 26 for which a given valuen,, can be reproduced. We
have shown also the favored regions of the solar MSW large
mixing angle solution as well as the “just-so” vacuum os-
cillation solution. E.g., aA CHDM model with a total(},,
=0.5 of both cold and hot dark matter as well as a cosmo-

Since U%,<0.03, the contribution from the first two states logical constant, and a Hubble constanthef 0.6 would fa-
dominates(Fig. 14, unless strong mixing, which has an ex- VOr an overall mass scale of about 0.5 eV. Assuming a mix-
tremely small deviation from maximal mixing, is introduced: ing corresponding to the best fit of solar large mixing MSW

|1—sir?26,|<10°3, which leads to strong cancellation. O vacuum oscillations, sf2¢=0.76, this yields (m)
Thus =0.2-0.5eV. Larger mixing allows for smaller values of

Mee- IN Fig. 15 also shown is the sensitivity of CMB studies
Mee~mLY +miZ = (cos 20— 1)-m;=(0.2-1)m;, (60)  with MAP and Planck, which have been estimated to be
sensitive to>m,=0.5—-0.25eV[48,47]. For not too large
and sincem;>0.1eV, we expect for sf26=0.96: mixing already the presentf83 decay bound ontained from
_, the Heidelberg-Moscow experimej4] is close to the sen-
Mee=2X10"% eV. 61 itivity of these cosmological observations.

FIG. 14. Contributions from different mass eigenstatesntqQ
for the scenario with complete degeneracy and LMA, LOW, or VO
solution.

M +MEg=m;(coS' g +€'?2 i’ 6o) LT =my| U gl >

Notice that some recent studies show that even exact maxi-
mal mixing is allowed by the present data, so that the can- VI. TRANSITION REGIONS
cellation can be complete.

Precise measurements &f, in future oscillation experi-
ments will play a crucial role for predictions of the mass
Mee. If the scheme will be identified, measurementarg,

will provide a bound in than; — ¢-plane. The same results . ; .
holdpalso for the LOW soluti%)n.(ﬁ P (2) The region withm, ~\/AmZ, which corresponds to

For the vacuum oscillations of the, problem, the situ- the transition between partial degeneracy to complete degen-

ation is similar to the one with LMA MSW. In the strict etracy:lmé%m2~mt3. H(;art(ra] .the t;Nz tI!ghtest s;ates_ba:jeb
bi-maximal schede§3=O anduglzugz, so that for g, strongly degenerate an eir contributions are described by

=7 Mee=0 in the limit of equal masses. Small deviations Eq.l(Sl) n 'S:ec. L\LZV"E the only (cjjn;fﬁrenfce than, now car;]
from zero can be related to the mass differencengfand € larger. Fom;~AMym My and thereforame, can reac

There are two intermediate regionsrof .

(1) The region withm,~ \/Am@2 , Where the transition be-
tween the hierarchical case and the case with partial degen-
eracy occurs. Heren;~m,<ms.

m. 0.1 eV.
2 The contribution from the third state is also modified:
1 1Am3 1 eV 2 12
Mee= = (M;—M,)= — =101 eV——. (62 m
2 MM m %2 m<:'e>=|ueswmw{1+ Amém} - ®
ati

Thus no unique predictions fan, exists. Although a large o
value mge>0.1eV would favor degenerate scenarios, thehus now for the same values of the oscillation parameters
nonobservation of G383 decay at the level of 0.1 eV will not the contribution mf) can be [1+mf/Am5,,]Y*~(1-2)
rule out the scheme. times larger.

The identification of the scenario will requit® a strong In Fig. 16 we show the dependence of the individual con-
upper bound orlJys, (ii) the confirmation of the vacuum tributions tomee on my. For m{3) only the upper bound is
oscillation solution andiii) a largem,c>0.1€eV. This would used; the two other lines represent possible valuem@
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FIG. 15. Plotted are isomassn)
=mZ.? lines in them, —sir? 29 plane
for the case of cancellation between the
contributionsm; andm, in degenerate
scenarios. Mass splitting is neglected,
/), since my,—m;<m; and m;—my
i — Lo/ <0.1m;. Shown are the bestfit values
' i L of my for cold+hot dark matter
(CHDM) for different values of the
: : : : i : : pe i Hubble constant(according to Ref.
<m>=0 i = RIS : [45]) and cosmological-

; ‘ ‘ : i ‘ ‘*‘ constant-cold+hot dark matter
(ACHDM) with Q,,=0.5 (according to
Ref.[46]) scenarios. Also shown is the
sensitivity to my, of MAP-Planck ac-
cording to Refs[47] and[48]. Vertical
lines indicate the favored regions and
best fits of the LMA and VO solutions
according to Ref[49].

<m>=0.
N

<m>=0
~

| i
o/ 0.1 0.2 0.3 0.4 0.5 0.6
<m>=0.01 eV

10~

andm{?) for certain neutrino mixing parameters. We showplies a larger possible range of.. for a givenm, [Figs.
also the maximal and the minimal possible valuesngf. 16(a) and (b)].

The position of the first transition region is determined by ~ Let us consider the SMA MSW solutidifFig. 16d)]. In
the specific solution of the solar neutrino problem: Accord-the mass hierarchy region the third state gives the main con-
ing to Fig. 16,m;=(2—-15)x 10" 3eV for the LMA solution,  tribution and no lower bound exists. A lower bound g,
m;=(1-9)x 10 3eV for the SMA MSW solution andn,  appears am;>1.5x10 3eV and atm;>10"2eV the mass

=(1-10)x 10 eV for the VO solution. Mee IS given bym;. o
The position of the second transition regiom), In the case of the VO solutiofiFig. 16c)] the upper
=(3-20)x10 2eV, is similar in all the cases. bound onm,, is given bym{3) up to m;~2x10"*eV. In

The upper bounds om,, as functions ofn; have a simi- the range of partial degeneracy the contribution from the first
lar dependence for all the cases. The lower bounds are ditnd the second states become important. No lower bound on
ferent and depend on specific values of oscillation parammg’e’ can be established from the present data in the whole
eters. range ofm,.

Thus for the LMA solutions a lower bound exists in the
range of mass hierarchyng <10 3eV) if the solar mixing
angle is sufficiently largg¢see Fig. 16)]. In this case the
contribution fromv, dominates and no cancellation is pos-  Let us consider the partially degenerate spectrum with
sible even for maximal possiblenl). In contrast, for a
lower sirf 26, the cancellation can be complete so that no mi~mé=AmZ,, mi<m?, AmZ,=Am3, (65
lower bound appealsee Fig. 16)].

In the first transition region all states contribute with com-

parable portions ton,., thus cancellation is possible and no mined from the atmospheric neutrino data. Theflavor is

lower bound exists. : ) ;
. . . concentrated in the heavy stat@sverse mass hierarchyA
In the second transition region as well as in the com-

pletely degenerate case the first and the second state give tﬁrgall adm|xt'ure .Ofve in the lightest state can exigig. 17).
dominating contributions t,. and the increase afi; does The contribution tome from the first state equals

not influence significantly the totah... The massm,, is ) )

determined bym; and 6. Moreover, a larger sfr26, im- Mee =M Ug;. (66)

VIl. SCHEME WITH INVERSE MASS HIERARCHY

so that the mass of the second and third neutrino are deter-
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FIG. 16. M, (eV) as a function ofm (eV) for three-neutrino mixing. Shown are the contributiong) (dashegi m{ (dotted, andm(?
(interrupted dashesThe solid lines correspond e~ andmgy' and show the allowed region fon... Panels(@—(d) correspond to the
case for normal hierarchy; pandl—(h), inverse hierarchy. Shown are the ca&@sand (e) LMA MSW with U§2:0.2, (b) and(f) LMA
MSW with UZ,= 0.4, (c) and(g) vacuum oscillation withJ2,= 0.5, and(d) and(h) SMA MSW with U2,=7X10">. The mixing of the third
state is varied from zero to its upper boutuf,=2.5x 102,

The inequality m§<Am§tm implies m;<2x10 2eV for The sum of the contributions from the two heavy degen-
m2/m3<0.1. Using then the CHOOZ result which restricts erate states can be written as

(in schemes with inverse hierar(jhyuzlz U21< 2.5 )

X102, we get © © m@+m® = JAmMZ, (sir? 6o +e*23co€ 6,), (69)

whereg,.= ¢, — 5. For the SMA solution we get from Eq.
mL<5x10 eV. ©)  ©
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~m@ 4+ m3~JAMmZ = (4— -2 LMA solution as long asp,=0.2
Mee~ My +mgy)~Am (4-8)X10° - eV (69 g aspy o
e e °e am For the LMA solution the sum of the contributions from
the two heavy states lies in the interval

. . . . . 2 3)_ 2
and in the bestfit point of the atmospheric neutrino data: miZ +mid = (cos 25— 1)- JAMZ,, (70
Mee~6X10 2eV. This means that the predicted value of
m2, coincides withAm2,, (Fig. 18. This coincidence pro-

vides a unique possibility to identify the scherfge also,  2Notice that if the mass degeneracy originates from some flavor

e.g., Ref[12]). blind interactions one may indeed expect that the masses afd
The relationm2,= Am?,, applies also for the case of the »; have the same phase.
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For sirf 260,<0.98 we getm,.>4x10 3eV which is still A similar consideration holds for the cases of LOW MSW
much larger tham(Y) . The compensation can be complete if or vacuum oscillation solutiongee Fig. 19

the mixing is maximal. The valumgze})+mg3g)<2x 10 3eV The contribution of the two heavier eigenstates to the

requires a very small deviation from maximal mixing: 1 HDM, ©,=(2m,)/(91.5e\h?)~0.01, is rather small and
—si?26,<2x103. Thus the lower bound om,, can be below the reach of future projects on measurements of cos-
further strengthened, if the deviation from maximal mixing Mmological parameters.

will be established.

[eVIA
10 ! 4
10 7T
10 0 B
= HDM | -2
\%_ 10 T
-1 Vsolar
10 [ 7] i
> 10 71
s 2 L ATM |
g 10
10"t
R — -
10 ¢ E
[ Vi
4 | Wl vV, . 1) ()] (3)
19 Mee Mg+ Meg
vy v, 2 FIG. 18. Contributions tan, from different mass eigenstates in

the scheme with inverse mass hierarchy and SMA solution. The
FIG. 17. The neutrino mass and mixing pattern in the bi-largedegenerate states give the main contribution, implying a unique
mixing scheme with inverse mass hierarchy. prediction formge.
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m, m+ mS FIG. 20. Neutrino masses and mixing in thev4cenario with

small flavor mixing and mass hierarchy. Here the white parts of the
FIG. 19. Contributions tan,, from different mass eigenstates in boxes correspond to admixtures of the sterile state.
the schemes with inverse hierarchy and LMA, LOW, or VO solu-
tions. Now cancellation between the degenerate states is possiblke construction of the neutrino mass spectrum and for the
leading to a wide range of values allowed fog,. explanation of the data. It also modifies predictionsmgt..
. . . . Here we will consider several scenarios which are motivated
If the v, admixture in the lightest state is nonzero, so tha

the v, oscillations driven byAm? exist, the scheme can be tbOth by phenomenology and theory. All scenarios we will

identified by studying matter effects in atmospheric and su—d'SCUSS contain one or twalegenerafestates in the range

pernova neutrinos as well as in the long-baseline eXperi[elevant for structure formation in the universe and/or for the

ments. LSND oscillations.
Indeed, in the case of inverse mass hierarchyithe v
level crossingin matte) occurs in theantineutrinochannel, A. Scenario with small flavor mixing and mass hierarchy

so that in supernovae the antineutringswill be strongly
converted into a combination of, ,», and vice versa. This ch
leads to a hard's spectrum at the Earth detector which y:
coincides with the originab,, spectrum37]. _
i , ) o m;=m . Me~Am2r,, My~AmZ, my<m,.
In atmospheric neutrinos the identification of the type of =+ "M 3 ATM 2 o 1 (%1)
mass hierarchy will be possible if the sensitivity will be

enough to detect oscillation effectsadike events(electron . :
The statesy,, and v are strongly mixed in the second and

neutrinos and antineutrinpsit will be also important to ) "
fourth mass eigenstates, so thgt— v oscillations solve the

measure the sign of the electric charge of the lepton, sinc . X -
the matter effects are different in the neutrino and antmospheric neutrino problem. All other mixings are small.

tineutrino channels and this difference depends on the typlg_p_artlcular, the sola_r neutrino problem is solved by small

of mass hierarchy. mixing MSW conversionve— v, , vs. . .
These matter effects can be studied in LBL experiments The main motivation for this scheme is to avoid the intro-

[39,40 with neutrinos from neutrino factories where beamsduction of large mixing between flavor states and to keep in

of neutrinos and antineutrinos are well controlled. this way as much as possible correspondence with the quark
Let us consider the dependence of the predictionsrigr sector. ) . _—

onm,. In the schemes with inverse hierarchy there is only A cléar signature of the scheme is thg— v oscillation

- . . solution of the atmospheric neutrino problem. The solution
one transition regionm; ~ \/Amaztm, that ism;~m,~m;z or : . . :
m,=(1-8)x 10 2eV. The sum of the contributions from can be tested b§i) studies of the neutral current interactions

- . . . . O .
the second and the third states dominates in the whole rang'fe atmospheric neutrinos, in particularN —vNar™ (with N

of m,. It is determined by the “solar” mixing anglé and =n,p), which gives the main contribution to the sample of

. . . the so calledr® events(the rate should be lower in the,
my~ms. The latter changes fromAmg, in the hierarchical  _ ), "caqa- (i) studies of the zenith angle distribution of the
region tom; in the region of complete degenerdsge Figs.

k i - upward going muonsgstopping and through-going(iii ) de-
16(e)—(h)]. The massn, is completely predicted in terms of tection of ther leptons produced by converted.
m, for the SMA solution[Fig. 16h)].

. Recent Super-Kamiokande data do not show a deficit of
No lower bound omme, appears when thesolap mixing ;0 gyents, and moreover the,— v, oscillations give a bet-
parameter is maximal or close to maximal. ter fit (of about 2—3) of the zenith angle distribution thus
favoring thev,— v, interpretation. However, more data are
needed to draw a definite conclusisee Ref[30]).
The introduction of new'sterile” ) neutrinos mixed with The novel element of this schen\@ompared with the 3
the usual S(R) doublet neutrinos opens new possibilities for schemes discussed in the previous secji@she existence

The schemdFig. 20 is characterized by a mass hierar-

VIIl. FOUR NEUTRINO SCENARIOS
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FIG. 21. Isomas$m(?| lines in the four-neutrino scenario with  F|G. 22. Contributions ten, from different mass eigenstates in

small flavor mixing and mass hierarchy. The shadowed area showge 4, scheme with small flavor mixing and mass hierarchy.
the region for neutrino masses of cosmological interest as HDM.

Also shown are the regions excluded by the reactor experimerihe bound|Uﬂ4|2< 0.25 from the ¥ analysis of the atmo-

BUGEY (from Ref.[50]). spheric neutrino data, we get from E@6) the lower bound
of a heavy state in the HDM range. Its contributionnig, mge > sir? 20e,Mpipm - (77)
equals

To get an estimation we assume d,,~10"2 which
m4=uU2m,. (72) corresponds to upper bounds on the eleméhisandU 4
e Tea from the BUGEY experiment and searches fgr— v, os-
The relevant parametertl., and m,, can be determined ciIIatiqns. ('Notig:e that LSND result cannot be completely
from studies of the short range.« v, oscillations(disap- ~ €XPlained in this schemeThis leads to
pearancg driveq by the largest mass sp!itjcing4~\/Am2 mg‘gzlo‘%v. (78)
~mypwm - For this channel the effective mixing angle equals
) The contributions from the three light states are similar to
SIM? 2066=4|U cq| 2(1—[Uea|?) ~4[Ul?, (73 the contributions in the Bsingle maximal mixing scheme
with mass hierarchySec. Ill A). In particular, the largest

so that contribution may come from the third mass eigensta’@)
1 =JAm?, U%,<2x10 %eV [see Eq.(32)]. The contribu-
mé ~ 7 JAMZ sir? 36, (74)  tions from the two lightest states can be estimatedn3
=(5X10""-10"% eV andm{Y<2x 10 %eV.
The corresponding iso-mass lines in then?—sir? 26 plot Thus the @38 mass(see Fig. 22 can be dominated by
together with various oscillation bounds are shown in Figthe contribution of the heaviest state which can reath
o1, ~mid~5x10"2eV.
In the cosmologically interesting range/Am2~mypu The contribution depends strongly on the mixing angle

=(0.5-5) eV, the mixing is constrained by the BUGEY ex- sir 26,,. Short baseline experimenfsuch as the rejected

periment: sif260,.=(2-4)x10 2. Therefore we get the up- short baseline neutrino oscillation proposal TOSCAuld in
per bound principle test the region of large massagpy =10 eV down

to sirf 26,,=10 3, which correspond to an improvement of
mgfe>z(2_5)>< 10 2eV. (750 the upper bound omge by 1-2 orders of magnitude. Due to
possible cancellations between the contributions no lower
There is no strict relation between,, and the parameters bound onm, can be obtained from the present data.
of the ve— v, oscillations since both relevant mixing ele- ~ Notice that the MINIBOONE experiment will probe the

ments Ugz and U3 are small. Indeed, now the effective Mixing angle SiR26,, down to 4< 10 “eV and thus will
depth of oscillations is determined by %Rﬂeﬂ check the LSND result. A confirmation of the LSND result

=4|Ugl9U 5% so that will exclude this scheme.
@ sir? 20e,,Mpypw 26 B. Scenario with two heavy degenerate neutrinos
Meg=——1 2 - . I . . . :
ee 4]U ,4|? (76) The main motivation for this scenarisee Fig. 23is to

explain the LSND result along with oscillation solutions of
It is impossible to infer useful information from this unless the solar and atmospheric neutrino problef4,52. The
the U ,, will be determined from other experiments. Taking masses are determined as
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FIG. 23. The pattern of the neutrino mass and mixing in the
scheme with two degenerate neutrinos and one sterile component

ma~m,~ /A mESND, my=~ /A m% , m<m,. (79 (1) ) (3+4)
Mee Mee Mee
The neutrinoss, and v are strongly mixed in the two heavy g, 24. Contributions tan,. from different mass eigenstates

mass eigenstates; and v4, so thatw,— v, oscillations  for the 4 scheme with two degenerate pairs of neutrinos and nor-
solve the atmospheric neutrino problem. The two other neumal mass hierarchy.

trinos, v, andvg, are weakly mixed in the two lightest mass

states and the resonaneg— v conversion solves the solar Si226

neutrino problem. m&) + miY ~ U—SM VAMZ oo (83
The two heavy neutrinos with masseg~m, can be | “3|

relevant for cosmology, their contribution to a hot dark mat'Since|UM3|2~0.5 is determined by atmospheric neutrino os-

ter component equals cillations, taking siA26,,=2x10"° and VAmZgyp=1€eV
we findm{+m{~10"3evV.

Let us now take UjU ,3~U%U,4, then sid26,,
=16/U%U 43| and m+m{D~sir? 26,,\/AmZg /2, pro-

In this scheme the new element is the existence of WQjye that the two contributions are in phase. This result is
heavy degenerate states. Let us consider in details their CORvo times smaller than the result in the previous case.

tribution tom,, (the effect of the two lightest states is small For the v v, channel we find the depth of oscillations
Using relationg79) we can write this contribution as e e

Mupm = 2M3=2JAM’gyp. (80)

_ S 260,.=4U,(1-U,)~4U , (84)
Mgy + mEe~(|Uesl >+ |Ueq| %629 JAMEgyp  (8D) where U, =[Ugl?+|Ugl% At the same timem
+—1Ye3 e4| - ee

and ¢3,=d,— ¢3 is the relative phase of the; and v, <U..VAmigyp/2, so that

masses. Let us express the masses in(&%. in terms of 1

oscillation parameters. In short baseline experiments the only m® +mll~ Zsin2 206eVAMgyp - (85)
oscillation phases which enter are the ones between heavy

states and light states. One can neglect the oscillation phase. . (3) L (4
. N ) +
between the two light states which is determineday? fjsllggzt:\(/e BUGEY bound on sfi2fee we getmee+meg

aqd the phasze betwe_en the two heayy §tates which is deter- Since cancellations may show up, no lower bound can be
mined byAmg,, In this case the oscillations are reduced to . inaq.
two,_ neutrino oscillations with a phase determined by The same combination of neutrino mixing matrix ele-
Amignp and the width for theve— v, channel: ments(84) determines ther, mode of oscillations in atmo-

spheric neutrinos. It will lead to an overall suppression of the

SIP 20, =4|U%U 3+ U5U L4)% (82)  number of thee-like events.
The contributions from the light states are similar to those

Let us consider two extreme situations: suppose an admidn the 3v case(see Sec. Il A mg‘;)z(Sx 107 '-10 %) eV
ture of thew, flavor in one of the heavy states is much largerandm{!)<2x 10 3eV.
than in the other one, e.g|Ugs/>|Uel, then sif26,, Summing up all the contributions we get that thes@
=|Ueg4U 5% and therefor@U gs|?=sir? 26,,/|U 5% In this  mass can be at most (few)L0~2 eV being dominated by the
case we get from Eq81) m{)+m{Y)~|U|?m,, and con-  contribution of the heavy states at the upper bo(Fid. 24).
sequently, A coincidence of a 8B decay signal in this range with a
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confirmation of the LSND oscillations by MINIBOONE can 10!

be considered as a hint for this scheme. At the same time v
since cancellation between different contributions can show | | = VS [ oopmy [ B 2v HDM |
up, no lower bound om,, exists. Thus, a nonobservation of N -

] ee il
0vBpB decay of the order of magnitude (few)l0 2 eV does ol L . v, ATM 1
not rule out the scheme. LI

A similar situation appears in the “grand unification” ©,

scenarig 53,54 which is characterized by strong mixing of & 102 = LSND N
v, andvg in the two heavy states and mixing of and v, in (B
the two light stategFig. 25. Here the atmospheric neutrino 103 L Vsolar .
problem is solved by ,« v oscillations whereas the solar /
neutrino data are explained by— v, conversion. i [%

v 1' V3 V4 \/2

C. Scenario with inverse mass hierarchy
FIG. 25. The neutrino masses and mixing in the grand unifica-

The mass hierarchy in the two schemes with two pairs O(ion scenario

states with small splitting can be inverse. In the first casge,
and v flavors are concentrated in the two heavy statgs

3nd v _whereas:»_g andp, are infthe tV\r’]O Iigr;]htdstates. TE_ehregions of sensitivity which can be reached in future double
lommatmg ggntrl F'tr':/)n_ comes from the third state whichy iy decay experiments. Future double beta decay projects
almost coincides wittve: such as GENIU$55,13,56, CUORE[57], MOON [58] will
em® e AeZ 0 A lead to a significant improvement of the sensitivity. The most
Mee™Mee ~ VAM sp~0.4-1 V. (86) ambitious and at the same time most realistic project, GE-
. . : —2 H
Thus in the context of this scheme the double beta decalllUS. will test mee down to 2<10"“eV in the one ton
searches check immediately the LSND result, and in factV€rsion with one year of measurement time and down to 2
already existing data disfavor the scheme. X 10" 3eV in the ten ton version with ten years of measure-
Another possibility of the inverse hierarchy is that the =~ Ment time. _

and v, flavors are concentrated in the heavy states, whereas According to Fig. 26 there are two key scalesmfe,
v, andvg are in the pair of light mass states whose splittingWhich willallow one to discriminate among various
leads to the atmospheric neutrino oscillations. The situatio§chemesme¢~0.1eV andme.=0.005eV.
is similar to that for the 8 scheme with inverse hierarchy (1) If future searches will show that..>0.1eV, then the
(see Sec. VI with the only difference thatmZ,, should be schemes which will survive are those with neutrino mass

present upper bound ofyBB decay experimentf44] and

substituted bvA m2e.: degeneracy or #schemes with inverse mass hierarchy. All
WAMLsno other schemes will be excluded.
M) +md) = \JAmZg, o(sir? 6o+ €' ?23cod 6, ). (87) (2) For masses in the intervah,,=0.005-0.1eV, pos-

sible schemes include:r3schemes with partial degeneracy,
The third and the fourth mass eigenstates give the dominatriple maximal scheme,8schemes with inverse mass hier-
ing contributions. Thus the expected interval for the totalarchy and 4 scheme with one heaJyyO(1 eV)] neutrino.

effective mass is (3) If mee<0.005eV, the schemes which survive ane 3
schemes with mass hierarchy, schemes with partial degen-
Mee~ VAM{ gp(COS 20— 1). (88  eracy, and the # schemes with normal hierarchy. The

This int | b bed alreadv b isti . t schemes with degenerate spectrum and inverse mass hierar-
IS Intérval can be probed already by existing experimen s(:hy will be excluded, unless large mixing allows for strong
although for large mixing angle solutions of the solar neu-

. : cancellations. Formg,.<0.001eV this applies also for
gﬂ:o problem(LMA, LOW, VO) strong cancellation can oc- schemes with a partial degenerate spectrum, again unless

large mixing occurs.
Future oscillation experiments will significantly reduce

IX. DISCUSSION AND CONCLUSIONS the uncertainty in predictions fan,, and therefore modify

We have performed a general analysis of the dependend@plications /33 decay searches. Before a new generation
of the effective Majorana mass on the oscillation andof OvBB decay experiments will start to operate we can ex-
nonoscillation parameters. Systematic studies of contribuPect the following.
tions from the individual mass eigenstates have been per- The solution of the solar neutrino problem will be identi-
formed. We also have considered future developments ified. Moreover Am? and sirf 26 will be determined with
view of forthcoming oscillation results. A systematic study better accuracy. In particular, in the case of the solutions
of predictions from various schemes allows us to compar&vith large mixing (LMA, LOW, VO) the deviation of 1
these predictions and to conclude on implications of future— sin’ 26, from zero can be established.
double beta decay searches. The dominant channel of the atmospheric neutrino oscil-

In Fig. 26 we summarize the predictions fo in vari-  lation (v,—v, or v,—vs) will be identified. The mass
ous schemes considered in this paper. We also show themZ,, will be measured with better precision.
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FIG. 26. Summary of expected values fog. in the different schemes discussed in this paper. The expectations are compared with the
recent neutrino mass limits obtained from the Heidelberg-Modd@Wexperiment as well as the expected sensitivities for the CUERE
MOON [58] proposals and the one ton and ten ton proposal of GENL3$

A stronger bound on the elemeldt; will be obtained or  unlessm&) will be fixed in atmospheric or LBL oscilla-
it will be measured if oscillations of electron neutrinos to tautions.

heutrinos driven byA m,, will be discovered in the atmo- If the LMA solution of the solar neutrino deficit turns out
spheric neutrino or LBL experiments. to be realized in nature, a value,.>2x10 2 eV will tes-
The LSND result will be checked by MINIBOONE. tify for a scenario with degenerate mass spectrum. A confir-

In the following we summarize possible consequences Ofation of this result will be obtained from the CMB experi-
these oscillation results. The conclusions obtained are Nghents MAP and Planck, if the degenerate neutrino mass is
always stringent enough to exclude or prove any of the Sopyrger than=0.1 eV. Using the mixing angle determined in
lutions in the whole parameter space. In these cases we Ug§ar neutrino experiments the range for the absolute mass
phrases like “favor” or “disfavor” to describe the situation. scale can be determined from,, according to Fig. 15. A

(1) Let us first comment on how the identification of the value of m..<2x10-2eV will féevor schemes with. par.tial

ee

lution of th lar neutrino problem will modify implica- ; .
solution of the solar neutrino proble odify implica degeneracy or hierarchical spectrum. As soonngs< 2

tions of the @88 decay searches. 3 3) :
If the SMA solution of the solar neutrino problem turns x10""evVmee becomes important and enters as a new pa-

out to be realized in nature, a value of,.>0.2eV will ~ rameter and it will be difficult to reconstruct the type of
imply a completely degenerate neutrino mass spectrum dierarchy.

schemes with inverse mass hierarchy. The measured value of If the LOW or VO solution is the solution of the solar
Mee Will coincide with m; and will fix the absolute mass neutrino problem, the situation is similar to the MSW LMA
scale in the neutrino sector. A confirmation of this conclu-case. The only difference is, that an observe@® mass
sion can be obtained from the CMB experiments MAPmM>2x10 3eV will imply a partially or completely de-
and Planck, if the degenerate neutrino mass is larger thagenerate scheme. Below this value the type of hierarchy can-

=0.1 eV. not be identified until bounds om) will be improved.

For lower values,me,=2x10 3-10"2eV, a scheme For schemes with inverse mass hierarchy the situation can
with partially degenerate spectrum will be favored. Again,pe more definite:
we haveme.=m; and the mass scale can be fixed. If the MSW SMA solution turns out to be true, a value of

For even lower mass valuemee<(§)>< 10 3eV, or,4after Mee= VAMZ, = (5-8)x 10 2eV is expected. This value
MINOS improved the bound omngy,mee=4x10""eV,  coincides withm;=m, and therefore will give the absolute
with the contributionm{®) a new parameters enters, which mass scale. For larger masseg,.>8X 10 2eV the transi-
for largermg, could be neglected. Thus it will be impossible tion to a completely degenerate spectrum occurs.
to quantify the contribution of each single state ., If the MSW LMA, MSW LOW, or vacuum oscillation
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solution is realized, a value af,.=(0.02—8)x10 2eV trinoless double beta decay exists, the following remarks can
will testify for inverse mass hierarchy. The interval of ex- be done:

pected values ofn,, can be narrower once the deviation of (1) Many of the possible alternative contributions require
1—sin? 26 from zero will be measured in solar neutrino ex- New particles, e.g., SUSY partners, leptoquarks, right-handed

periments. W bosons or neutrinos having masses in or below the TeV
For larger values of massesn,.>8x10 2eV the range, which to date not have been observed. Thus one ex-
scheme approaches the degenerate case. pects to observe effects of new particles at future high energy

(2) The discovery of a sterile neutrino will have signifi- colliders as the LHC or the NLC, giving independent infir-
cant impact on the implications of the double beta decaynations on possible contributions te/)3 decay[keeping in
searches. mind an uncertainty in nuclear matrix elements of about a

The existence of a sterile neutrino can be established by f&ctor of O(2)]. Notice that the same new interactions men-
confirmation of the LSND result in MINIBOONE, or by a tioned here may induce effects in neutrino oscillations and
proof of thev,— v oscillations solution of the solar neutrino iMply ambiguities in the interpretation of the data also there
problem by SNO, or by studies of the atmospheric neutrinos(See, €.9., Ref47,59)).

For four » scenarios the interpretation of the@B decay (2) Using different source isotopes in different experi-
results is rather ambiguous. A value aoh..>(few) Ments and figuring out the values o8B decay nuclear
X 10" 2eV will favor the intermediate mass scale scenario,matrix elements for different contributions may help to iden-
while a value ofm..<10 3eV will favor a scenario with tify the dominant one. Also a future experiment being sensi-
two degenerate pairs of neutrinos and normal mass hieraflve to angular correlations of outgoing electrons could be
chy. A value of m,.>10"teV will clearly disfavor a usefgl in the Qi_scriminatiqn of different contributions. Ob-
strongly hierarchical scheme with normal mass hierarchy an§€rving a positive signal inBg .decay should encourage
favor the cases of inverse hierarchy or degeneracy. In alféW experimental efforts to confirm the results.
cases it will be difficult to disentangle the single contribu- (3) Last but not least and as discussed in this paper, a
tions and to identify a specific spectrum. Important input innonzero @34 decay signal can be related to some experi-

this case may come from the CMB experiments MAP andMental resultgboth positive and negatiyén neutrino oscil-
Planck by fixing the mass of the heaviest state. lations and cosmology. A coincident and noncontradictory

(3) Ugs: further searches fow, oscillations in atmo- identification of a single neutrino mass scheme from the

spheric neutrinos, LBL and reactor experiments will allow c0mplementary results in such different experiments thus
one to measure or further restrict this mixing element. ThisShould be respected as a strong hint for this scheme.

in turn, will be important for sharpening the predictions for N conclusion, after Super-Kamiokande has established
M. especially in the schemes with strong mass hierarchy. large mixing in atmospheric neutrinos, the simplest neutrino

(4) Matter effects and hierarchy: Studies of matter effectsSpe_Ctrum V_V'th strong_mass hierarchy and sm_all flavor mixing

on neutrino oscillations will allow us to establish the type of (which typ|call_y predicts an undetectalmeg s excludeq. .

mass hierarchy, which in turn is of great importance for pre-'\IOW the neutrino mass spectrum can.exhlblt any surprise. It
dictions ofm ' can have a normal or inverse mass hierarchy, be partially or

eer

. . . mpletel nerate. More than three m igen n
We can conclude from this summary, that in enarios completely degenerate. More than three mass eigenstates ca

of. >2%10-3eV in 0 d be involved in the mixing. In view of this more complicated
any measurement oflge> 2 eV in Oy decay(cor-  jyation a detection of a positive signal in future double beta

responding to the final sensitivity of the ten ton version of jocay searches seems to be rather plausible. We have shown
QENIUS) will provide _mformauons about the c_:haracter of that for a given oscillation pattern any value rof,. is pos-
hierarchy of the neutrino mass spectrum and in some casegyle, which is still not excluded by the experimental bounds
also to fix the absolute mass scale of neutrinos. For valuegy the neutrinoless double beta decay half-life linfi
of me<2x107%eV no reconstruction of the spectrum |ower bound onm., appears in the case of inverse mass
is possible until the contributiorm®) will be fixed or hierarchy) This means that even after all oscillations param-
bounded more stringent in atmospheric or LBL neutrino os-eters will be measured no unique predictionnaf, can be
cillations. For four-neutrino scenarios it will be not that easyderived. On the other hand this means that double beta decay
to fix the mass scale of the neutrino sector. Crucial informasearches provides informations being independent on infor-
tions can be obtained from tests of the LSND signal andmations obtained from oscillation experiments. Combining
cosmology. the results of double beta decay and oscillation searches of-
As has been mentioned before, a nonzerg®decay rate  fers a unique possibility to shed some light on the absolute
always implies a nonvanishing neutrino Majorana ni@ds scale of the neutrino mass, the type of hierarchy, and the
Let us comment finally on possible ambiguities in the inter-level of degeneracy of the spectrum. If we want eventually to
pretation of a positive signal in neutrinoless double beta dereconstruct the neutrino mass and flavor spectrum, further
cay in terms ofmge, in view of the existence of different searches for neutrinoless double beta decay with increased
alternative mechanisms, which could induce neutrinolessensitivity seem to be unavoidable.
double beta decay, such &sparity violating SUSY, right- Note addedWhen this paper was being prepared for sub-
handed currents, or leptoquarks. While no absolute uniquenission the papers of R€60] appeared which discuss simi-
method to identify the mechanism being responsible for neular topics.
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