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Assuming three-neutrino mixing and massive Majorana neutrinos, we study the implications of the neutrino
oscillation solutions of the solar and atmospheric neutrino problems and of the results of the CHOOZ experi-
ment for the predictions of the effective Majorana mass in neutrinoless doublg|sg},, ] decay/(m)|. The
general case o€CP nonconservation is investigated. The predicted value§mp|, which determine the
magnitude of the 88),,-decay rate, depend strongly on the type of neutrino mass spectrum and on the
solution of the solar neutrino problem, as well as on the values of the two Maj@®&neiolating phases,
present in the lepton mixing matrix. We find th@t|{m)|=0.02 eV for a hierarchical neutrino mass spectrum,

(i) [{m)|=0.09 eV if the spectrum is of the inverted hierarchy type, éid [{m)|<m in the case of three
guasidegenerate neutrin@s>>0 being the common neutrino mass scale which is limited by the bounds from
the 3H B-decay experimentsn<2.5 eV. The indicated maximal values |¢fm)| are reached in cas¢®, (ii),
and(iii ), respectively, for the large mixing angleMA ) MSW solution, the small mixing angSMA) MSW
solution, and for all current solutions of the solar neutrino problenC ff invariance holds|(m)| is very
sensitive to the values of the relati@P parities of the massive Majorana neutrinos. The cases of neutrino
mass spectra which interpolate between the hierarchical or inverted hierarchy type and the quasidegenerate one
are also studied. The observation of t#3),, decay with a rate corresponding|tan)|=0.02 eV can provide
unique information on the neutrino mass spectrum. Combined with information on the lightest neutrino mass
or the type of neutrino mass spectrum, it can give also information o@ Eheiolation in the lepton sector and,

if CP invariance holds, on the relativ@P parities of the massive Majorana neutrinos.
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[. INTRODUCTION tion of neutrino oscillation experiments. The Super-
Kamiokande results on the oscillations of the atmospheric
The observation of a significant up-down asymmetry inneutrinos will be checked in the accelerator long-base-line
the rate of(multi-GeV) w-like events produced by the atmo- experiments K2K[12], MINOS [13], and in the CERN-
sphericv, andv,, in the Super-Kamiokande experimglj ~ Gran-SassdCNGS experiment[14]; K2K is taking data
brought to a new level the investigation of the neutrino masgvhile MINOS and CNGS experiments are under preparation.
and neutrino mixing problem: for the first time model- The solar neutrino experiments SN@, which began opera-
independent experimental evidence for neutrino oscillation§ion approximately a year and a half ago, BOREXINIB3),
was obtained. Important evidence for the existence of nei@nd the reactor antineutrino experiment KamLANIB] will
trino mixing was found in experiments with solar neutrinos Provide new crucial information on the oscillations of solar
as well: in all five experiments Homestake, Kamiokandeneutrinos. Both BOREXINO and KamLAND detectors are
SAGE, GALLEX, and Super-Kamiokande, which have pro_under construction and are expected to be operative in 2002.
vided data on the solar neutrino flux so f2-7] (see also  The Liquid Scintillation Neutrino Detectof. SND) results
[8,9]), considerably smaller signals than expedt&d] were  on v, v, oscillations will be tested in the accelerator ex-
observed. These results are compatible with a depletion gieriment MiniBooNE[17] which is under preparation.
the solarv, flux on the way to the Earth, i.e., with the dis-  The high-intensity neutrino beams from a neutrino fac-
appearance of the solat. Indications for?l;—Je oscilla-  tory, with known and well-controlled spectra and fluxes, will
tions were reported by the accelerator LSND experimengllow us to study the neutrino oscillation phenomena in con-
[11]. siderable detail18]. These studies can provide, in particular,
The existing evidence for nonzero neutrino masses andery precise information on the values of neutrino-mass-
neutrino mixing will be thoroughly tested in the next genera-squared differences and of the elements of the neutlap
ton) mixing matrix. The possibility of building a neutrino
factory is extensively being investigated at preqdsi.
*Also at the Institute of Nuclear Research and Nuclear Energy, There is no doubt that the indicated experimental studies
Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria. will allow us to take a big step forward in the understanding
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of the patterns of neutrino-mass-squared differences and sfve Majorana neutrino&oupled to the electrgris the neu-
neutrino mixing. However, no information about the absolutetrinoless double3[(B88),,] decay of certain even-even nu-
values of the neutrino masses and about the physical natugdei (see, e.g.[27,20):

of the neutrinos with definite mass can be obtained in these
experiments.

The problem of the nature of massive neutru(\sgse, €9, | the (BB)o, decay is generatednly by the left-handed
[20)—whether they are Dirac particles possessing distincyi_ ) charged current weak interaction through the exchange
tive antiparticles or Majorana fermions, i.e., truly neutral par-of virtual massive Majorana neutrinpshe probability am-
ticles identical with their antiparticles—is one of the funda- plitude of this process is proportional in the case of Majorana
mental problems in studies of neutrino mixing. In the neutrinos having masses not exceeding a few MeV to the
minimal version of the standard theory the individual leptonso-called “effective Majorana mass parameter,”
chargesL,, L,, andL, are conserved and neutrinos are
massless. Massive Dirac neutrinos and neutrino mixing arise (m=3 u2m ©)
in gauge theories in which the lepton chardes L, , and =oe
L , are not conserved, but a specific combination of the latter, _ _ ) )
which could be the total lepton charge=L.+L,+L, or, wherem; is the mass of the Majorana neutrimpandU.; is
e.g., the chargé21] L'=L.~L,+L,, is conserved. Thus, the element of neutrlndeptc_)r) mixing matrix. -
the existence of massive Dirac neutrinos is associated in /A large number of experiments are searching 16]o,
gauge theories with massive neutrinos with the presence of ecay of different nuclei at presefior a rather complete list

conserved lepton charge. Massive Majorana neutrinos arise e, €..[28]). No indications f[hat this process takes place
were found so far. A rather stringent constraint on the value

no lepton charge is conserved by electroweak interactionso.f the effective Majorana mass parameter was obtained in
Thus, the question of the nature of massive neutrinos is di-h 76Ge Heidelbera-M imef9]:
rectly related to the question of the fundamental symmetrie% € € heldelberg-vioscow expenmertol:
of elementary particle interactions. |(m)|<0.35 eV, 90% C.L. 3
The relative smallness of the neutrino masses, following
from the data, can be naturally explained by violation of theTaking into account a factor of 3 uncertainty associated with
total lepton charge conservation at a scale which is muclthe calculation of the relevant nuclear matrix elemesge,
larger than the electroweak symmetry breaking Sc2€].  e.g.,[27,28) we get
In this case neutrinos with definite mass are Majorana par-
ticles. Thus, establishing the Majorana nature of massive |(m)|<(0.35-1.05 eV. (4)
gsgltél?ﬁ?ﬁysticis.|mply the existence of a new fundamental]_he IGEX Collaboration has obtaingdo]
Experiments studying the oscillations of neutrinos cannot |(m)|<(0.33-1.35 eV, 90% C.L. (5)
answer the question regarding the nature of massive neutri- '
nos[23,24.2 Neutrino oscillations, in particular, are not sen- Considerably higher sensitivity to the value |¢fn)| is
sitive to the MajoraneCP-violating phase§23,26 which  planned to be reached in severgg),,-decay experiments
enter into the expression for the lepton mixing matrix in thegf a new generation. The NEMO3 experiméBt], sched-
case of massive Majorana neutrinos and which are absent ifieq to start in 2001, will search foB@8),, decay of1°Mo
the massive neutrinos are Dirac particles. Thus, the neutringng 82se. In its first stage, after 5 years of data taking, this
oscillation experiments cannot provide also information onexperiment will reach a sensitivity to values ofm)]
CP violation caused by the Majorar@P-violating phases  =(.1 ev. A similar sensitivity is planned to be reached with
and, in the case df P invariance, on the relativ€ P parities  the cryogenic detector CUORE32] which will search for
of the massive Majorana neutrinos. the (8B)o, decay of 1*°Te. An order of magnitude better
The Majorana nature of the massive neutrinos can manisensitivity, i.e., td(m)|=10"2 eV, is planned to be achieved
fest itself in the existence of processes in which the tota|, the GENIUS experimenft33] utilizing 1 ton of enriched
lepton charge. is not conserved and changes by two units, 76q Finally, there is a very interesting propo§a#] to
AL=2. The process most sensitive to the existence of Masstudy the B3),, decay of 1*Xe in a background-free ex-
periment with detection of the two electrons and thBa
atom in the final state. The estimated sensitivity of this ex-
!Let us note that this explanation is by no means unique. periment is|{m)|=(1—5)x 10 2 eV.
2lf the massive neutrinos are Majorana particles, e.g. tréuesi- Having in mind future progress in experimental searches
tions v,— 1y, | =e,u, 7 are effectively possiblg25]. However, the ~ for (88)o, decay, we derive in the present article constraints
amplitudes of these transitions are proportional to the matioE, ~ on the effective Majorana mass that can be obtained from
m; , andE being the neutrino mass and energy. For the values of th@nalyses of the latest neutrino oscillation data. More specifi-
neutrino masses suggested by the exisfiHg3-decay data and the cally, assuming three-neutrino mixing and massive Majorana
data on the oscillations of the solar and atmospheric neuttse®s  neutrinos, we study in detail the implications of the neutrino
Sec. 1), m;= few eV, the transitions/— », are unobservable at o0scillation fits of the solar and atmospheric neutrino data and
present. of the results of the reactor long-base-line CHOOZ and Palo

(AZ)—(AZ+2)+e +e". (1)
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Verde experiments, for the predictions of the effective Majo-trum. Combined with data on the mass of the lightest neu-
rana mass parametgm)|, which controls the 83),,-decay  trino and/or on the type of neutrino mass spectrum, it can
rate. We consider the possible types of the neutrino masgive also information on th€P violation in the lepton sec-
spectrum: hierarchical, with two quasidegenerate in mastor and, if CP invariance holds, on the relati@P parities
Majorana neutrinosthe third having a different massnd  Of the massive Majorana neutrinos.

with three quasidegenerate Majorana neutrinos. In the case In the present article we consider only the mixing of the
of two quasidegenerate massive neutrinos, the neutrino ma§¥ee-flavor neutrinos, involving three massive Majorana
spectrum can be of three varieties—with inverted hierarchyl€utrinos. We assume thagg),, decay is induced by the

with partial hierarchy, and with partial inverted hierarchy— (¥ —A) charged current weak interaction via the exchange of
and they are also considered in this paper. the massive Majorana neutrinos. Results for the case of four-

The indicated approach for obtaining the values(af| neutrino mixing will be presented in a separate publication
which are compatible with solar, atmospheric, and accelera[-54]'

tor neutrino oscillation data was first used in R¢f5] and
[36]. In Ref.[37] it was noticed that in the case of a neutrino
mass spectrum with inverted hierarchy and large mixing

angle(LMA) Mikheyev-Smirnov-WolfensteitMSW) solu- We summarize in the present section the data on the neu-
tion of the solar neutrino problem, measuremeri{of)| can  trino masses, neutrino-mass-squared differences, and neu-
give information about th€ P violation in the lepton sector, trino (lepton mixing which will be used in our further analy-
induced by the Majoran& P-violating phase$.Various as-  ses.

pects of CP violation in the lepton sector, generated by the  Strong evidence for neutrino oscillations has been ob-
MajoranaCP-violating phases, were studied, e.g.,[BB—  tained in experiments with atmospheric and solar neutrinos.
41]. The approach indicated above was further exploitedThe Super-Kamiokande atmospheric neutrino {aia5] are
e.g., in Refs[42-43. In Refs.[46-4§, in which the solar pest interpreted in terms ¢lominant »,— v, andv,— v,

and atmospheric neutrino data available in 1998—1999 wergscillations[55]. Assuming two-neutrino mixing, one obtains
used, it was concluded, in particular, that observation of gescription of the data at 90¢9%) C.L. for the following
(BB)o, decay with a rate within the sensitivity of the next yajyes of the relevant two-neutrino oscillation parameters—

generation of ﬁB)OV—Qecay experiments can give informa- he mass-squared differenAengtm and the mixing angl®,,
tion about the neutrino mass spectrum. Further analys%a:

along the indicated lines were performed more recently in

II. NEUTRINO MASSES AND MIXING
FROM THE EXISTING DATA

[49-53. _ _ 2.0(1.5%x10°% eV?<|Am?,]<6.5(8.00x10° % eV?,
In the present study we investigate the general case of (6)

CP-nonconservation and we use the results of the analyses

of the latest solar and atmospheric neutrino data. For each of 0.87(0.79<siM (20, <1. (7)

the five types of possible neutrino mass spectra indicated
above we give detailed predictions fim)| for the three  The sign ofAmZ,, is undetermined by the data. The best fit
solutions of the solar neutrino problem favored by the curglye of |AmZ,] found in [55] is |AmZ,|g=3.2
rent solar neutrino data: the LMA MSW, the small mixing w1073 g\2.
angle (SMA) MSW, the LOW-quasivacuum oscillation  Global neutrino oscillation analyses of the most recent
(LOW-QVO) one. In each case we identify the “just- solar neutrino dat2,4,5,7,8 were performed, e.g., in Refs.
CP-violation” region of values of(m)|: a value ofl(m)| in  [7 56_5g. The new high-precision Super-Kamiokande re-
this region would unambiguously signal the existenc€8f  syits[7] on the spectrum of recoil electrons and on the day-
violation in the lepton sector, caused by Majoranapight (D-N) effect were included in the analyses. In Refs.
CP-violating phases. Analyzing the case @ conserva- [7 56 57 the solar neutrino data were analyzed in terms of
tion, we derive predictions fof(m)| corresponding to all the hypothesis of two-neutrino oscillations of solar neutrinos,
possible values of the relatieP parities of the three mas- characterized by the two paramete¥sn?>0 and 6 (or
sive Majorana neutrinos for the five different types of neu-ar29). In Ref. [58] a three-neutrino oscillation analysis
trino mass spectra. The possibility of cancellation betweeRyas performedsee further. The regions of the LMA MSW,
the different terms contributing tdmy)| is investigated. We  gpma MSW (see, e.9.[59,60), LOW and QVO solutions of
identify the cases when such a cancellation is impossible anghe solar neutrino problertsee, e.g.[56]) allowed by the
there exist nontrivial lower bounds dfm)| and we give  gata at a given C.L. were determined. The studies performed
these bounds. We find, in particular, that the observation o, Refs.[7,56,57 showed, in particular, thai) a relatively
(BB)o, decay with a rate corresponding [{im)|=0.02 eV |arge part of the previously allowed region of the SMA MSW
can provide unique information on the neutrino mass Specy,— v,(» transition solution is ruled out by the Super-
Kamiokande data on the recal- spectrum and the D-N
effect, (i) the LMA MSW ve— v, transition solution pro-
3Let us note that the most recent solar neutrino data from the/ides a better description of the data than the SMA MSW
Super-Kamiokande experiment favor the LMA MSW solution of solution, and (iii) the purely VO solution due to the
the solar neutrino problem. Ve v, (5 OScillations(see, e.9.[61,62) as well as the VO
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TABLE I. Values ofAmé obtained in the analyses of the solar neutrino data in Réf56,58 and used
in the present studfsee text for details The best fit value¢B.F.V.) in the different solution regions are also

given.
Am? [eV?] B.F.V. [eV?]

Ref.[7] LMA 2.5x10°5-1.3x10°4 4.0<10°°
(95% C.L.) LOW-QVO 5.6<10 8-2.0x10° "7
Ref.[56] LMA 1.6(1.6)x 10 5-1.0(1.0)x 10" 4 4.8x10°°
[90% (99%) C.L] SMA (4.0x10°%-1.0x 10" %) 8.0x10°°

LOW-QVO 5.5(0.4)< 10 °—1.4(2.4)< 108 1.0x10°°
Ref. [58] LMA 1.6(1.5)x 10 °-2.0(2.0)< 104 3.5x10°°
[90% (99%) C.L] SMA 4.0(3.0)< 10 6-9.0(10.0x 108

LOW-QVO 8.0(5.0< 107 1°-3.0(4.0)x 107

and MSW solutions with solar, transitions into a sterile As we have already mentioned, a comprehensive three-

neutrino(see e.g.[63]), vs, are strongly disfavoredf not  flavor neutrino oscillation analysis of the most recent solar
ruled ouj by the data. The Super-Kamiokande Collaboration,neutrino, atmospheric neutrino, and CHOOZ data has re-
using a method of analysis which is different from thosecently been performed in Ref58]. The analysis was done
employed in Refs[56,57, rules out the SMA MSWw,  under the assumptioAm2 <|Am2,|, suggested by the re-
— v, transition solution at 95% C.L. In Tables I and Il we sults of the two-neutrino oscillation studigg56,57. As fol-

give the results for the different solution regions derived inlows from Eq.(5), the indicated inequality holds for

the two-neutrinov.— v,y transition/oscillation analyses in

(7)
Refs.[7,56]. The Supgr-Kamiokande Collaboratipn] did AmésZ.Ox 1074 eV?, (10
not produce 99% C.L. results, so we quote and use only their
95% C.L. allowed regions. i.e., for the SMA MSW and LOW-QVO solutions and in

Very important constraints on the oscillations of electronmost of the LMA MSW solution region found ifi7,56,57
(antjneutrinos were obtained in the CHOOZ and Palo Verde(see Table)l Under the conditiorAm2 <|Am2,.], the solar
disappearance experiments with reactp64,65. This ex-  neutrino data constrain the paramet&ys’, 6., and 0
periment was sensitive to values AM?=103eV?, which  (see, e.9.[47,60 and references quoted thergirit was
includes the corresponding atmospheric neutrino region, Edound in Ref.[58] that the LMA MSW, SMA MSW, and
(5). No disappearance of the reactar was observed. Per- LOW-QVO solutions of the solar neutrino problem are al-
forming a two-neutrino oscillation analysis, the following 'owed and the corresponding solution regions were deter-

rather stringent upper bound on the value of the correspondined. The best fit point was found to lie in the LMA MSW
ing mixing angle & was obtained by the CHOOZ solution region. Although the latter extends to values of

Collaboratiort at 95% C.L. forAm?=1.5x 1073 eVZ: AmZ,~(7.0-8.0)x 10" *eV?, for Am?, exceeding the upper
bound in Eq(10) the reliability (accuracy of the results thus
sir? 6<0.09. (8) derived is questionable. For this reason in our further analy-

sis we will use as a maximal value &fm?2 for the LMA
The precise upper limit in Eq8) is Am? dependent. More MSW solution the value given if0), which is reflected in
concretely, it is a decreasing function Aim? as Am? in- Table | (see below. The atmospheric neutrino data analysis
creases up taAm?=6x10"3eV2 with a minimum value restricts in the case afm3 <|Am3,] the mass-squared dif-
sinf@=1x10"2. The upper limit becomes an increasing func- ference|Am§mJ and the angleg,,and# (see, e.g9.[47,60).
tion of Am? when the latter increases further up Am?  The parameteAm?Z,, is found in[58] to lie at 90%(99%)
=8x10 3eV?, where siR#<2x10 2. Let us note that this C.L. in the following interval:
dependence is accounted for, whenever necessary, in our
analysis. The sensitivity to the value of the parametersm 1.41.1)x10 % eV?<|AmZ,|<6.47.3 X103 eV?
expected to be considerably improved by the MINOS experi- (11
ment[13] in which the following upper limit can be reached:
with the best fit value given byAmZ,|ge=3.1xX10 3 eV2.
sin? §<5x 102, (99 Note that the upper and the lower limits in E41) depend
on the value of sif¥. More specifically, the upper bound is a
decreasing function, while the lower one is an increasing
“The possibility of large sf9>0.9, which is admitted by the function of sirf6 and the two bounds reach a common value
CHOOZ data alone, is incompatible with the neutrino oscillationat |AmZ,{=2.0<10"eV? for sir? ¢=0.04 (0.08 at 90%
interpretation of the solar neutrino defi¢itee, e.9.[36,37,60,47.  (99%) C.L. Combining all the bounds it is possible to con-
Let us note also that the CHOOZ limit does not depend on the sigistrain further the value of.. The result at 90%99%) C.L.
of Am?: we have assumed thatm?>0 for convenience. reads[58]
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TABLE Il. Values of 4, obtained in the analyses of the solar neutrino data in Réf56,59 and used in

the present study.

tarf B.F.V.

Ref. [7] LMA 0.21-0.67 0.38
(95%C.L.) LOW-QVO 0.3-0.5
Ref. [56] LMA 0.20(0.19)—-0.6(1.0) 0.35
[90% (99%) C.L] SMA (1.2x104-1.8x10"3) 6.0x10*

LOW-QVO 0.57(0.42)—0.90(3.0) 0.70
Ref. [58] LMA 0.18(0.16)—1.0(4.0) 0.35
[90% (99%) C.L] SMA 2.0(1.0)x 10 *-2.0(2.5)x 10~ 3

LOW-QVO 0.4(0.2)-3.0(4.0)

s’ 6<0.05(0.08). (12

The best fit value of sf¥ was found to bg58] sir? fgr

m, <2.5 eV [67], m, <29 eV [68]. (13
There are prospects to increase the sensitivity of thHe

B-decay experiments and probe the region of valuem,pef

=0.005. The allowed regions for the different parametergjown tom, ~(0.3-0.4 eV [69].

can be read from the plots reported[B8] and are given in

Cosmological and astrophysical data provide information

Tables | and Il. We point out that, in general, the variousqy the sum of the neutrino masses. The current upper bound
bounds are correlated and such interdependences, Whe”eYééds(see e.g.[70] and references quoted thergin

relevant, have been taken into account in our analysis.
In the next few years constraints on the values\afZ,,

0o, Am2,, Om, andd will be improved due to an increase

of the statistics of the currently running experimefesy.,
SAGE, GNO, Super-Kamiokande, SNO, Kplénd an up-

grade of some of them, as well as due to data from the ne
experiments BOREXINO, KamLand, MINOS, and CNGS.
Hopefully, this will lead, for instance, to identification of a
unique solution of the solar neutrino problem instead of the

three solutions allowed by the current data.

> m;=5.5 eV. (14)
J

The future experiments Microwave Anisotropy Prdb#AP)

\ﬁnd Planck can be sensitive [ip1]

> mj=0.4 eV. (15)
J

In the next sections we show that the data from a new

Let us note that if three-flavor-neutrino mixing takes generation of 88),-decay experiments, which will be sen-

place, it would be possible to determine the sigrﬁmﬁgtm,

e.g., by studying the transitions, — ve (ve—v,) and 7#

— Ve (7,3—> v,) in the Earth under the condition that the

Earth matter effects be non-negligiblé6]. A negative

Am2,, would correspond to a neutrino mass spectrum with
inverted hierarchy or to three quasidegenerate neutrinos. In

sitive to values of|[(m)|=(0.01-0.10) eV, can provide
unique information on the neutrino mass spectrum as well as
on theCP violation in the lepton sector in the case of mas-
sive Majorana neutrinos.

Ill. FORMALISM OF NEUTRINO MIXING
AND (B8),, DECAY

the inverted mass hierarchy case we adapt the notations so as

to haveAm?Z,;>0. This leads to a different correspondence
betweend , 6., and @ and the elements of the neutrino
mixing matrix in comparison with the case of a hierarchical
neutrino mass spectrum. For the quasidegenerate neutrino

The explanation of the atmospheric and solar neutrino
data in terms of neutrino oscillations requires the existence
of mixing of the three left-handed flavor neutrino fields ,
|=e,u,, in the weak charged lepton current:

mass spectrum which is considered in Sec. VI, the formulas 3

corresponding to the case Afm2,.<0 can be obtained from

those given in Sec. VI and correspondingﬁmgtm>0, by
replacingAm?,,, with [AmZ,]. In what regards 83),, de-
cay, under the conditiolhm?<|AmZ,] the results in the
two cases coincide.

The Troitzk [67] and Mainz[68] 3H B-decay experi-

ments, studying the electron spectrum, provide information

on the electron(antjneutrino masam, . The data contain
features which require further investigati¢e.g., a peak in
the end-point region which varies with tini@7]). The upper
bounds given by the authofat 95% C.L) read

V||_:E1 UjjviL, (16)

=

wherew;,_is the left-handed field of the neutring having a
massm; andU is a 3X 3 unitary mixing matrix—the lepton
mixing matrix. We will assume that the neutrinesare Ma-
jorana particles whose fields satisfy the Majorana condition

17

whereC is the charge conjugation matrix. We will also as-
sume(without loss of generalifythat m;<<m,<ms. One of
the standard parametrizations of the matdixeads

C(v)T=v;, j=1.243,
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C12C13 $12C13 S13
U=| ~Sios CusSoss1se’ —Culos 5155038168 " o1’ | iag(1 lezi? glasi?), (18)
S1503— C1C23515€' 0 —CysSp3— S1C25515€' % CpaCy€"

where ¢jj=cos#@;, s;j=sind;, 0<6;<u/2, 5 is the so- [(m)|=|m U2 24+ myU2,65+ myU2,83). (23
called DiracCP-violating phase, andr,; and ag; are the
MajoranaC P-violating phase$23] (see also, e.g[20]). Obviously, the two physical Majoran@P-violating phases
We are interested in the effective Majorana mass paramen which [(m)| depends arer,;=arg(U2,£2) —arg(U2,£2)
eter(see Fig. 1 and  ag=argU%¢35) —argU2,£2).  Actually,  all
) ) 5 CP-violation effects associated with the Majorana nature of
[{m)[=[m;Ug+myUg+msUgy, (19 the massive neutrinos are generated dyy# km and as;
#k'm, k,k'=0,1,2 ....Indeed, under a rephasing of the

whose value is determined by the values of the ”e“tri”%harged leptonl (x), and the neutrinoy;(x), fields in the
massesn; and by the elements of the first row of the lepton weak charged lepton current(x)—e ”1(x) and v;(x)

mixing matrix Ue;. The latter satisfy the unitarity condition _elf v(x), the elements of the lepton mixing matrix, and
the phase factors in the Majorana condition for the Majorana

3
_ neutrino fields change as follows:
]2:‘,1 |Ugl2=1. (20) . g |
Uj—Ue ' A l=eu,r j=123, (24
We have :
g—&e ' (25
Ug=|Uqle'e"”, 21 _ .
9=[Ugle @D As was shown in[39], in the lepton sector of the theory
whereq;, j=1,2,3, are three phases. Only the phase differunder discussion with mixing of three massive Majorana

>k) can play a physical role. The neutrinos there exist three rephasing invariants. The first is
the standard Dirac ond, present in the case of mixing of
three massive Dirac neutring%2,39 (see alsd73]):

ences @;— a ) =aj (j
mixing matrix in Eq.(18) is written taking this into account.
In the general case, one can have

— . J=Im(U ,,UU*U%). 26
=), =123, 22 mUuelealalez) 29

) _ . The existence of the other tw®, and S, is related to the
where¢;, j=1,2,3, are three phases. Only two comb|nat|ons,\,|ajOrana nature of the massive neutringg39]:
of the six phasesy; and ¢; represent physical Majorana
CP-violating phases. The effective Majorana mass param- Si=Im(Ug U5 &), (27)
eter now has the form

S;=IM(U U585 &2). (28)

A geometrical representation @P violation in the lepton
sector in terms of unitarity triangles in the case of three-
neutrino mixing and presence of Majorai@P-violating
phases in the lepton mixing matrix is given[iil]. The two

——

K ! v I‘Z\ MajoranaC P-violating phasesy,; and a3, are determined
’ m . . . "
l.’ 1 1- e3 \‘3 by the two independent rephasing invariaBts. We have
! I 1 !
". et P rmaf ; 55
\ AN it cosag=1-2————", (29
\ / [Ueq“|Ued
\\\ /, 2
\\\ /,/ _ _ SZ
R e Coq az;— ap) =COq g~ arp) =1—2—"—0,
el ’,/’ |Ue2| |Ue3|
———————— - (30
FIG. 1. The effective Majorana magém)| represented as the and
absolute value of the vector sum of the three contributions in Eq.
(19) using Eq.(21), each of which is expressed as a vector in the COSap= COS arg;— p1)COSarg;
complex plangsee Sec. VI for details The CP-violating phases
a5, and ag; shown in the figure can vary between 0 and.?2 +Sin(@g— ayq)Sinas; . (31
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One can expresgm)| in terms of rephasing-invariant quan- mass  hierarchy the analogous relations |Ugy)|

tities as =c05@\1—[Ugy|? |Ueg =singy1—|U|? are more use-
|<m>|2:mi|uel|4+m%|Ue2|4+m§|Ue3|4 fu_l. Depend_ing on_the type c;f_ne_utrino mNais spectrurg, we
will have eitherg= 0, |Ucg?=sir? 6, or o=60y, |Ug
+2mym,|Uqq|3|U o2 cosayy =sir? 6.
The neutrino oscillation experiments, as is well known,
provide information orAm?, =m’—m; (j>k). In the case
+2mMyMs|U gy 2| U g2 cOS argy— arpy). (32 Of three-neutrino mixing, Eq16), there are two independent
Am? parametersAmj,, for instance, can be expressed as
Note that/(m)| depends only o8, , and does not depend on Am3;=Am3,+Am3,. Correspondingly, as an independent
the Dirac rephasing invariagt This is a consequence of the set of three neutrino mass parameters we can chogse
specific choice of the rephasing invariarg,, Eq. (28), JAmil, and \/Améz- We have
which is not unique39]. With this choice the amplitude of
the K" —a~ +u"+u" decay, for instance, which, as like M= me+Am2, (36)
the (BB),, decay, is generated by the exchange of the three
virtual massive Majorana neutrinos in the scheme under dis-
cussion, depends, as can be shown, on all three rephasing
invariantsS,;, S,, andJ.

If CP invariance holds in the lepton sector, we
have, in particularS; =0 or ReUU%;£5 &1)=0, and S,
=0 or ReUgU%:E5 &,)=0. In this case the unitarity tri-
angles reduce to lines oriented either along the horizontal or 2 A2 — A2 2
thegvertical axis on the plarid1]. In terms ofgconstraints on A= AM3,=AMzy+AMs,, (38)
the phases,; and ag; this impliesa =k, asz;=k’ 7 with
k,k'=012.... A

In all our subsequent analyses we will set for convenience
(and without loss of generalityg; =1, j=1,2,3; i.e., we will 2 _ A2 2 _ A2
assume that the fields of the ]Majorana neutrinpssatisfy Amo=Amg, - or Amo=Amy,. (39

the Majorana condition&l?). In this casex,;= a,— a4 and . : .
(tyy= a3~ ay, Where a; are determined by Eq21). The Depending on the relative magnitudes rof, \/Amzzl, and

CP-invariance constraint on the elements of the lepton mix-YA M3z One recovers the different possible types of neutrino

ing matrix of interest readg74,75 (see alsd20]) mass spectrum:
9 17473 120] (1) If my<AmZ,<\Am32, one hasm;<m,<mj, i.e.,

UZJ- = nJ-CPUej , (33 hierarchical neutrino mass spectrum.
(2) m< \/Am322< Am3; implies mi<my,=ms, i.e.,

wheren; =i, =*i is theCP parity of the Majorana neu- neutrino mass spectrum with inverted hierarchy.
trino v; with massm;>0. In this casg(m)| is given by (3) For JAmZ,,\JAm2,<m,, we havem;=m,=ms, i.e.,
gquasidegenerate neutrino mass spectrum.

4 If \/Am221< Amz,~0(my), one findsm;=m,<mg,
i.e., spectrum with “partial mass hierarchy.” This pattern of
neutrino masses interpolates between the hierarchical one

For establishing a direct relation with the mixing anglesand the quasidegenerate one.
constrained by the solar neutrino data and the data from the (5) For \/Am322< \/Am221~0(m1), we have m;<m,

+2myM3|Uq]?|U 3% cosargy

My=\mi+Am3,+Amj,. (37)

The mass-squared difference inferred from a neutrino oscil-
lation interpretation of the atmospheric neutrino daten?,,
is equal toAm3,,

while for the one deduced from the solar neutrino data,
m3,, we have two possibilities

3
CP| | |2
;1 77 [Ugl?m;

3
[(m)|= = 2«1 #ilUg’m;|. (39

CHOOZ experiment, it proves convenient to expresg., in - =m;, i.e., spectrum with “partial inverted mass hierarchy.”
the case of neutrino mass hierarghy ;| and|U,| in the  This pattern interpolates between the inverted mass hierarchy
form spectrum and the quasidegenerate one.

For each of the possible patterns of neutrino masses indi-

[Uei|=cospV1—[Ued? [Ued=singy1—|Ugq?, cated above, we will study in detail the implications of the
(35 data on neutrino oscillations, obtained in the experiments

with solar and atmospheric neutrinos and in the CHOOZ

where ¢ is an angle and we have used the relatibn,|? experiment, for the searches g8),, decay.

+|Ugy?=1—|Ug°. In certain casete.g., inverted neutrino
IV. HIERARCHICAL NEUTRINO MASS SPECTRUM

SThis constraint is obtained from the requirementQ® invari- The hierarchical neutrino mass spectrum is characterized

ance of the charged current weak interaction Lagrangi&h by by the following pattern of the neutrino masses:
choosing the arbitrary phase factors in (B transformation laws
of the electron and thé/-boson fields equal to 1. m;<<m,<<ms. (40
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This type of neutrino mass spectrum is predicted by the stan- | (m)| =AM sir? 61— |Uegf?) + VAMZ|Uedl 2.
dard versions of the seesaw mechanism of neutrino mass o (45)

generatior[22]. The pattern corresponds to the inequalfties
Using the results ommZ,, Am3, sirfy, and|Ugq?
m; < JAm3,<JAm3,. (41)  obtained in Ref[58] at 90%(99%) C.L. (quoted in Sec. II
and in Tables | and }J] we find that in the cases of the LMA,
Using Eqgs.(40) and (41) it is possible to make the identifi- SMA, and LOW-QVO solutions of the solar neutrino prob-

cation (see, e.g.[47,60) lem [{m)| is bounded to lie in the following intervals:
AmE=Am3,, AmZ,=Amd, 6.1(5.3xX10 % eV<|(m)|<7.4(14)x10° 3 eV, Ll\(/IAé)
4
2_ _ 2
|Ueal *= oS (1~ [Uegl?), 2.0(0.8)x107 ev=|(m)|<1.9(3.6
|Ueal*=sin? 05(1—|Uedl?), X103 eV, SMA, (47)
|Ue3|255in2 6<0.09 (CHOO2Z). (42) 6.7 (05)X1075 eVs|<m>|s35(36)><10’3 ev,

LOW-QVO. 48
We will suppose thaﬁmgtm lies in the interval(5) or (11), Q “8)

thatAm(ZD and 6, take values in the regions given in Tables For the values of the parameters providing the best fit of the
| and Il, and thafU4? satisfies the CHOOZ upper bound. solar and atmospheric neutrino d48] one finds|({m)|ge

Equations(40) and (42) further imply =1.8x10 2 eV. Note that in the case of the LMA solution,
|(m)| can reach(m)|=(1—2)Xx10 2 eV. If the LMA so-
my=+vAm3, mg=+\AmZ, (43)  lution admits values ofAm2~(7-8)x10"* eV? as sug-

gested i{58], |(m)| can be as large as3x10 2 eV. This
Using Egs.(19), (21), (42), and (43) we can express the is the maximal valug(m)| can have in the case of the hier-
effective Majorana mass parameter in terms of the quantitiearchical neutrino mass spectrum. Values d¢fm)|
whose values are determined in the solar and atmospherie10 2 eV can be tested in the next generation of

neutrino experiments, and of the phase { «,): (BB)o,-decay experiments, as we have discussed in the In-
troduction.
[{m)|=|VAmMZ (1—|Uqg?)sir? 6, The maximal allowed values ¢fm)|, max ({m)|), in the
. ) case of the SMA and LOW-QVO solutions are by a factor of
+VAMZ U gl e (7372 (44 ~(2-4 smaller than that for the LMA solution. This is re-

lated to the fact that for the SMA and LOW-QVO solutions
where the phasea, ; are determined by Eq21) and we

have neglected the contribution of the teram;. Note that max( |(m)|) =max yAmZ,,|Uegl?), (49
although in this case one of three massive Majorana neutri-

nos effectively “decouples” and does not give a contributionwhile for the LMA solution/A m2 sir? g, can be as large as
to |(my)|, the value of|(m)| still depends on the Majorana ~1.1xX10 ? eV and both terms in Eq44) contribute to
CP-violating phasexg,= a3— a,. This reflects the fact that max ({m)|).

in contrast to the case of massive Dirac neutrif@yuarks, The minimal allowed values dfm)|, min (|(m)|), given
CP violation can take place in the mixing of only two mas-in Egs.(46)—(48), are exceedingly small. Let us note never-
sive Majorana neutrino$23]. theless that for a given solution of the solar neutrino problem

As a result of the presence of the first term in E44), they correspond ten; having a value much smaller than the
one obtains different predictions fd¢m)| for the LMA,  min([(m)|) in Egs. (46)—(48), i.e., tom;<7.0x10 * eV
SMA, and LOW-QVO solutions of the solar neutrino prob- for the LMA solution, etc. If, howeverm1<\/Amzo, but
lem, as the three solutions require different ranges of values,|U ,;|2=m;(1—|U.3?)co< 6, is of the order of, or larger

of sinff, andAm3,. than, some of the mirf(m)|) given in Eqs.(46)—(48), the
Consider first the case dE P conservation. There exist corresponding lower bounds will be modified. This can hap-
two possibilities. pen in the case of the SMA MSW solution, while

Case A The neutrinos, and v; can have the sam@P  min (|(m)|) for the LMA and LOW-QVO solutions are prac-
parities, i.e.,p,= ¢3. In this case(with the phase conven- tically stable with respect to “finite’'m,; corrections. Indeed,
tions we are using; see Sec.)lllz,=a3—a,=0 (or ap;  for the LMA (LOW-QVO) solution, m;<+AmZ implies
=a5,=0,+7), and the effective Majorana ma$ém)| is m;<4.0(0.025)10°% eV  and  thus my|Uy)?
given by <2.0 (0.013x10 * eV, which can change the relevant

values of min {(m)|) in Eq. (46) [Eqg. (48)] by not more than
~30%. In contrast, in the case of the SMA solution for
®The case of a neutrino mass spectrum with partial hieranchy ~ Which co$ 6,=1, the inequalitym;< \Am is satisfied for
=m,<m; will be treated in Sec. VII. m;<1.8x10 * eV. Correspondinglym;(1—|U3?)cos 6,
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=<1.8x10 % eV and min ((m)|) can range from~1.8 0<[(m)|<6.4(10)x 10 3 eV, LMA,
X104 eV to 0 eV. Let us note also that in the case of the
SMA solution, a value of(m)|=8.0x10"*4 eV would im- 0<|(m)|<1.8(3.1)x10°3 eV, LOW-QVO,
ply (for a hierarchical neutrino mass spectijutimat
- 0<|{m)|<1.9(3.5x10°3 eV, SMA.
SMA, [(m)|=8.0x10"* eV: |<m>|=JAm§tm|ues|(2.) (54)
50

To the best fit values of the parameters found58] (the

Using the results of the two-neutrino oscillation analysesOest fitAmé and sifd, lie in the LMA solution regio,

2
of Refs.[7,56] (see Tables | and )} the results oMM, hare correspondgm)|ge=1.2X10"3 eV.

from Ref.[55], Eq. (7), and the upper limit ofU 3%, ob- The results of the two-neutrino oscillation analyses of
tained in the CHOOZ experimefB4], we get the following  Rets [7] and[56] and of[55,64 lead to the following pos-
intervals of possible values ¢fmy|: sible values of (m)|:

—3 —3
0.8x10°3 eV<|(m)|<7.6x1072 eV, LMA [7,5564, 0=|(m)|=4.5%10% eV, LMA [7.55.64,

5 -3
5.0x107° eV<[(m)|<3.6x10"* eV, 0<|(m)|<3.5x1073 eV, LOW-QVO [7,55,64,
LOW-QVO [7,55,64, (51 (55

and and

6.7(5.4X10 % ev=|(m)|<7.4(8.5x10 % eV,
LMA [55,56,64,

0<|(m)|<3.7(5.0x10°% eV, LMA [55,56,64,

< <4.0x10°3
(241077 ev=|(m)|=4.0x10"2 eV), (0<[(m)[<4.0<10™ eV),  SMA [55,56,64,

SMA [55.56,64, 0=|(m)|<=3.5(4.0x10°3 eV,

2.7(0.6)x10°° eV<|(m)|<3.5(4.00x10 3 eV, LOW-QVO [55,56,64. (56)
LOW-QVO [55,56,64, (52 We see that the 99% C.L. results of the three-neutrino oscil-
lation analysis [58] allow values of max |[(m)|)
=102 eV for the LMA solution. Using the results of the
two-neutrino oscillation analyse$7,55,56,64 one gets
max ((m)])<5.0x10 3 eV.
The possibility of partial or complete cancellation be-
een the two terms in Eq53) for [(m)| is extremely im-
portant in view of future searches fo8f),, decay. Barring
finite m, corrections which can be relevant in the case of the
SMA solution of the solar neutrino problem, the cancellation
can take place ifU.4? has a value given by

where the number&he numbers in bracketgorrespond to
the 90%(99%) C.L. solutions of thev, problem in[56].
The values of max |(m)|) for the LMA solution derived
in the two-neutrino oscillation analysgg,56] do not exceed
8.5x 1072 eV and are smaller than the corresponding one,,
for the LMA solution obtained in the three-neutrino oscilla-
tion analysig58]. This difference is due to the difference in
the maximal allowed values of Am? (1—|U g ?)sirg, in
the two cases. The minima{m)| for the SMA solution in
Eq. (52) is again unstable with respect to “finitef, correc-

. —4
gorés\,/and actually can have any value frorl0™* eV to 0t U |2 \/RSinz 0o .
. m)(=0: 30~ ; .
Case B v, and v; have oppositeCP parities, i.e.,¢, 0 JAME Sir? 6o+ AMZ,
= - ¢3. We haVea’32: T (Or o= a31i W:O,i 7T), and
the effective Majorana mass parameter is given by For the ranges of allowed values afm2 , sirf6, for the

three solutions of the, problem, andAm2,,, found in[58],
[(m)| = VAME sinf 65(1—[Uegl?) — VAMG, | Uegl?]. the corresponding values fifl .5|3 for which the cancellation
(53)  can occur belong to the intervals

In this case there exists the possibility of cancellafi@f] -3 2 -1
between the two terms in E¢3). Correspondingly, one can 8.0(8.0X107°<[Uealp=1.33.7)x107,  LMA,
have |[(m)|=0 eV for all solutions of the solar neutrino . 5 .
problem. 1.0(0.3)X10 °<|Ugq§<7.020)X 107>, SMA,
The 90%(99%) C.L. results of the three-neutrino oscilla-
tion analysis of Ref[58] imply the following ranges of al- 8.0 (0.7)X 10 %<|U.33<0.513)x 102, LOW-QVO.
lowed values of(m)]: (59
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FIG. 2. The effective Majorana magsn)|, allowed by the data FIG. 3. The same as Fig. 2 but fam? and sifd, from the

from the solar and atmospheric neutrino and CHOOZ experimentsggoy, (99% C.L. region of the LOW-QVO solution of the,, prob-
as a function ofUgl? in the case of a hierarchical neutrino MasS |em [58]. The regions delimited by the two thidkhin) solid and
spectrum, Eq(40). The values of(m)| are obtalne(Z:i foAmg and  gashed lines correspond to the two case<€8f conservation{i)
sirf6, from the LMA MSW solution region andmz,,, and |U 4|2 b,= b5 (regions within the solid linésand (i) ¢,= — b5 (regions
derived in[58] at 90% C.L.(medium gray and dark gray regions at yjthin the dashed lings In the case ofCP violation, (as— a,)
|Ue3l?<0.05) and at 9% C.L(ight, medium, and dark gray re- 7 k=0,1,..., all regions marked by different gray-color
gions at|U.4?<0.08). The 90% (99%) C.L. allowed regions lo- scales are allowed.
cated(i) between the two thickthin) solid lines and(ii) between

the thick (thin) dashed lines and the horizontal axis correspond to

the two cases o€P conservation(i) ¢,=¢3 and (i) ¢>=—ds,  cannot be a complete cancellation. However, the dominant

i ¢2.3 being theCP parities ofv, 5. The values of(m)|, calculated contribution tol{m\|. Eq. (53). would be given by the term
for the best fit values of the input parameters, are indicated by thick Km)|. Ea. (53) g y

_ 2 . - -
dots (CP conservatioh and a dotted line @P violation). In the VAMG (1 [Uegl )s|n29® and in this casé(m)| would be

case ofCP violation all regions marked with different gray-color relatively small:
scales are allowed.

|Ueg?<8%x1073  |(m)|~(fewx 10 *—~fewx 10 %) eV.

These regions folU.4|3 overlap with the experimentally al- (59
lowed one and, as we noticed earlier, there can be a complete _ o _ _
cancellation between the different contributiong m)| for Our results are summarized in Figs. 2, 3, and 4 in which

all solutions of the solar neutrino problem. Note, howeverwe show the allowed ranges [¢in)| as a function ofU4?
that the parameters entering into the expresgon for  for the LMA, LOW-QVO, and SMA solutions, respectively,
|Ued3 are not related, in general, and therefore a completéound in Ref.[58]. The figures are obtained for any possible
cancellation of the terms in the expressionfon)| seemsto  values of theCP-violating phase ¢;— «5). The regions of
require a fine-tuning or the existence of a specific symmetrgllowed values of(m)| in the cases ofCP conservation
(see, e.g.[76,77,20). Note also that the cancellation cannot (¢2= = ¢3 Or a3~ a,=0,=m) cover completely that in the
occur for the best fit value dfJ .5 >=0.005(LMA) found in ~ case ofCP violation [(a3—a) #km, k=0,1,...].This is
[58]. One arrives at analogous conclusions performing thignainly due to uncertainties in the value &m?. With im-
analysis exploiting the two-neutrino oscillation results of provement of the precision akm3, it will be possible to
Refs.[7,55,56,64. restrict the allowed ranges of values| )| in the indicated
The MINOS experimenf13] currently under preparation cases. The latter can lead to a separation between the allowed
will be able to search for,— v, transitions and can probe regions of|(m)|, corresponding to the cases 6P conser-
values of|lU.4/?>=5x10"3. These data can provide informa- vation and ofCP violation. Let us note also that the cancel-
tion on the possibility of cancellation of the two terms in lation leading to[(m)|=0 eV can be present in the case of
[(m)| only for the case of the LMA solution of the solar CP violation as well.
neutrino problem. If it is found thalU.5?=8% 103, the Equation (44) permits us to express the cosine of the
two terms in Eq(53) for |{m)| can cancel and one can have CP-violating phase ¢z;— «,) in terms of measurable quan-
[(m)|=0 eV. If, on the other handU.4?<8x 1073, there tities:

[{m)|?2—Am3 sin® 5(1—|Ueg?)2— Ami{|Ued?)?
23 AMS VAMZ, Si? 05U eg*(1—[Uegl?)

cofaz—ay)=

(60)
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lutions of the solar neutrino problem. For the LMA solution
one can have makm)|)=(1—2)x10 2 eV. If the ex-
change of three relatively light Majorana neutrinissthe
only mechanism generating th{g3),, decay an observa-
tion of the latter with a lifetime corresponding {dmj|
=102 eV would practically rule out a hierarchical neutrino
mass spectrum for the SMA and LOW-QVO solutions; an
experimentally measured value di{m)|=2x102 eV
would strongly disfavor the hierarchical neutrino mass spec-
=S8 ] trum for the LMA solution as well. In such a situation one
would be led to conclude that at least two of the three mas-
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 sive Majorana neutrinos are quasidegenerate in mass.

2
|U63|

Log (|<m>| [eV])

V. INVERTED MASS HIERARCHY SPECTRUM
FIG. 4. The same as Fig. 2 but Mnné and s, from the
region of the SMA solution of the, problem[58] obtained at 90% The inverted mass hierarchy spectrum is characterized by
C.L. (region within the thick solid lingsand at 99% C.L(region  the following relation between the neutrino masegs
within the thin solid lines The results shown are derived assuming
m,;<10"* eV. For the range of values ¢fm)| in the figure, one m;<my=mjs. (61)
has in this casé(m)|~AmZ,|U.4? and thus/(m)| does not de-

pend on theC P-violating phase &, a»). The identification with the neutrino oscillation parameters

probed in the solar and atmospheric neutrino experiments
Thus, if [{m)| and|U 42 are found to be nonzero and their @nd in CHOOZ reads¢see, e.g.[37,47,6Q)

values(together with the values @fm2,, Am2,., and sift6;) Am2 = A2
are determined experimentally with sufficient precision, one o Te2
can get direct information abo@P violation in the lepton Am2 = AmZ.~Am2
sector, caused by Majorar@P-violating phases. In Fig. 5 atm 31 2L
we show the allowed range of ces(-«a3) as a function of |U gy 2=sir? §<0.09 (CHOOZ)
|(m)| for different values ofU.4?, using the best fit values € '
for Am2,, Am3, and 6, from [58]. U o]2= 002 05 (1—|Uy|?),
Let us note that even if it is found that;— a,=0,* 7,
this will not necessarily mean that there is @ violation |Ucal?=Ssir? 5(1—|Uq?). (62)

due to the Majoran& P-violating phases in the lepton sector

because the second of the two physica-violating phases We also have

is not constrained and can be a sourceCd? violation in >

otherAL=2 processes. My=Mgz= VAMg,
It follows from the analysis presented in this section thatT

in the case of three-neutrino mixing and a hierarchical neu

trino mass spectrum, the values|i)| compatible with the

neutrino os_cillation_-transition interpretation of the S(_)Ia_r and m;<(<) Am§2< \/m (64)

atmospheric neutrino data and with the CHOOZ limit are

smaller than % 10°2 eV for the SMA and LOW-QVO so- The termml|U§1| in the expression f0r<m>|, Eg. (19),

can be neglected, sina@;<m, 5 and |U%|<1. This ap-

(63

The inverted mass hierarchy spectrum can also be defined by
the inequalities

1> O:'Ooz 0'0,04 0,908 proximation would be valid as long as the sum of the two
0.75 :’/' / / other terms in Eq(19) exceeds~5.0x10 3 eV. Under the
05 ’/ / / assumption tham;|UZ| gives a negligible contribution to
$ 0.25 ; // , 106517 0.00 |(m)| we have[37,46]
| S Y Y AN [P——— NEN
§ 0 7 / o | T, \2_::0 |<m>|z||u |2m +|U |2m ei(as—a’z)| (65)
% -0.25 / / 10| %= 0.01 e2l "My e3d Mg
e 0.5 4 / / ——- |l 2= 0.05
) 4 — = Jts|2= 0.08 Ll a3«
wos il “moa\1-aUaUas 5% e
IR
0 0.002 0.004 0.006
v
el eVl o 2 \/ i 2 az—ay
FIG. 5. TheCP-violation factor cosf,— as), EQ. (40) (hierar- = VAMG(1=[Uey) \/ 1 =i’ 260 si 2 !
chical neutrino mass spectrjinas a function of(mj| for different (67)

values of|U.g2 and for the best fit values of the parametars?,
sirfd,, and Am2,,, found in the analysi$58]. Values of cos¢, ~ Where we have used Eq&2) and (63). We see again that
—a3)=0,+1 correspond t&C P invariance. even though one of the three massive Majorana neutrinos
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“decouples,” the value ofl(m)| depends on the Majorana
CP-violating phase &;— «») [23]. In contrast, there cannot
be CP-violation effects in the mixing obnly two massive
Dirac neutrinos.

It follows, e.g., from Eq.(67) that|(m)| satisfies the in-
equalities[ 37,46

VAMZ(1—|Uegl?)|cos 26| <|(m)|
< JAMZ(1—[Ugyl?).
(69)

The upper and lower limits in Eq68) correspond respec-
tively to the CP-conserving case&,= ¢3 (a3—a,=0 or
an=az3:1=0,=7) and ¢,=—dd3 (ag—ar,=*7 0Or ay
=ag+7=0,%x7).

PHYSICAL REVIEW B4 053010

TABLE lIl. Values |{m)] compatible with the neutrino
oscillation-transition interpretation of the solar and atmospheric
neutrino data and with the CHOOZ limit in the case of neutrino
mass spectrum with inverted hierarchy, El), CP conservation,
and ¢,= — ¢ (see text for details

Data from Km)| [eV]
Refs.[7,55,64 LMA 7.3x10 3-5.7x 102
(95% C.L.) LOW-QVO 0.%X102-4.5x10°2
Ref.[55,56,64 LMA  1.1Xx10 2(0.0)-5.3(5.9x10 2
[90% (99%) C.L.] SMA (3.6x107°2-8.9x10?)

LOW-QVO 2.2x10 3(0.0)—2.1(3.7x10 2

Ref. [58] LMA 0(0)—4.8(5.8)x 10 2
[90% (99%) C.L.] SMA  3.7(3.3)x102-6.8(8.1)x 10 2
LOW-QVO 0(0)—3.4(5.4x10°2

If CP invariance holds in the leptonic sector, the param-

eters which determing{m)| are (i) Am2,, on the possible
values of which there is a general agreemefiit) (1
—|Ue1/?)>0.91, and(iii) |cos By, if ¢o=— ¢b3, Whose al-
lowed range varies with the analyssee Table \. Consider
the two cases o€ P conservation.

Case A If v, and v; have the same&CP parities, ¢»
=¢3 (a3,=0 or ay,;= a3;=0,= 7), the effective Majorana
mass|(m)| does not depend dos X|:

(M) = VAMG(1—|Ugql?).

Exploiting the 90%(99%) C.L. results of Ref[58] we find
that|(m)| can take the values

(69

3.7(3.3 X102 eV=<|(m)|<6.88.1)x 10 2 eV.
The “best fit” value is found to be
|(m)|ge=5.6x10"2 eV.
For the results obtained in Ref®5,64] we get
4.43.6)x1072 eV<|(m)|<8.1(8.99X1072 eV.

All indicated values of(m)| can be probed in the next
generation of 8)q,-decay experiments like GENIUS,
EXO, etc.

Case B For v, and v; having oppositeCP parities, ¢,
=—¢p3 (agp=* 7 OF ay=az+*7=0,=1), we have

|<m>|: VAmatm(1_|Ue1|2)|Cos 2BO|-

color, which can be spanneahly in the presence of CP
violation, i.e., this is a “just€ P-violation” region. Thus, for
the LMA and LOW-QVO solutions of the solar neutrino
problem and neutrino mass spectrum of the typ#), an
experimentally measured value gfm)| lying in the indi-
cated region will signal the existence G violation in the
leptonic sector, caused by Majora@d-violating phases. A
similar region is present and the above conclusion remains
valid if we perform an analysis using the results of REE§)]
and|[7] for the LMA and LOW-QVO solutions, as Figs. 8
and 9 demonstrate.

0.1

0.08¢

o

.06

o

.04¢

|<m>| [eV]

-
-
- "

1
1
i .
D m o o = ————————— -~ — - — =1

0.04 0.05 0.06 0.07 0.08
V AmZy, [eV]

FIG. 6. The effective Majorana magém)| as a function of
JAmZ,. for the neutrino mass spectrum of the inverted hierarchy
type, Eg.(61). The allowed regiongin gray) correspond to the
LMA solution of Ref.[58]. In the case o€ P invariance and for the

The ranges of valud¢m)| can have in this case are reported 90% (99%) C.L. results for the solution regiolgm)| can have

in Table IIl. The “best fit” value, according to the results in
Ref.[58], is |[(m)|g==2.1x 1072 eV (with the best fitAm2
and sifd,, lying in the LMA solution regioi. Note that for
the SMA solution one has cog2=1 and|(m)| has the same
value in the two case&,= — ¢5 and ¢, = 3.

The results derived in the present section are illustrate

values(i) for ¢,= ¢3, in the medium-graylight-gray and medium-
gray) upper region, limited by the doubly thidkthick and doubly
thick) solid lines, andii) for ¢,= — ¢3, in the medium-graylight-
gray and medium-grayregion, limited by the doubly thickthick
and doubly thick dash-dotted lines. IEP is not conserved{m)|

éan lie in any of the regions marked by different gray scales. The

ark-gray region corresponds to “juStP-violation:” [{m)| can

and summarized in Figs. 6, 7, 8, and 9. In Figs. 6 and 7 W@ aye 4 value in this regioanly if the CP parity is not conserved

show the allowed regions ¢fm)| for the LMA and LOW-
QVO solutions, respectively, as a function ghmZ,, It is

The values of(m)| corresponding to the best fit values of the input
parameters, found in[58], are denoted by dots in the

interesting to note that there is a region, marked by dark-grag P-conserving cases and by a dotted line in @®-violating one.
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|<m>| [eV]

0.04 0.05  0.06 0.07 0.08
VA mgy, [eV]

FIG. 7. The same as in Fig. 6 for the 90®@0%) C.L. LOW-
QVO solution of Ref.[58]. The medium-gray(light-gray and
medium-gray region, bounded by the the thigkhick and doubly
thick) solid lines, and medium-graflight-gray and medium-gray .
lower region, bounded by the thidknin) dash-dotted lines, corre- SPonding parameter space we h#re)|=(0.01-0.02) eV,
spond to the two cases @fP invariance,$,= ¢ and ¢»= — s, which can be tested in the futur@g),,-decay experiments
respectively. IfCP is not conserved,(m)| can lie in any of the like GENIUS, EXO, etc.

FIG. 9. The same as in Fig. 8 for the LOW-QVO solution found
in Refs.[7] and [56] (at 99% C.L). The “just-C P-violation” re-
gion, in particular, is marked by dark-gray color.

regions marked by different gray scales. The “j@®-violation” As the dependence ¢fm)| on cos 2, is rather strong, in
region is shown in dark-gray colof{m)| can have a value in this Fig. 10 we plot|(m)| versus cos &, . The region of values
regiononly if the CP symmetry is violated of |{m)|, corresponding to the “justCP violation,” is

marked by the dark-gray color. The uncertainty in the al-
It would be practically impossible to obtain information |gwed ranges of(m)| for the two different values of the
on CP violation in the leptonic sector due to the Majoranarelative CP parity of v, and v5 is due mainly to the uncer-
CP-violating phases by measurifgn)| if the SMAsolution  tainty in the value ofAmZ,,, If the value ofAm?,, is better
of the solar neutrino problem turns out to be the valid one. ;gnstrained and(m)| is found to lie in the regions corre-
For all solutions of the solar neutrino problem we havegpongding to the LMA or LOW-QVO solution, it would be

[{m)|=(0.08-0.09) eV for the inverted mass hierarchy neupossible to establish in the case of the mass spedt@dirif
trino mass spectrum. In large allowed regions of the corre-

|<m>| [eV]

0.04 0.05 0.06 0.07
Amgy, [eV]

0
cos(2 Og)

FIG. 10. The dependence gfm)| on cos 2, for the neutrino

FIG. 8. |[{m)| as a function of\/Amaztm for the inverted mass mass spectrum with inverted hierarchy, Egl), and the LMA so-
hierarchy spectrum and LMA solution of the solar neutrino prob-lution of the solar neutrino problem. The region between the two
lem. The figure is obtained using the results of H&f (region  thick horizontal solid linegin light-gray and medium-gray colors
between the thick solid line and the lower dotted Jiaad of Ref.  and the two triangular regions between the thick dash-dotted lines
[56] (at 99% C.L., region between the thick solid line and the lower(in medium-gray color;, correspond to the twdC P-conserving
long-dashed ling If CP invariance does not hold{m)| spans all cases, ¢,=¢; and ¢,=— s, respectively. The “just-
the allowed regions indicatetn bracket$ above. The values of CP-violation” region is denoted by dark-gray color. The regions
[(m)| in the two CP-conserving cases lié) on the doubly thick between each of the three pairs of vertical lines of a given type,
solid line if ¢,= ¢3, and(ii) for ¢,= — @3 between the two dotted solid, doubly thick solid, and doubly thick dashed lines, correspond
lines (dashed linesfor the LMA solution in Ref.[7] (Ref. [56]). to the intervals of values of co®2 for the LMA solution derived
The common “just€ P-violation” region for both analyses is (at 99% C.L) in Ref. [7] (region between the two doubly thick
marked in dark graya value of|{m)]| in this region would signal dashed lines Ref.[56] (region between the solid lingsand Ref.
CP violation [58].
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The results derived in the present section show that in the
case of massive Majorana neutrinos and the neutrino mass

0.8 spectrum of the inverted hierarchy type, E§1), the de-
=y scription of the solar and atmospheric neutrino data in terms
T 0.6 of neutrino oscillations and transitions and the CHOOZ limit
g imply an upper limit on the effective Majorana mass param-

= e - eter:|(m)|=<(8—9)x 10 2 eV. A measured value df{m)|
?S’ =(2-3)x10 ! eV would strongly disfavor, under the gen-

eral assumptions of the present stiithree-neutrino mixing,
(BB)o, decay generated only by the charg&ti-A) current
weak interaction via the exchange of the three Majorana neu-

0.04 ] 0.08 trinos|, the possibility of inverted neutrino mass hierarchy.
|<m>| [eV]

VI. CASE OF THREE QUASIDEGENERATE NEUTRINOS

The neutrinosy, , 3 are quasidegenerate in mass if

o
[ee]

mp=m,=mMz=m (77

and

o}
(o)}

m=\AMg,, (72

1

2
o
IS

s When Eq.(71) holds butm~O(y/Am2,,), we have a partial
hierarchy or partial inverted hierarchy between the neutrino
masses. These two possibilities will be considered in the next
0 0.02 0.04 0.06 0.08 section. The possible implications of quasidegenerate neu-
|<m>| [eV] trino mass spectrum fg¢m)| were discussed recently also in
[53], but from a somewhat different point of view.
As for the hierarchical neutrino mass spectrum we have

e
N

FIG. 11. TheC P-violation factor sif(a,— a3)/2 as a function of
[(m)| in the case of an inverted mass hierarchy spectrum{ez,

and the LMA(upper pangland LOW-QVO(lower panel solutions AmZ=Am?2 AM2. =Am2
of Ref.[58], obtained at 90% C.L(medium-gray region with thick © 21 atm 82
contours and 99% C.L.(light-gray and medium-gray regions de- |U 1|2=co§ 0@(1—|U 3|2)

e e ]

limited by ordinary solid lines The values of(m)|, corresponding
to the best fit values of the input parameters, found58], are
indicated by the dashed line. A value of %im,— a3)/2+ 0,1 would
signal CP violation.

|Ueg?=sir? 6(1—|Ueg?),

|U o5 2=sir? 9<0.09 (CHOO2). (73)

CP is violated and to get information on the value of one of
the two CP-violating phasesd;— a»).

Equation (67) permits us to relate the value of &,
—ay)/2 to the experimentally measured quantitigsn)|,

The parameterdm?2,,, Am3, and d, take values in the
regions quoted in Sec. Il. Equatigi@3) allows to express
Egs.(71) and(72) in the compact form

2 ; .

Amg,, and sif20y : VAMZ,<(<)JAmZ,<m, . (74)
ke 3 D [(m)|? 1 As can be showr(see, e.g.[48,60), the mass scalen
Sl 2 Amitm(1_|Ue1|2)2 sir? 20@' effectively coincides with the electrofantineutrino mass

(70) m,, measured in théH B-decay experiments:

A more precise determination @&fm2,, and 6, and a suffi- m=m,_. (75
ciently accurate measurement|¢fn)| could allow us to get

information about the value ofag— a,), provided the neu- Thus, the experimental upper bounds in EtB) lead tom
trino mass spectrum is of the inverted hierarchy typ#). <2.5 eV.

This is illustrated in Fig. 11 for the cases of the LMA and ~ The quasidegenerate neutrino mass spectrum under dis-
LOW-QVO solutions. We would like to point out also that, cussion is actually realized for values of the neutrino nmass
as in the case of a hierarchical neutrino mass spectrum, evéhich is measured in théH g-decay experimentsn=m,_

if one finds using the 88),,-decay data that the phase;( =(0.2-0.3 eV (see Sec. VII for a more detailed discussion
—a)=0,= 7 and does not violat€ P invariance, the sec- Recently, the Karlsruhe, Mainz, and Troizk Collaborations
ond phase ¢,— a;)=a,; is not constrained and can be a proposed a new®H B-decay experiment KATRIN[69],
source ofCP violation in otherAL=2 processes. which is planned to have a record sensitivity of 0.35 eV to
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TABLE IV. Values of |{m)|/m for the quasidegenerate neutrino mass spectrum(7&gy. CP conserva-

tion, and¢,= — ¢p,= = 5 (see text for details
[(m)[/m
Data from D1=— 2= b3 h1= — o= — 3
Ref.[7] LMA 0.21-0.68 0.10-0.65
(95% C.L) LOW-QVO 0.30-0.58 0.18-0.54
Ref. [56] LMA 0.25 (0)-0.68 (0.70) 0.12 (0)-0.65 (0.67)
[90% (99%) C.L.] SMA (1.0) (0.8-1.0)
LOW-QVO 0.05(0)-0.33 (0.49) 0 (0)-0.26 (0.42)
Ref. [58] LMA 0 (0)-0.70 (0.74) 0 (0)-0.68(0.72)
[90% (99%) C.L.] SMA 1.0 (1.0) 0.9 (0.8)-1.0 (1.0)
LOW-QVO 0 (0)—0.50 (0.69) 0 (0)—0.48 (0.67)

the neutrino masm, . Clearly, the realization of this project
could be crucial for the test of the possibility of three
guasidegenerate neutrinos.

It follows from Egs.(71), (72) and Eq.(19) that|(m)| can
be approximated Hy

[{(m)|=m|co& O (1—|Ueg?) €' *1+ s O (1—|Ueg?) €' 2

+|Ueq%e3. (76)

If CP is conserved, we have the following possibilities,
depending on the relativ€ P parities of the neutrinos; .

Case A For ¢1:¢2: i¢3 (i.e., C(z]_:O, a31=O,i ’77),
we get a very simple expression figmy|:

[(m)|=m(1—[Ueg?=[Ucgl?); (77)

i.e., |(m)| does not depend oAm3, 6y, andAm?,, Note
that if ¢1=¢,=¢3, [(M)|=m. Using the CHOOZ limit
[64] on |U.g? one finds the range of allowed values of

[(m):

0.8m=<|({m)|<1.0m. (78

The above result and the bound §im)| obtained in the
Heidelberg-Moscow experimeh29], Eq. (4), imply

m<(0.4-1.2 eV, (79
which is compatible with théH beta-decay limit orm.
Case B If ¢1: - ¢2: + ¢3 (i.e., ao1= + m, 31~ 0,
=), |[{m)| is given by
[(m)|=mlcos 25(1—[Ueg )= [Uegl?.  (80)
Now |{m)| depends on cos® and thus varies with solution
of the solar neutrino problem. For the LMA and LOW-QVO
solutions, the expression fd{m)| in the case of cos@,
>0 and ¢, = — ¢,= @3 coincides with that for cos®,<0
and ¢,=— ¢,=— 3. The allowed intervals of values of

"Under the assumption that the termgU4? give a negligible
contribution in|[(m)|, this case was considered briefly recently in

|{m)|/m for the three solutions of the solar neutrino problem
derived in[7,56,5§ are reported in Table IV.

Several remarks are in order.

(1) In the case of the LMA solution, the 99% C.L. results
of the analysis in Ref§58,56 do not exclude the possibility
of a cancellation between the different contributions in
|(m)|, so that

0<|(m)|=0.7m.

The results of Ref[7] for the same solution do not allow a
complete cancellation to occur and one has

0.2X10 ?m=|(m)|<0.7m.

(2) The results of all three analyses for the SMA solution
agree. The case under discussion cannot be distinguished
from the ¢p1= o= = ¢3 One since cos@,~=1.

(3) In the LOW-QVO solution case, the results of the
analyseg56,58 do not exclude the possibility of cancella-
tions between the different contributions|im)|, as well as
of having cos 2,,<0, so that

0<|(m)|=<(0.5-0.7m.

In contrast, according to the results of the analysi§
cos ¥,,>0 and one finds a relatively large lower bound on
[(m)].

The regions of allowed values ¢fm)|, corresponding to
the LMA and the LOW-QVO solutions of Ref58], are
shown as a function of in Figs. 12 and 13, respectively.
One can havé(m)|=0.1 eV for values om=0.1 eV. Tak-
ing into account the’®H B-decay upper bounth<2.5 eV,
we find that max{(m)|)=1.7 eV. This implies that(m)|
can have the maximal value allowed by the lin{it):
max((m)|)<(0.35-1.05) eV.

If CP parity is not conserved, one has to take into account
the two relevantC P-violating phasesa,; and ag; in the
expression fof(m)|. The effective masgm)| can be com-
puted using a graphical methd80,52. Each of the three
contributions to[(m)| can be represented by a vectoy, |
=1,2,3, in the complex plane, as sketched in Fig.n1:
=my|U¢|%(1,0), Na=my|U gl (COSayy,Sinayy), N3
=m,|Uqg? (COSa;,Sinasy). The two phasesr,; and ag,
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3 A L] 3f
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i §
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0 0.5 1 1:5 2 2.5 0 0.5 1 1.5 2 2.5
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FIG. 12. |(m)| as a function of the neutrino mass for the FIG. 13. The same as in Fig. 12 for the LOW-QVO solution of

guasidegenerate neutrino mass spectrum, E4,(72), and the the vy problem[58]. If CP is conserved and at 90% C.[99 %
LMA solution of the v, problem of Ref[58] at 90% C.L.(99%  C.L.) [58], |{m)| should lie in the two medium-grahe two light-
C.L.). The regions allowed in the cases GfP conservation are gray and medium-graytriangular regions(i) for ¢,= ¢,= ¢b3, on
marked by(i) ¢;= ¢,= ¢3, the doubly thick solidnonhorizontal the line |(m)|=m, (ii) for ¢,=¢,= — ¢3, in the upper medium-
line [{m)|=m, (i) ¢,=d¢,=— ¢3, medium-gray color triangular gray (light-gray and medium-graytriangular region, iii if ¢,
region between the two doubly thick solid linékght-gray and = — ¢,= = ¢3, in the lower medium-graylight-gray and medium-
medium-gray color triangular regions between the doubly thick andyray) triangular region with dash-dottedp(= + ¢3) and dotted
thick solid lines(iii) ¢,=— ¢,=* ¢5 (two casey medium-gray (¢1=— ¢p3) contours. The “just€ P-violation” region is denoted
color triangular regions between the doubly thick dashed-dotted lindy dark-gray color.

and the horizontal axes and between the doubly thick dotted line

and the horizontal axefight-gray and medium-gray regions be- . .
tween the thin dashed-dotted line and the horizontal axes and be- (2) The results on the possible values &f in [58] and _
tween the thin dotted line and the horizontal axeEhe “just- [56] (Table Il) show that there can be a complete cancellation

CP-violation” region is denoted by dark-gray color. The doubly both in the case of the LMA and LOW-QVO solutions.
thick solid line corresponding té{m)|=m and the doubly thick (3) According to the analysis of Ref7], there can be a
long dashed line indicate the “best fit lines” of values|¢f)| for ~ cancellation in the LOW-QVO case but not in the LMA one.
the (i), (ii), and the(iii) cases, respectively. The two horizontal ~ The lower and upper limits o{m)| can be found taking,
(doubly thicK lines show the upper limit29], quoted in Eq(3). respectively, = az=*=7 (e.9., ¢1=—¢d>=—¢3) and
ax=az;=0 (e.g., 1= ¢,= ¢3). Recalling the limits al-
ready found in th&C P-conserving cases, the bounds holding
can take values from 0 to72 and the effective Majorana in the CP-violating one are reported in Table V.
mass|(m)| is given by the modulus of the sum of the three We see that in the case @P violation we can have
vectors:|{m)|=|ny+n,+ng|. |(m)|=0.1 eV as well. The upper bound an following
In order to have a complete cancellation between the thresom the *H g-decay data impliegm)|<2.5 eV, while the
terms in|{m)|, Eq. (76), the following condition has to be results(4) of the Heidelberg-Moscow/3),,-decay experi-
satisfied(see alsd52)): ment (including a factor of 3 uncertainty in the value of the
relevant nuclear matrix elemenimit further the maximal
value of [(m)| to max({m)|)<(0.35-1.05) eV. Let us re-
81) mind the reader that, as our results in Secs. IV and V
showed, one has maxm)|)=<0.02 eV if the neutrino mass
) spectrum is hierarchical, E¢40), while in the case of in-
The relation(71) between the masses;, Eq.(72) and  yerted mass hierarchy, Eq(61), max((m)|)=(0.08-
the |d_¢nt|f|cat|on(73), imply that this |r12equal|ty reduces to a 0.09) eV. Thus, observation of3@3),, decay with a rate
condition on the angl@s and on|U.g*: which corresponds td(m)|=(0.20-0.30) eV would be
very strong experimental evidence in favor of the quaside-
generate neutrino mass spectrum: this would practically rule
(82)  out the neutrino mass spectrum of the hierarchical type and
would strongly disfavor(if not rule oup that of the inverse
mass hierarchy type. The above conclusion would be valid,
Using the results of the different data analyses which aref course, only if the 88),, decay is generated by the
summarized in Sec. Il and in Tables | and Il, we can con-<harged current weak interaction with left-handed currents
clude the following. and three-neutrino mixing, via the exchange of three massive
(1) A complete cancellation between the three terms irMajorana neutrinos.
[(m)|, Eq. (76), is impossible for the SMA solution of the  The improvement of the sensitivity of théH B-decay
solar neutrino problem. experiments would allow one to test further the pattern of

ImU %] <|myUZ, +|maUZy.

cog fo<——.
2(1-|Ued®)
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TABLE V. Values of |{m)|/m, corresponding to the different
solutions of the solar neutrino problem, neutrino oscillation inter-
pretation of the atmospheric neutrino data and the CHOOZ limit, in
the case of a quasidegenerate neutrino mass spectrurty, Bcand 0.
CP nonconservatiorsee text for details

Al_o.
Data from [{m)|/m E 2
Ref.[7] LMA 0.10-1.0 o
(95% C.L.) LOW-QVO 0.18-1.0 0.
Ref.[56] LMA 0.12 (0)-1.0 (1.0)
[90% (99%) C.L] SMA (0.8-1.0)
LOW-QVO 0 (0)-1.0(1.0) cos2 8)
Ref. [58] LMA 0 (0)-1.0 (1.0
[90% (99%) C.L] SMA 0.9 (0.8)-1.0 (1.0) FIG. 15. The same as in Fig. 14 for the LOW-QVO solution of
LOW-QVO 0 (0)-1.0 (1.0) the solar neutrino problem. The “jugP-violating” region, in par-
ticular, is denoted by dark-gray color.
neutrino masse$71),(72). The (88)q,-decay experiments |(m)|? -
could distinguish between the differe@tP-parity configura- m2 = (€08 0o(1—[Uegl?)
tions of the massive neutrinag and furthermore either es-
tablish the existence @@ P violation in the leptonic sector or +sin' 65(1—|Ugg?)?+|Ucqg*)
put an upper bound on its possible magnitude. This is illus-
trated in Figs. 14 and 15 where we shpm)|/m as a func- =2 0% 05|Ueg%(1—|Ueg?) cOSts;

tion of cos®,. The dark-gray region is the “just-

H _ 2\2
CP-violation” region which can be spanned by the values of +2Siff o €08 o(1~|Ued")” cosazy

[(m)|/m only if the CP symmetry is violated N +2 Sir? 0| U o 2(1— |U o 2) O py— asy).
If 0, |Ueg?, m, and|(m)| are known with a sufficient
accuracy, it would be possible to tightly constrain the al- (83)
lowed values of the twd P-violating Majorana phases,;
and a3, as they must satisfy the relation In Fig. 16 we exhibit the allowed values of ces and

cosas; for a given value of(m)|/m: for the parameters en-
tering into the expressiofB3) we use their best fit values
from Ref.[58] (which lie in the LMA solution region, etg.
|Ueq?=0.005 andU.4/?=0.08 and we allow(m)| to vary,
respectively, in the interval§(m)=0.40m-0.70n and
|{m)|=0.20m-0.50m.

1 1 \
:;: 0 N
_ -0.5 -0.5
cos(2 g) 3
-1 -1
1 -0.5

FIG. 14. The dependence dfm)|/m on cos 2, for the - '0’5005(0021) 05t B cos(oan) 05
quasidegenerate neutrino mass spectrum, EgB,(72), and the
LMA solution of the v problem. IfCP invariance holds, the val- FIG. 16. The interdependence of the t@d>-violating phases
ues of|(m)|/m lie: (i) for ¢, = ¢,= b3, on the ling(m)|/m=1, (ii) ay and ey, for a given value of the ratim)|/m in the case of a
for = ¢p,= — &3, in the region between the thick horizontal solid quasidegenerate neutrino mass spectrum. The figures are obtained
and dash-dotted line@n light-gray and medium-gray colors(iii ) for [(m)|/m=+0.2+0.1n eV with n=0,1, ... ,8(with increasing
for ¢, =— ¢,=+ ¢3, in the light gray polygon with solid-line con- |{m)| from left to righy and the best fit values of the solar and
tours and iy for ¢;=—¢,=— ¢3, in the medium-gray polygon atmospheric neutrino oscillation parameters friB8], quoted in
with the dash-dotted-line contours. The “juStP-violation” region Sec. Il (left-hand plo}, and for|{m)|/m=/0.24+0.10" eV with
is denoted by dark-gray color. The values of cés detween the n=0,1,...,7 (with increasing|[(m)| from left to right, |U.q?
doubly thick solid, the normal solid, and the doubly thick dashed=0.08, and the best fit values of the other solar and atmospheric
lines correspond to the 99%, 99%, and 95% C.L. LMA solution neutrino oscillation parametef58] (right-hand plot. The values of
regions in Refs[58], [56], and[7], respectively. CoSay; 3;=0,= 1, correspond t&€ P invariance.

€]

cos(asz1)
=3
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VII. PARTIAL MASS HIERARCHY These values of|[(m)| can be probed in the future
AND PARTIAL INVERTED MASS HIERARCHY CASES (88),-decay experiments31-34.
Case BIf ¢1: (,bzz - ¢3 (i.e., a21=0, a31= + ’7T), |<m>|

The partial mass hierarchy and the partial inverted masl'gIas the form

hierarchy spectra are characterized, respectively, by the fo

lowing relations between the three neutrino masses: Arm?
m|=m;| 1—|Ueg2— \/ 1+——|Ueq?|. (89
m=m,<mz; or Ama,=Am3<Am3,=AmZ,~O(m?) ()] l( [Uesl m2 [Ued (89)

(84) '

The three terms in the brackets in E®9 can mutually
and compensate each other|lfl .4/? has a value determined by

) ) ) ) 5 the condition
m<m,=ms or Amz,=Amg<Am;=Amg,~O(mj).

(85)
_ o Ueglg=——"F7—. (90)
The pattern(84) [(85)] interpolates between the hierarchical /Amgtm
[inverted mass hierarchyneutrino mass spectrum and the 1+ >
guasidegenerate one. The two intermediate types of neutrino my

mass spectrum Eq$84) and (85), were discussed also in ) ) P
[52]. We will consider in the subsequent analysis values ofJSing max@mz,,)=8x10"" eV* [see Eq. (5] and

m; from the interval 0.02 e¥m;<0.2 eV. Theses values MiN(m;)=0.02 eV, we find that the term on the right-hand
of m, are determined by the values dfnZ,, obtained inthe ~ Side of Eq.(77), (1+ JAmg,/m7) ~*=0.18. Thus, condition
analyses of the atmospheric neutrino data, by requiring tha®0) cannot be satisfied by the experimentally allowed values
15 AMZ v <ME<5AMZ Jmax - Form;>0.2 eV one re-  0f [Uegl®. Correspondingly, cancellation in E@9) is impos-
covers the quasidegenerate neutrino mass spectrum, If Sible and there exists a nontrivial lower bound |om)|:
<0.02 eV, we get the hierarchical or the inverted mass hi-
erarchy spectrum. We will consider valuesnof not smaller
than 0.02 eV also because for;<0.02 eV the contribu-
tions of the term~m, in |(m)| amounts to a relatively small

correction.

1.61.5%x10 2 eV=|(m)|<2.02.00x10°* eV.
(97)

The predictions forf{m)| in this case can be tested in the
next generation of §3),,-decay experiments as well.
The dependence ¢fm)| on |U.g? for ¢,=p,= ¢ and
A. Spectrum with partial mass hierarchy ¢1= o= — 3 is shown in Fig. 17. The figure is obtained
Using Egs. (19) and (84) and neglecting corrections for the 90%(99% C.L. results of the analysis of Re68]
~Amé/mf, one can express the effective Majorana mas&nd tanng into account the dezpeqdenqe of the allowed values
parametef(m)| in the form of Amj,,, on the value of U4 .28|nce in both cas_e|§m>|_
does not depend oA, and Amg, the results exhibited in
Fig. 17 are valid for all the different solutions of the solar
co% 0o (1—|Ugg?)e 1+ sirPho(1—|Ueg?)e'*2  neutrino problem.
Case CFor ¢p1=— ¢p= ¢p5 (i.e., 1= = 7, a3;=0), the
effective masg(m)| is given by

: (86) 5
2 Amatm 2
|<m>|zm1 C0320@(1_|Ue3| )+ 1+ m2 |Ue3|

[(m)|=m,

[ Am? .
+ 1+—m;”“|ueg,|2e'“3

1

If CP is conserved, there are several different possibilities L (92)
for the values of the relativ€ P parities of the three Majo-
rana neutrinos’; ; s Now |[(m)| depends on cos® and we will get different

~ Case AThe three neutrinos, , ; have the sam&P pari-  predictions for|(m)| for the different solutions of the solar
ties, 1=, =3 (i.e., an=az=0). The effective Majo- neutrino problem. Since for the SMA solution one has
rana masg$(m)| is given by cos ¥,=1, the results fot(m)| corresponding to the SMA
solution practically coincide with those in caé® consid-
AmZ, ered above and given in E@8). According to the 99% C.L.
[(m)[=my| 1—[Ueg?+ \/ 1+ —5—|Ued?|. (87  results of Ref[58], for the LMA and LOW-QVO solutions
M cos 2, can be either positive or negative and therefore there
can be a cancellation for any allowed value|df.5?. The
intervals of allowed values dfm)| read

Note that(in the approximation we are workihg{ m)| does
not depend on the value @, . Therefore, for all analyses of
the solar neutrino datd¢m)| is bounded to lie in the interval 5 5. 1073 (0.0) ev=|(m)|<1.3(1.4x10°* eV

2.0<10 2 eV=|(m)|<2.0x10 ! eV. (89 LMA, (93
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~ ~
A 2
A A
g §
g g
_7 -3.5
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Ues® Uesl?
FIG. 17. The effective Majorana magém)|, allowed by the FIG. 18. The same as Fig. 17 but for two different sets of values

data from the solar and atmospheric neutrino and CHOOZ experief the relativeCP parities of the massive Majorana neutrinos. The
ments, as a function dfJ 32 in the case of partial hierarchy mass allowed regions are derived using the result§%8] at 90% C.L.
spectrum, Eq(84). The values of(m)| are obtained foAm2, and  (medium-gray and dark-gray regions|&t.;|?><0.05) and at 99%
sirf6, from the LMA MSW solution region andm?,,and|U.42,  C.L. (light-, medium-, and dark-gray regions |at.s?><0.08). The
derived in[58] at 90% C.L.(medium-gray and dark-gray regions at 90% (99%) C.L. allowed regions locatéd between the two thick
|Ug3/?<0.05), and at 99% C.L(light-, medium-, and dark-gray solid lines(between the thin solid line and the horizontal axdad
regions afU.3?<0.08). The 90%99%) C.L. allowed regions lo-  (ii) between the two thick dashed linésetween the thin dashed
cated(i) between the two thickthin) solid lines and(ii) between line and the horizontal axiscorrespond to the two cases GfP
the two thick(thin) dashed lines correspond to the two case€Bf ~ conservation:(i) ¢1=—¢,=¢z and (i) ¢1=—dr=— 3, ids3
conservation(i) ¢,=¢,= 3 and(ii) ¢1=d,=— 3, ih,3being  being theCP parities of v, 5. The values of(m)|, calculated for
the CP parities ofv, 5. The values of(m)|, calculated for the best the best fit values ofAm3, AmZ,, sirf6,, |Ueg? and for
fit values of Am3, Am2,, Sirff,, |Ugg? and for 0.02 ewm, 0.02 e\=m;=<0.2 eV are indicated by the thick dotted line.
=<0.2 eV are indicated by the thick dotted line.
Most of the observations made for the previous case hold
0 (0)<|{m)|<7.0(11) X102 eV, also for this one. The results obtained in H&8] imply the
following allowed intervals of values df m)|:

LOW-QVO, (94)

8.0<10 4 (0.0) eV=|(m)|<1.2(1.33x10 eV, LMA,

2.0(2.00X10°2 eV=|(m)|<2.0(2.0x10° ! eV, SMA. (99
(99

0 (0)<|(m)|<5.0(14x 10 2 eV,

Sin;:e f(2)r the LMA solution the corr?gtionsAmgllmi LOW-QVO, (100
=Amg/mj can be as large as2.3x10 ° eV, the (99%
C.L.) lower limit, min(|(m)|)=0 eV, quoted above, can ac-
tually be any value betweer2.3x10 2 eV and 0 eV. In
contrast, from the analysis of Ref7] it follows that
cos X>0 for the LMA and LOW-QVO solutions. Thus,
according to the results ¢f], cancellation of the two con-
tributions in Eq.(92) is excluded for both the LMA and
LOW-QVO solutions, leading to the following intervals of
possible values of{m)|:

1.6 (1.5 %10 %2 eV=|(m)|<2.0(2.00x10 1 eV, SMA.
(109

The dependence ¢{m)| on|Ugl? for the two casesh,
=—¢,==* 5 is shown in Figs. 18 and 19, respectively. The
90% and 99% C.L. results of Reff58] were used for the
figures (in particular, the dependence Afmitm and 6 on
|Uq4/% was taken into account

In order to illustrate the dependence|f)| on 6, we
plot in Fig. 20 the ratid(m)|/m, versus cos &, for the four
CP-conserving cases discussed above. The region marked
6.6x10°2 eV=|(m)|<1.2x10 ! eV, LOW-QVO. with dark-gray scale corresponds to “juStP-violation.” A

(97)  value of|(m)|/m, in this region would signal the existence
of CP violation in the leptonic sector, induced by the Majo-
Case D For ¢1=— ¢p,=— ¢ (i.e., apy=az=* ), the  ranaCP-violating phases}(m)|/m; cannot take a value in

4.0<10 % ev=|(m)|<1.4x10 ! eV, LMA, (96

expression fof(m)| can be written as the indicated region iCP parity is conserved.
Note that, as we have shown in Sec. V, if the neutrino
Am2 mass spectrum is of the inverted hierarchy type, one typi-
[{m)|=my| cos 205 (1—|U 32 — [1+ _:"“|Ue3|2‘. cally has max(m)|)=<0.06 eV, with the largest allowed
m3 value of|(m)|=(0.08-0.09) eV possible only in the case of

(98)  the SMA solution of thevy problem. This has to be com-
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Log (|<m>| [eV])

.02 0.04 0.06 .08

2
[Uesl

FIG. 19. The same as in Fig. 18 but for the LOW-QVO solution
of the solar neutrino problem. The 90% (99%) C.L. allowed re-
gions locatedi) between the thickthin) solid line and the horizon-
tal axis and(ii) between the thickthin) dashed line and the hori-
zontal axis correspond to the two casesC® conservation:(i)
b1=— =3, and (i) ¢1=—d,=—¢3, i¢,3 being theCP
parities ofv, 3.

pared with max(m)|)=max(m;)=0.2 eV one finds for
the partial mass hierarchy spectrum under study.

If the CP symmetry is violated, the twd P-violating
phases entering into the expressi@) for |(m)|, «a,, and
a3, must obey the following relation:

cos(2 bg)

FIG. 20. The dependence im)|/m, on cos 2 for the partial
hierarchy mass spectrum, E&4), and the LMA solution of therg

problem, for the 99% C.L. allowed values of the solar and atmo-

spheric neutrino oscillation parameters and 0.02<eV,
<0.2 eV.IfCP invariance holds, the values [gim)|/m; lie (i) for
$1= o= 3, in the region between the two thin solid horizontal
lines (in light and medium gray (ii) for ¢;=¢,=— ¢, in the
region between the two thick horizontal dash-dotted lifiedight-
gray and medium-gray colors(iii) for ¢1=— ¢,=+ ¢3, in the
light and medium gray polygon with solid-line contours, aind
for ¢,=— ¢,=— ¢3, in the medium-gray polygon with the dash-
dotted-line contours. The “jusEP-violation” region is denoted by
dark-gray color. The values of cog2 between the doubly thick

solid, the normal solid, and the doubly thick dashed lines correspheric neutrino oscillation parameters frof®8],
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-0.5 0 1

cos(any)

0.5

0
cos(@z1)

-0.5 0.5 1

FIG. 21. The interdependence of the t@d-violating phases
a1 and ag, for a given value of the ratif(m)|/m, in the case of a
partially hierarchical neutrino mass spectrum. The figures are ob-
tained for |(m)|=1+0.5nx10"2 eV with n=0,1, ...,6 (with
increasing|(m)| from left to righy, the best fit values of the solar
and atmospheric neutrino oscillation parameters f{68i, quoted
in Sec. ll, andm;=0.02 eV (left-hand plo}, and for |{m)|
=y0.5x10"' eV with n=0,1,...,6 (with increasing |(m)|
from left to righy), the best fit values of the solar and atmospheric
neutrino oscillation parameters frofa8], andm;=0.2 eV (right-
hand ploj. The values of co&,; 3;=0,+1, correspond t€CP in-
variance.

(m)|2—mf cod 05 (1—|Ueg?)2—m? sin 0(1—|Ueg?)?

—(Mi+AmZ)[Ued

=2mZ cog O, Sirf O(1—|Ugg?)? cosay,
+2myymi+ AmZ, coS 0| U eg (1~ |Ueql?) cosas,
+2myymi+AmzSinf 0 [Ueg? (1 [Uegl?)

X (COSap1 COSa3t+ SiNasy SiNargy). (102
One could constraia,; and a3, once the values of all other
observables in Eq(102 are measured with a sufficiently
good precision. In Figs. 21 and 22 we illustrate this possibil-
ity by plotting cosa,, versus cos, for the best fit values of
Am3, 6o, AmZ,, and|Ug? found in [58] (see Sec. )

\
§

\

FIG. 22. The same as in Fig. 21 but fd¢m)|=0.5n
X102 eV with n=1,...,10(with increasing|(m)| from left to
right), |U.3/?2=0.08, the best fit values of the other solar and atmo-
spheric neutrino oscillation parameters fr§B8], quoted in Sec. Il,
and m;=0.02 eV (left-hand plo}, and for |(m)|=+1+0.5n
X107 eV withn=0,1, ..., 6 (with increasing/{m)| from left to
right), |U.3>=0.08, the best fit values of the other solar and atmo-
and m;

1

0.5

(=]

cos(asy)

1
(=]
(%))

\

0
cos(ayy)

]

0
cos(as;)

Q

-1

-1 -1

-0.5 0.5 1 -1 0.5

spond to the 99%, 99%, and 95% C.L. LMA solution regions in =0.2 eV (right-hand plo}. The values of coa,; 3,=0,=1, corre-

Refs.[58], [56], and[7], respectively.

spond toCP invariance.
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m;=0.02, 0.2 eV, and fofU.3%=0.08, best fit values of
the remaining three parameters amg=0.02, 0.2 eV, re-

spectively. Let us note, however, that obtaining experimental

information about the mas®; (=m,), which in the case
under study is supposed to have a vatu@).02—0.20) eV,
seems at present to be extremely difficult.

B. Spectrum with partial inverted hierarchy

In this case|Ug|?=sird and is constrained by the
CHOOZ limit. The general expression figm)| has the form

[(m)|=|my| U gyl ?€' 1+ (1~ [Uq|?)

X \Mi+Ama, (o O+ sir? foel (@3~ a2)el 2|,
(103

For relatively small values diUg,|?, €.9.,|Uq|?<0.01, the
term m;|U,,|2<2x 1072 eV and neglecting it we get the
following simple expression fogm)|:
|(m)|=|cog O+ sir? e (379D | Jmi+ AmZ,,
(104

In the CP-conserving case, there are two major possibili-
ties for the values of the neutrif®P parities.

Case A If ¢dr=¢p3=* ¢, (i.e., ap;=a3;=0,=7), the
effective Majorana mass parametém)| is given by

[(m)| = ymI+Am (1—|Ued®) =m|Uei?, (105

wherem;|U,(|2<1.8x10° 2 eV. A cancellation between the
two terms in Eq(105) is impossible and one has a nontrivial
lower bound on[{m)|. The allowed values of(m)| do not

depend o, and therefore are the same for all solutions of

the v problem and the different analyses of the solar neu
trino data. They depend very weakly fid;|?. We have

2.8 (1.8)xX1072 eV<|(m)|<2.1(2.2x10° ! eV.

Case B For ¢po=—¢3=*¢; [i.e., (az—ay)==*m,
as1,a3=0,= 7], |(m)| takes the form

(M| =|cos 206 Vmi+ Amg(1—[Uei|?) = my|Ugy|?. |
106

For the SMA solution we have co®2=1 and the results for
[(m)| are equivalent to those in the cade. For the LMA
and LOW-QVO solutions the valudgm)| depend on the

solution and on the data analysis. In Figs. 23 and 24 we plo

the allowed regions of values ¢fm)| versusAm2,, for the
LMA and LOW-QVO solutions, respectively, of Refb8].
Since for both solutions values ¢fos 29,|<0.09 are pos-
sible (at 90% and 99% C.|..[58], and we can have also

|Ugq/?=0, one does not get a significant lower bound on

[{m}|. The values of(m)|, corresponding to the three solu-

tions of the solar neutrino problem and the different data

analyses in[7], [56], and [58], are reported in Table VI.
According to the analysis of R€f7], cos 2,>0.2 (0.4) for
the LMA (LOW-QVO) solution. This leads to the nontrivial
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1
1
1
1
1
1
1
1

0.

|<m>| [eV]

0.06 .08

A mgtm [eV]

0.04 0.05 0.07

FIG. 23. The effective Majorana magém)| as a function of
JAmZ,, for the neutrino mass spectrum of the partial inverted hi-
erarchy type, Eq(85). The allowed regiongin gray) correspond to
the LMA solution of Ref[58]. In the case o€ P invariance and for
the 90% (99%) C.L. solution regiongm)| can have value§) for
¢,= ¢3, in the medium-light and dark-graflight-gray, medium-
light, medium-dark-gray, and dark-gravpper regions, delimited
by the doubly thick(thick and doubly thicksolid lines, andii) for
¢,= — ¢, in the dark-grayimedium-light-gray, medium-dark-gray,
and dark-grayregion limited by the doubly thickthick and doubly
thick) dash-dotted lines. ICP is not conserved(m)| can lie in
any of the regions marked by different gray scales.

lower bounds on the possible values|¢f)| for the indi-
cated solutions, cited in Table VI.

The dependence d¢{m)| on cos 2, is exhibited in Fig.
25. The uncertainty in the allowed ranges of value§ of)|
is mainly due to the relatively large interval of possible val-
ues ofm; we consider.

If CP is not conserved anfU.;|? is shown to be suffi-
ciently small, so that fom;<0.2 eV the termm,|U.? in
Eq. (103 can be neglected, one has the following simple
relation between sfiias—a,)/2 and the observabldgmy)|,
sinf26,, andm?+ Amz,;

(1

1
Sirt 26,

[(m)[?

mi+Am

L, 3Ty
sir?

> (107

2
atm

|<m>] [eV]

.08

0.06
AmZy, [eV]

.04 0.05 0.07

FIG. 24. The same as Fig. 23 for the 90% (99%) C.L. LOW-
QVO solution of Ref[58].
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TABLE VI. Values of [(m)|, corresponding to the different so- 1
lutions of the solar neutrino problem, neutrino oscillation interpre-
tation of the atmospheric neutrino data, and the CHOOZ limit. The — 0.8
results are obtained for the mass spectrum with partial inverted §
hierarchy, Eq(85), CP conservationg,= — ¢3= *+ ¢4, negligible I 0.6
m;|Uqq?, and 0.02 evsm;=<0.20 eV (see text for further de- §
tails). — 0.4
Data from Km)| [eV] Ng 0.2
Ref.[7] LMA 0-1.4x1071
(95% C.L.) LOW-QVO 1.0<10%-1.1x10°* 0 02 04 06 08 1
Ref. [56] LMA 0 (0)x1072-1.4 (1.5 10! |<m>|
[90% (99%) C.L.]  SMA (1.8x1072-2.2<10°1) ——
LOW-QVO 0 (0)x10°3-0.5 (1.1)x 10! v mi +Amgp,
Ref.[58] LMA 0 (0)-1.4 (1.5)x10°*
[90 (99%) C.L.] SMA  2.8(1.8)X10 2-2.1(2.2)x10*? 1
LOW-QVO 0 (0)-1.0(1.4x10°*
~—~ 0.8
o
The allowed ranges of Sifws—ay)/2 as a function of ?
|(m)|/\/mZ+Am2, are reported in Fig. 26 for the LMA and o 0.6
LOW-QVO solutiong 58], respectively. Obviously, knowing ~TN 0.4
|(m)|, sirf26, and (m+Am5,) experimentally would al- =
low to get information about th€ P violation caused by the g 02
MajoranaC P-violating phases. We note that this conclusion ’
is not valid for the SMA solution of the solar neutrino prob-
lem since for this solution sff,<1 and[see Eq(104)] 0 0.2 0.4 0.6 0.8 1

|<m>|
[(m)|=Vmi+Am5, SMAMSW. (108 \/ﬁ
However, the measurement fm)| in this case would i+ & Maim
allow to determinem, and thus the whole neutrino mass FIG. 26. TheC P-violation factor sif(a,— a3)/2 as a function of

spectrum. |(m)|/\/mZ+AmZ,, in the case of a partially inverted mass hierar-
chy spectrum, Eq85), and the LMA(upper panegland LOW-QVO
0.2] g | | e (lower panel solutions of Ref.[58], obtained at 90% C.L.
N | I~ (medium-gray region with thick contoyrand 99% C.L(light-gray
\ | [ % + medium-gray region limited by ordinary solid lineJhe values
= 0.15 A | o of |(m)|, corresponding to the best fit values of the input param-
9, \ I “1 eters, found in58], are indicated by the dashed line. A value of
E .14 \ y sir(ay,— a3)/2# 0,1, would signalC P violation.
g A .
—_— \ y
N J' | VIIl. CONCLUSIONS
0.05 h P |
e N . [ T - Assuming three-neutrino mixing and massive Majorana
5 -~ -T | neutrinos, we have studied in detail the implications of the
-1 0.5 0.5 1 neutrino oscillation solutions of the solar and atmospheric

0
cos(2 o) neutrino problems and of the data of the reactor long base-
line CHOOZ and Palo Verde experimeni®4,65, for the
predictions of the effective Majorana mags)|, which de-
termines the B88),,-decay rate. The results of the neutrino
oscillation fits of the latest solar and atmospheric neutrino
data[7,55,56,58 have been used in our analysis. We have
considered essentially all possible types of neutrino mass
b,= b3 and d,= — s, respectively. The “jusC P-violation” re- spectra compatible with _the existir)g data: higrarchic_al, neu-
gion is denoted by dark-gray color. The regions between each of thifiN0 Mass spectra with inverted hierarchy, with partial hier-
three pairs of vertical lines of a given type, solid, doubly thick solid, &'chy, with partial inverted hierarchy, and with three quaside-
and doubly thick dashed lines, correspond to the intervals of value§enerate neutrinos. In the present study we have investigated
of cos 29, for the LMA solution derivedat 99% C.L) in Ref.[7] ~ the general case & P nonconservation. Thegp),,-decay
(region between the two doubly thick dashed lineRef.[56] (re-  effective Majorana masgkm)| depends, in general, on two
gion between the solid lingsand Ref[58]. physical (Majorana CP-violating phases. For each of the

FIG. 25. The dependence ffm)| on cos 2, for the neutrino
mass spectrum with partial inverted hierarchy, E8f), and the
LMA solution of thev problem. The region between the two thick
horizontal solid lineg(in light-gray and medium-gray colorand
the two triangular regions between the thick dash-dotted liires
medium-gray color correspond to the twd P-conserving cases
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FIG. 27. The dependence ofm)| on m, in the case ofAmZ=Am3, (left pane) and of Am2=Am3, (lower panel. For Am?
=Am§l (left pane), the allowed values df{m)| are obtainedi) using the 99% C.L. results of Re’58] for the LMA solution of thevg,
problem(light-gray and dark-gray regions between the thick solid line and the) aeethe LOW-QVO solution(light-gray and dark-gray
regions between the thin dotted line and the axasd for the SMA onédthe dark-gray region between the thin dashed i@l (ii) using
the results of Ref[7] for the LMA (dark-gray region between the two doubly thick solid linead for the LOW-QVO(dark-gray region
between the upper doubly thick solid line and the doubly thick dotted siokitions. ForAm2®=Am§2 (right panel, the allowed values are
obtained(i) using the 99% C.L. results of the analysis of H&8] for the LMA and LOW-QVO solutionglight-gray and dark-gray regions
between the doubly thick line and the axasd the SMA ondthe dark-gray region between the upper doubly thick line and the thin dashed
one and (ii) using the results of Ref7] for the LMA (dark-gray region between the two doubly thick solid linesd the LOW-QVO
(dark-gray region between the upper doubly thick solid line and the doubly thick dotteddihgions. The regions divided by the vertical
dashed lines on the leftight) panel correspond t6) m;<0.02 eV and, ifn;<\Am2 (m;<\Am3<\AmZ,.), to a hierarchicalinverted
hierarchy neutrino mass spectrurtii) 0.02 eV=m;=<0.2 eV, i.e., a spectrum with partial hierarcfpartial inverted hierarchyand to(iii )
m;=0.2 eV, i.e., quasidegenerate neutrinos. For both cases the upper bounds frd@9R&iq. (4), are shown by the horizontal upper
doubly thick solid lines.

five types of neutrino mass spectra indicated above we hawealues of|{m)| are somewhat smaller. For all three solutions
derived detailed predictions for the values|of)| for the  there are no significant lower bounds gm)|: the lower
three solutions of the solar neutrino problem favored by thébound in any case does not exceed>810 * eV. Deep
current solar neutrino data: the LMA MSW, the SMA MSW, mutual compensations between the terms contributing to
and the LOW-QVO ones. In each of these cases we havgm)|, corresponding to the exchange of different virtual
identified the “justC P-violation” region of values of(m)|  massive Majorana neutrinos, are possible. Such a cancella-
whenever it existed: a value ¢fm)| in this region would  ion can take place both P is not conserved and in the
unambiguously signa! the presence ©P violation.in the  case ofCP conservation ifp,= — 3. The degree of com-
lr?;\}gnd gr?\(/:(ta?jr.p?:;gtizclyrr]g ;gsmgTi%rgzp%%g?%V?;Ign,p\(l)vs pensation depends, for given values of the solar and atmo-
- . . . . 2
sible sets of values of the relati@P parities of the three sphzerlc neutrino OSCIIIatIOg pa.ram'eteme, .99’ and
massive Majorana neutrinos. This was done for all differenlAmatm’ on the value ofUe|*, which is congtramgd by the
types of neutrino mass spectra we have considered. We ha&HOQZ data. The problem of compen;atlons is most rel-
investigated the possibility of cancellation between the dif-€vant in the case of the LMA MSW solution of the, prob-

ferent terms contributing t(m)|. The cases when such a €M, since in this casfm)| can have the largest possible
cancellation is impossible and there exists a nontrivial lowei/alues for the hierarchical neutrino mass spectrum. Because
bound on|(m)| were identified and the corresponding lower Of the relatively large allowed ranges of valuesafi;,, do ,
bounds were given. and Amitm, there are no “jusEP-violation” regions of
More specifically, if the neutrino mass spectrum is hierar{(m)|. A better determination oAm3, 6., and AmZ, to-
chical, only the contributions tdm)| due to the exchange of gether with a sufficiently accurate measurement|(of)|
the two heavier Majorana neutrinas ; can be relevant and could allow to get a direct information on ti@&P-violating
|(m)| depends only on on€ P-violating phasex;,. For the  phaseas,. These results are summarized in Figs. 2-5.
SMA and LOW-QVO solutions of the solar neutrino problem  In the case of the neutrino mass spectrum with inverted
one hag(m)|<4.0x103 eV. For the LMA solution we get hierarchy, Egs.(61)—(63), the dominant contributions to
|(m)|=8.5x10 2 eV if one uses the results of the analyses|(m)| are again due to the two heavier Majorana neutrinos
in [7,56], while the results of the three-neutrino mixing v,5 and [(m)| is determined byAmZ,, sirf26,, the
analysis of[58] allow a somewhat larger value ¢fm)|  CP-violating phasexs,, and|U,|?, which is constrained by
=<(1.0-2.0x10 2 eV. The maximal values d{m)| corre-  the CHOOZ data. The effective Majorana mass can be con-
spond toCP conservation and, and v3 having identical siderably larger than in the case of a hierarchical neutrino
CP parities, ¢p,= 3. If ¢,=— b5, the allowed maximal mass spectrum{m)|=<(6.8—-8.9)x 10 2 eV. The maximal
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[(m)| corresponds taCP conservation andp,= ¢3 (s,
=0); it is possible for all three solutions of the, problem.

It varies weakly with the results of the different analyses
being used. Fop,= — ¢3 (az,= = 7) the maximal allowed
values of|(m)| are the same for the SMA MSW solution,
while we have|(m)|=<(4.8-5.9)x10 2 eV [|{m)|=<(3.7—
5.4)x10 2 eV] for the LMA MSW [LOW-QVO] solution.
For all three solutions there exists a significant lower boundéD
of [(m)|=(3-4)x10"2 eV if ¢,= 3. FOr ¢p,=— 5 One _3l
gets an analogous lower bound only in the case of the SMA
solution, while for the LMA and LOW-QVO solutions values
of [(m)|<1072 eV are possible. Both for the LMA and 5 2 -3 T -7 0
LOW-QVO solutions there exist relatively large “just- Log (m; [eV])

CP-violation” regions of [(m)|, in which [{m)| has a rela- _ 5 5
FIG. 28. The dependence gfm)| on my (i) for Amg=Am3,

tively large value:|[(m)|=(2-8)x10"2 eV. There is no . !
such region in the case of the SMA MSW solution. We haveanOI using the resuilts of the analysis of R for the LMA solu-

| h h Ficientl 0g'on (light-gray and dark-gray regions between the two doubly thick
also shown that a sufficiently accurate measurement olid lineg and for the LOW-QVO solutior{light-gray and dark-

[(m)], AmZ, sinf26,, and (1-[Ug|?) can allow us to get gray regions between the upper doubly thick solid line and the thick
direct information on the value of th€ P'ViOlating phase solid line) and (i) for Amé:Amgz and in the case of the LMA
ag,. Our results for the case of neutrino mass spectrum witRolution (dark-gray region between the two doubly thick dash-
inverted hierarchy are illustrated in Figs. 6—11. dotted lines and the LOW-QVO solution(dark-gray region be-

For the quasidegenerate neutrino mass spectrum, Eqsveen the upper doubly thick dashed-dotted line and the thick
(70—(72), we havel{m)|~m, wherem is the common neu- dashed-dotted lineThe upper bounds ogm)| from Ref.[29], Eq.
trino mass, information about which can be obtained from(4), are shown by the horizontal upper doubly thick solid lines. The
the 3H B-decay experimen{$7,68: m<2.5 eV. Future as- regions separated by the vertical dashed lines correspofiy g
trophysical and cosmological measuremerigee, e.g., <0.02 eV and, ifm;<Amg (m;<\JAmg<\Amz ), to a hier-
[70,71]) might further constrairm. The effective Majorana archical(inverted hierarchyneutrino mass spectrurfij) 0.02 eV
mass/(m)| depends also ofl,, |Ug|?, which is constrained <mi<0.2 eV, i.e__._, partial hierarchy a_nd partial_inverted hierarchy
by the CHOOZ data, and on two physic@lP-violating spectrum, and tdiii) the m;=0.2 eV, i.e., quasidegenerate spec-
phasesx,; and az;. The maximal value of(m)| is deter- UM
mined by the value ofn, |[{m)|<m. It is possible for all
three solutions of the solar neutrino problem. Obviously,Ed. (84). These spectra interpolate, respectively, between the
|(m)| is limited by the upper bounds obtained in the hierarchical and the inverted mass hierarchy spectra and the
%H B-decay[67,68 and in the 38),,-decay[29,30 [see quasidegenerate one. Accordingly, the results|fam| we
Egs. (3) and (4)] experiments](m)|<(0.33-1.05) eV. If have found in the case of a neutrino mass spectrum with
CP invariance holds and th€ P-parities of the three mas- partial hierarchy(partial inverted hierarchy“interpolate”
sive Majorana neutrinos satisfy the relatign= ¢,= * ¢, between the results for the hierarchi¢mverted mass hier-
we have 0.1=<|(m)|<m. We get a similar result fo, archy) and the quasidegenerate neutrino mass spectra. Most
= —¢,=* 5 in the case of the SMA solution. The exis- Of these resylts are presented graphically in Figs. 17-26.
tence of a significant lower bound ¢fm)| for the LMA and _The quasidegenerate three-neutrino mass spectrum can be
the LOW-QVO solutions ifp, = — ¢,= =+ ¢ depends on the critically tested in t_he future *H B-decay experiment
min|cos 2|. The latter varies with the analysis: using the KATRIN [69], which is planned to have a sensitivity to
results of [7] one finds|(m)|=(0.1-0.2m[|(m)|=(0.2— M, ,=0.35 eV. For the quasidegenerate spectrum one finds
0.3)m] for the LMA [LOW-QVQ] solution. According to the m, =m=0.20 eV, while for all the other three-neutrino
(99% C.L) results of the analysi$56,58 one can have mass spectra compatible with the neutrino mass and neutrino
cos 20, =0 and therefore there is no significant lower boundoscillations data, we have, <0.20 eV.
on [(m)| for both solutions. There exist “just-P-violation” N
regions for the LMA and LOW-QVO solutions, in which
[(m)| can be in the range of sensitivity of the future
(BB)y,-decay experiments, while in the case of the SMA
MSW solution there is no such region. The knowledge of
[(m)|, m, 6, and |Ugs|? would imply a nontrivial con-

(I<m>| [eV])

Actually, the five different types of possible neutrino mass
spectra we have considered correspond, oﬁmé and
Am2,, are known and the choicAm?=Am3; or Am?
=Am3, is made, to different ranges of values of the smallest
neutrino massn,. At the same timg(my)| is a continuous

straint on the twdC P-violating phasesv,; andas,. Some of functu_)n ofmy. In Figs. 27 an(_j 28 we show the pqssmle

our results for the quasidegenerate neutrino mass spectru'ﬁ\""g_mtUde of |(m)) asé a function ofm, for m, varying

are presented graphically in Figs. 12—16. continuousl§ from 1075 eV to 2.5 eV. The results presented
We have analyzed also in detail the predictions|{on)|

in the case of a neutrino mass spectrum with partial mass

hierarchy, Eq(83), and with partial inverted mass hierarchy, 2Similar plots were proposed also in Ref§1,57.
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in Figs. 27 and 28 are derived for the allowed regions ofdisfavor the spectrum with inverted mass hierarchy, and fa-
values of the relevant input oscillation parameters, obtainegor the quasidegenerate spectrum.

in [7,55,64 and in[58], and for the two possible choices of  In the present article we have considered only the mixing
Am? in the case of three-neutrino mixingm2 =Am2 and  of three massive Majorana neutrinos. We have assumed that
Am2=Am2,. With the notation we use, we can hayen?  (BB)o, decay is induced by theV(—A) charged current
=AmZ, (Am%=Am3) in the cases of hierarchicéhverted weak interaction via the exchange of massive Majorana neu-

hierarchy, partial hierarchy(partial inverted hierarchyand  trinos between two neutrons in the initial nucleus. Results for
quasidegenerate neutrino mass spectra. the case of four-neutrino mixing will be presented elsewhere

To conclude, we have found that observation B3], [54]. ) )
decay with a rate corresponding|ton)|=0.02 eV, whichis ~ Note addedOur attention was brought to R¢fZ9] which
in the range of sensitivity of futuredg),,-decay experi- d|scuss_es some of the questions studied in the present article
ments, can provide unique information on the neutrino mas&nd which appeared while the present article was being pre-
spectrum. Combined with information on the lightest neu-Pared for submission for publication.
trino mass or the type of neutrino mass spectrum, it can give
also information orCP violation in the lepton sector and, if
CP-invariance holds, on the relativ@P parities of the mas-
sive Majorana neutrinos. A measured value|@h)|=(2-
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