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In quest of neutrino masses atO„eV… scale
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Neutrino oscillation and tritium beta decay experiments taken simultaneously into account are able to access
the so far imperceptible absolute neutrino masses at the electronvolt level. The neutrino mass spectrum derived
in this way is independent of the nature of neutrinos~Dirac or Majorana!. Furthermore, the lack of neutrinoless
double beta decay gives additional constraints on the Majorana neutrino mass spectrum. A case of three
neutrinos is examined. The influence of different solutions to the solar neutrino deficit problem on the results
is discussed. Apart from the present situation, four qualitatively distinct experimental situations which are
possible in the future are investigated: when the two decay experiments give only upper bounds on effective
neutrino masses, when either one of them gives a positive result, and when both give positive results. The
discussion is carried out by taking into account the present experimental errors of relevant neutrino parameters
as well as their much more precise expected estimations~e.g., byn factories!. It is shown in which cases the
upgraded decay experiments simultaneously with neutrino oscillation data may be able to fix the absolute scale
of the neutrino mass spectrum, answer the question of the neutrino nature, and put some light onCP phases in
the lepton sector.

DOI: 10.1103/PhysRevD.65.053008 PACS number~s!: 13.15.1g, 14.60.Pq
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I. INTRODUCTION

The problem of the neutrino mass spectrum and its na
is the most important issue in the lepton part of the stand
model. What new information can we obtain from the la
experimental results, and what are the future perspectiv
Three kinds of experiments play a fundamental role in
swering this question. Two are traditional and have be
known for years: beta decay and neutrinoless double
decay (bb)0n of nuclei. Already Fermi@1# in 1934 and Furry
@2# in 1939 realized that both processes are important for
neutrino mass and nature. The third type constitutes the
trino oscillation experiments. These are responsible
anomalies observed in solar@3#, atmospheric@4#, and Liquid
Scintillation Neutrino Detector~LSND! @5# experiments.
Though trials of alternative explanations of the observati
exist @6#, they require much more sophisticated assumpti
~such as, for example, the breaking of the equivalence p
ciple, breaking of the special theory of relativity, the neutri
decay with lifetime much below expectations or huge n
trino magnetic moments! and give much poorer fits to th
data@7#.1
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Solar, atmospheric and LSND experiments probe the n
trino oscillation hypothesis with three disconnected range
dm2 parameters~dm2.10210– 1025 eV2 for solar neutrinos,
dm2.1023– 1022 eV2 for atmospheric neutrinos, anddm2

.0.1– 10 eV2 for the LSND experiment!. The situation
seems to be clear and in favor of the neutrino oscillat
hypothesis for the atmospheric neutrino data analysis~agree-
ment among different experiments!. Also, the solar neutrino
deficit is quite well explained by neutrino oscillations, but
present no unique solution for the oscillation parameters
ists. As far as LSND is concerned, the situation is curren
not clear at all@13#. The LSND results, if confirmed, would
imply a fourth, sterile neutrino. Here we consider mass s
narios with three neutrinos only.

As there are definitely two scales ofdm2, dmatm
2

@dmsol
2 , two possible neutrino mass spectra must be con

ered ~Fig. 1!. The first, known as normal mass hierarc
(A3) wheredmsol

2 5dm21
2 !dm32

2 'dmatm
2 and the second, in-

verse mass hierarchy spectrum (A3
inv) with dmsol

2 5dm21
2 !

2dm31
2 5dmatm

2 , dmi j
2 5mi

22mj
2. Both schemes are not dis

tinguishable by present experiments. There is hope that
omes from
It depends
1There are also some astrophysical and cosmological arguments which shed some light on the neutrino masses. One of them c
the analysis relating the cosmic microwave background temperature fluctuations to the present large scale structure formation.
strongly on the accepted cosmological model of the Universe and for three light neutrinos givesmn<1.8(0.6) eV for any value of the
cosmological densityVm (Vm50.3) @8#. Another bound comes from the observation of ultrahigh cosmic rays. The so-calledZ-burst model
@9# givesmnP(0.1– 1) eV. Though the above numbers are very impressive~and better than the present tritiumb decay bound!, they depend
on additional assumptions connected to the interpretation of astrophysical data and we will not include them in the present analysis~see Refs.
@10# and @12# for a discussion which includes the cosmological data!.
©2002 The American Physical Society08-1
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long base line experiments~e.g., MINOS, ICARUS! and/or
neutrino factories will do that.2 Such schemes are the bas
ones. As the neutrino mass spectrum is determined by
mass of the lightest neutrino (mn)min , other possible neutrino
mass schemes known in the literature as ‘‘quasidegenera
‘‘partial mass hierarchy,’’ or ‘‘partial inverted mass hiera
chy’’ @15,16# are considered automatically in the pap
@(mn)min in the range from zero up to around 2.2 eV is tak
into account#.

The oscillation experiments are able to find differences
mass squaresdm2 ~not the absolute masses separately! and
absolute values of some of the mixing matrix elementsuUeiu
~presently no information onCP phases is available!.

Different combinations of masses andUei’s are measured
in tritium b and (bb)0n decays. Taking these data togeth
we can probe the absolute neutrino masses. Such an ana
has been partially done in different contexts in Refs.@12,15–
18#.

Here, our main motivation is to answer the followin
questions: when, how precisely, and under what circu
stances the absolute neutrino masses can be determine
can be expected, the answer depends crucially on the ma
the lightest neutrino (mn)min . For (mn)min above approxi-
mately 0.3 eV~the exact value which is discussed later o
depends on the precision of the neutrino oscillation para
eters’ determination! we can expect that the upgraded tritiu
b decay experiments together with the oscillation data w
be able to determine the absolute neutrino massesmi inde-
pendently of the neutrino character. If (mn)min<0.3 eV, the
(bb)0n decay gives some chance to determine (mn)min . We
discuss the conditions required for this to happen. Two fut
scenarios are considered. In the first case neutrinos are
jorana particles and the effective Majorana mass is de
mined by the (bb)0n experiment. In the second case t
nature of neutrinos is not known and we will still have on
a bound on̂ mn&. In this case there are circumstances wh
the combined results from (bb)0n , tritium b decay, and os-

2According to a recent analysis of the neutrino spectrum from
SN1987A@14#, theA3

inv scheme is disfavored foruUe3u2.0.001.

FIG. 1. Two possible mass spectra which can describe the
cillation data. SchemeA3 , normal mass hierarchy, has a small g
betweenm1 andm2 to explain the oscillation of solar neutrinos an
a larger gap for the atmospheric neutrinos~dmsol

2 5dm21
2 !dm32

2

.dmatm
2 ; m1,m2!m3!. In the inverse mass hierarchy schem

A3
inv , 2dm31

2 5dmatm
2 @dmsol

2 'dm21
2 The mass of the lightest neu

trino (mn)min5m1 in the A3 schemes and (mn)min5m3 in the A3
inv

scheme.
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cillation experiments are able to exclude the Majorana na
of the neutrino. In our numerical analysis, special attention
paid to the influence of present and future experimental
rors on the absolute neutrino mass determination. It is sho
that the expected improvements from incomingn factories
will provide additional severe constraints on the neutri
masses.

The paper is organized as follows. In the next section,
experimental status of neutrino oscillation searches,b tritium
and (bb)0n decays, is shortly reviewed. Expected improv
ments of the precision of parameters’ determination
listed. In Sec. III basic analytical formulas which are used
the neutrino absolute mass search are presented. Sectio
includes a discussion of numerical results. Four possible
ture scenarios mentioned in the Abstract and their con
quences for the determination of the neutrino mass spect
are analyzed. The paper ends with conclusions.

II. MAIN NEUTRINO DATA AND THEIR PRESENT
AND FUTURE EXPERIMENTAL PRECISION

A global analysis of the solar, atmospheric and reac
neutrino data determines five parameters: three mix
angles@Q12,Q13,Q23(0,Q i j ,p/2)# and two mass squar
differences (6dm31

2 5dmatm
2 .0,6dm21

2 5dmsol
2 .0).

For the solar neutrino problem several analyses have b
carried out so far allowing mixings among 2, 3, or 4 neut
nos @19–21#. The results differ slightly, nevertheless, in th
3n scenario four solutions for the solar neutrino deficit a
still acceptable at the 95% C.L.@21#. The first one, is the
small mixing angle solution~SMA! @Mikheyev-Smirnov-
Wolfenstein ~MSW!# with sin2 2Q.½ 0.001– 0.01. The three
remaining solutions@large mixing angle~LMA ! MSW low-
mass,~LOW! MSW and quasivacuum oscillation~QVO!#
include large mixing angles, namely, sin2 2Q>0.55. In these
cases a maximal mixing sin2 2Q51 is still acceptable. The
present situation and future expectations are summarize
Table I. The matter enhanced solution of the solar neutr
problem is accepted fordm21

2 .0 only. The sign ofdm31
2

cannot yet be determined, so two schemes are consid
~Fig. 1!. Incoming long baseline experiments and especia
neutrino factories should be able to distinguish betwe
these two schemes.

The mixing angles given in Table I enter the effecti
neutrino mass formulas, which can be written as

mb[F(
i 51

3

uUeiu2mi
2G1/2

~1!

for the tritium b decay, and

^mn&5U(
i

Uei
2 miU ~2!

for the (bb)0n decay.
In both schemesUei’s are given by

Ue15cosQ12cosQ13, Ue25sinQ12cosQ13,
e

s-
8-2
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TABLE I. The allowed ranges of neutrino parameters from global analysis altogether with expected future improvements~taken from
Gonzales-Garciaet al. in @20#!. In three central columns minimum and maximum are given at 90% C.L. Future improvements on para
are mainly connected to LMA MSW solutions and accelerator physics~MINOS, ICARUS, OPERA projects,n factories!.

min. best fit max. future improvements

tan2 Q13 0 0.005 0.055 uDQ13u;1022 @36#
;1024 @37#

dm32
2 @3103 eV2# 1.4 3.1 6.1 uD(dm23

2 )u;10% acc.@36#
;1% @38#

tan2 Q23 0.39 1.4 3.0 uD(sin2 2Q23)u;5% acc.@36#
;1% @37#

LMA 3105 ;1.6 3.3 ;20 uD(dm21
2 )u;10% acc.@36#

dm21
2 @eV2# LOW3108 ;0.08 9.6 ;30

SMA3106 ;4 5.1 ;9
LMA 0.2 0.36 ;1 uD(sin2 2Q12)u;0.1 @36#

tan2 Q12 LOW-QVO 0.2 0.58 3
SMA ;1024 6.831024 ;231023
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uUe3u5sinQ13. ~3!

The experimental data at the end of the Curie plot in
tritium b decay provides the upper limit on the effectiv
electron neutrino massmb .

The present best limit is given by the Mainz Collaborati
@22#

mb,k852.2 eV. ~4!

A second collaboration from Troitsk gives similar resu
@23#

mb,2.5 eV. ~5!

The groups from Mainz, Troitsk, Karlsruhe, and Fulda ha
presented a project@24# for a new experiment~KATRIN !,
which should improve the existing limit by a factor of ten,
within 6–7 yearsmb should reachmb;0.3 eV.

The effective neutrino masŝmn& in Eq. ~2! is extracted
from the decay half lifetime of even-even nuclei@25#

@T1/2~bb!0n#215uMnuclu23~phase space integral!3
^mn&

2

me
2

1¯ . ~6!

Ellipses represent the other, different from direct light Ma
rana neutrino exchange mechanisms which can contribu
(bb)0n decay~e.g., mechanisms with heavy neutrinos or s
persymmetric particles@26#!. The identification of various
mechanisms responsible for the neutrinoless double beta
cay, as well as the precise calculation of the nuclear ma
elements is a very difficult task, e.g., the nuclear matrix e
ment uMnuclu2 has been calculated by several groups and
results differ among them roughly by a factor of 3@25–27#.

The present limit on the effective light neutrino mass
@28#

^mn&,k50.2 eV. ~7!
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Several new experiments are considered which will be a
to further increase the sensitivity of the^mn& measurement
@29–31# though the best limit is planned to be obtained
the GENIUS experiment. In its first stage of runnin
GENIUS with 1 ton of76Ge should be able to reach a se
sitivity of ^mn&;0.02 eV, later with 10 tons of76Ge, a sen-
sitivity of the order of̂ mn&;0.006 eV will be available@32#.

III. DIRAC AND MAJORANA NEUTRINO MASSES IN
THE A3 AND A3

inv SCHEMES: ANALYTICAL FORMULAS

Here we summarize the key expressions, used to de
mine the absolute neutrino masses. It is known that the e
tron energy distribution in theb decay of nuclei and flavor
oscillations do not distinguish between Dirac and Majora
neutrinos.

~i! Oscillation experiments. Since in both neutrino mas
schemes

~mn!max
2 5~mn

2!min1dmsol
2 1dmatm

2 , ~8!

the oscillation experiments alone give@33#

~mn!max>Admsol
2 1dmatm

2 ~9!

and

umi2mj u>Admsol
2 1dmatm

2 . ~10!

~ii ! Tritium b decay. From the effective neutrino mas
formula Eq.~1! we can find a double inequality

~mn!min<mb<~mn!max. ~11!

Currently, we have only a bound onmb Eq. ~4!, that gives a
limit on the absolute neutrino mass

~mn!min<k8 ~12!

without any limits on (mn)max.
8-3
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~iii ! The tritium mb decay together with neutrino oscilla
tion data. From Eq.~1! we can find the relations

mb
25~mn!min

2 1Vscheme ~13!

and

~mn!max
2 5mb

21Lscheme, ~14!

whereV andL are scheme dependent quantities and in b
schemesA3 andA3

inv are given by

V~A3!5~12uUe1u2!dmsol
2 1uUe3u2dmatm

2 , ~15!

L~A3!5uUe1u2dmsol
2 1~12uUe3u2!dmatm

2 ,
~16!

V~A3
inv!5~12uUe3u2!dmatm

2 1uUe1u2dmsol
2 ,

~17!

L~A3
inv!5~12uUeu2!dmsol

2 1uUe3u2dmatm
2 .

~18!

From Eqs. ~4!,~8!,~13!,~14! better limits on (mn)min and
(mn)max follow:

~mn!min<A~k8!22Vscheme
min , ~19!

Admsol
2 1dmatm

2 <~mn!max<A~k8!21Lscheme
max ,

~20!

where Vscheme
min and Lscheme

max are the allowed minimal and
maximal values given by Eqs.~15!–~18!.

We can see that the knowledge ofmb together with the
oscillation parameters gives a simple way to determine
absolute neutrino masses. If the neutrino happens to b
Dirac particle, then this will be the only way to determine
mass. If neutrinos are Majorana particles the bound on^mn&
applies and additional constraints follow.

~iv! Neutrinoless double beta decay. For three neutrinos
in the A3 andA3

inv schemes we have

^mn&A3
5uuUe1u2~mn!min

2 1uUe2u2e2if2A~mn!min
2 1dmsol

2

1uUe3u2e2if3A~mn!min
2 1dmsol

2 1dmatm
2 u ~21!

and

^mn&A
3
inv5uuUe1u2A~mn!min

2 1dmatm
2 1uUe2u2e2if2

3A~mn!min
2 1dmatm

2 1dmsol
2

1uUe3u2e2if3~mn!min
2 u. ~22!

The three parameters used above, (mn)min and two Majorana
CP violating phasesf1 and f2 are unknown. We are no
able to predict the value of^mn& as a function of (mn)min but
a range

~^mn&min ,^mn&max!, ~23!

can be obtained@11,12#.
05300
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At present only the upper bound on̂mn& @Eq. ~7!# is
known. This result allows us to estimate the minimal mass
the lightest neutrino (mn)min . In the future, if the (bb)0n

experiment gives a positive result and a value^mn&5k
6Dk is found, the problem of the neutrino mass determin
tion depends on the relation between the range given in
~23! and the value ofk. Such a possibility will be discusse
later.

IV. ABSOLUTE NEUTRINO MASSES: NUMERICAL
RESULTS

A. Dirac or Majorana case

From oscillation experiments we can only state that
mass of the heaviest neutrino must be larger than 0.04
@Eq. ~9!, Table I#

~mn!max>0.04 eV, ~24!

and the difference between any two neutrino masses
smaller than 0.08 eV

umi2mj u,0.08 eV. ~25!

These results depend on the precision ofdmatm
2 @Eqs.

~9!,~10!#. This means that a future improvement in the det
mination of dmatm

2 ~up to 1%, see Table I! will result in a
substantial improvement of these bounds.

From the tritiumb decay@Eqs.~4!,~12!# we can find that
the mass of the lightest neutrino must be smaller than 2.2

~mn!min,2.2 eV, ~26!

which together with the bound Eq.~25! gives limits on the
masses of each neutrino separately

mi<2.2 eV, i 51,2,3. ~27!

Equations~24!,~25!,~27! establish the present knowledge
the neutrino masses independently of their nature. For D
neutrinos there is no better sources of information. In
future, the 1

3H decay supplemented by the oscillation da
will be able to reconstruct the Dirac or Majorana neutri
mass spectrum up to small values of (mn)min . This can be
done quite precisely. From Eq.~13! it follows that the rela-
tive error of (mn)min is given by

D~mn!min

~mn!min
5

mb

~mn!min
2 Dmb1

1

2~mn!min
2 D~Vscheme!. ~28!

The part ofD(mn)min which comes from the uncertainties o
neutrino oscillation parameters is very small:

D~VA3
!53.431024, ~29!

D~VA
3
inv!529.431024, ~30!

and in the range of the KATRIN experiment@(mn)min
;0.3 eV @24# the error becomes negligible
8-4
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D~VA3
!

2~mn!min
2 '0.2%, ~31!

D~VA
3
inv!

2~mn!min
2 '1.6%. ~32!

The errors increase with decreasing (mn)min , e.g., for
(mn)min50.13 eV the error is 1%~A3 scheme!. Future im-
provements in the determination of neutrino oscillation p
rameters will decrease this error substantially, e.g., using
estimations from the last column of Table I,

D~VA3
!

2~mn!min
2 '1% for ~mn!min50.02 eV. ~33!

As we can see the main error comes fromDmb which will
be under control formb>0.3 eV. Since in this case the erro
connected to uncertainties of the oscillation parameter
below 1%, the tritiumb decay together with the oscillatio
experiments would be the ideal place for the neutrino m
spectrum reconstruction as long as (mn)min.0.3 eV. If neu-
trinos are Dirac particles and their masses are below
scale, then the absolute neutrino mass determination se
to be out of reach, unless some new methods of direct n
trino mass measurements are developed.

B. Majorana case

Currently, the bound on the effective Majorana mass^mn&
is one order of magnitude better than onmb @compare Eqs.
~4! and ~7!#. Moreover, there are really impressive plans
get ^mn&'0.006 eV in (bb)0n experiments. Will they be
able to get down with a sensitivity of (mn)min to the meV
scale? The situation seems to be very promising, howe
^mn& depends on the Majorana phases which can lead
large cancellations. For this reason, the range of poss
^mn& values@Eq. ~23!# can be very wide. This range depen
also very crucially on theUei mixing matrix elements which
are not known with a satisfactory precision@see Table I, Eq.
~3!#. The reactor experiments which determineUe3 are not
enough precise, namely@34#,

uUe3u2<0.04. ~34!

The maximum of̂ mn& is stable and depends mostly o
u13

^M n&max5~cos2 u12m11sin2 u12m2!cos2 u131m3 sin2 u13,
~35!

so for various regions of masses there is

A3 : ^mn&max'm3 sin2 u13, m1!m2!m3 ,

'm1 cos2 u131m3 sin2 u13,

m1'm2!m3 ,

'm1 , m1'm2'm3 , ~36!
05300
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A3
iuv : ^mn&max'cos2 u13m1 , m1'm2@m3 ,

'm1 , m1'm2'm3 .

The formula which gives the minimal value of^mn& is
much more complicated and strongly depends on the s
mixing angleu12. If u12'p/4, cancellations among all thre
terms in ^mn& are possible and̂mn&min can be negligible
small. If u12Þp/4, one of two termsuUe1u2m1 , uUe2u2m2
dominates the cancellation is not complete,^mn&min.0. To
see it let us take a large value of (mn)min @(mn)min

@dmatm
2 #, then in both schemes

^mn&min.~mn!min~cos2 u13ucos2 u122sin2 u12u2sin2 u13!

5~mn!min~e cos2 u132sin2 u13!, ~37!

where the parametere is introduced3

e5ucos2 u122sin2 u12u5A12sin2 2Q12. ~38!

This new parameter measures the deviation of theQ12 angle
from its maximal value (u125p/4) and is quite suitable for
our discussion.

As u13 is small@Eq. ~34!#, for degenerate neutrino mass
^mn&min depends crucially one. If e→1 ~which is realized
for SMA MSW solution!

^mn&min'~mn!min cos 2u13, ~39!

and the spread of the regionD^mn&5^mn&max2^mn&min for a
given value of (mn)min is small ~see Figs. 2, 3!

D^mn&
~mn!min

52 sin2 u13,0.08. ~40!

For the LMA and LOW-QVO solutions of the solar neu
trino problem e!1. In this case strong cancellations
^mn&min occur and values^mn&min'0, even for large
(mn)min , are not excluded. Also the spread of the regi
D^mn& is substantial

D^mn&
~mn!min

'
^mn&max

~mn!min
→1. ~41!

The relations mentioned above are depicted in Figs. 4
Now we will discuss the results gathered in Figs. 2–6
more details.

1. Majorana neutrinos and SMA MSW

Figures 2, 3 show the allowed̂mn& range for the SMA
MSW solution. The solid lines represent^mn&max and
^mn&min for the best fit parameters. The shaded and has
regions correspond to uncertainties of the oscillation para
eters~Table I! for ^mn&min and ^mn&max, respectively.

3The formula@Eq. ~37!# is valid only for e.tan2 u13. For smaller
values ofe, ^mn&min50 @12#.
8-5
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In theA3 scheme~Fig. 2! the present bound on̂mn& @Eq.
~7!# implies the largest value of (mn)min

~mn!min,0.2 eV, ~42!

and from Eqs.~8!, ~24!

0.04<~mn!max<0.21 eV. ~43!

Future bounds on̂ mn&exp, inferred from (bb)0v experi-
ments, have chance to give a stringent limit on neutr
masses. For example,~1! if ^mn&,0.02 eV ~GENIUS 1t!,
then

~mn!min,0.024 eV⇒0.04 eV<~mn!max<0.063 eV,
~44!

~2! if ^mn&,0.006 eV~GENIUS 10t!, then

~mn!min,0.01 eV⇒0.04 eV<~mn!max<0.059 eV.
~45!

It is also possible to find Majorana neutrino masses if
(bb)0n decay is observed and a valuêmn&exp

FIG. 2. The value of̂mn&max and^mn&min as function of (mn)min

for SMA MSW scenario andA3 neutrino mass scheme. The shad
and hashed regions correspond to the allowed ranges of neu
oscillation parameters~Table I! for ^mn&min and ^mn&max, respec-
tively. The solid lines correspond to the best fit values of neutr
oscillation parameters. The experimental bound on^mn& planed by
GENIUS I and GENIUS II are depicted~dashed, horizontal lines!.
The vertical band correspond to the possible range of (mn)min de-
termined by the tritiumb decay experiment.
05300
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P(0.006– 0.2)eV is inferred. We can see from Fig. 2 that
rangeD^mn& is up to (mn)min'0.015 eV reasonably narrow
and the knowledge of̂mn&exp gives a chance to determin
(mn)min with a good precision. For instance, if^mn&exp
'0.006 eV then (mn)min;(3–10)31023 eV, the determina-
tion of smaller values of (mn)min!Admatm

2 for the hierarchi-
cal mass spectrum is impossible with the present oscilla
parameters uncertainties.

In the case ofA3
inv scheme~Fig. 3!, the shaded and hashe

regions which describe the uncertainty in the determinat
of ^mn&min and ^mn&max are almost identical and narrow
From the present limit on̂mn& @Eq. ~7!# it follows that

^mn&,0.2 eV⇒~mn!min,0.22 eV. ~46!

Future bounds on̂mn& up to ^mn&exp'0.04 eV, still give the
upper limit on (mn)min . If the bound on^mn& is smaller
~GENIUS I! the schemeA3

inv is excluded for Majorana neu
trinos.

The A3 scheme can not be excluded in this way, even
very small^mn&exp. However, we can also consider a hyp
thetical situation. Let us imagine that the1

3He decay mea-
surement gives the mass of (mn)min in the region~0.4–0.7!
eV ~see Fig. 2!. At the same time the GENIUS I experimen
will moves the limit to^mn&,0.02 eV. So, from the secon

ino

o

FIG. 3. The value of̂mn&max and^mn&min as function of (mn)min

for SMA MSW scenario andA3
inv neutrino mass scheme. Th

shaded and hashed regions correspond to the allowed rang
neutrino oscillation parameters~Table I! for ^mn&min and ^mn&max,
respectively. The solid lines correspond to the best fit values
neutrino oscillation parameters.
8-6
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information it follows, that (mn)min is smaller than 0.024 eV
@Eq. ~44!#, which is in evident conflict with the1

3H decay
measurements. There is only one obvious conclusion in
case. Neutrinos cannot be Majorana particles, they must h
a Dirac nature.

We can see that the SMA MSW solution gives a cruc
information about the Majorana neutrino mass spectrum
dependently of future (bb)0v experiments giving a bound
or finding a finite value for̂ mn&exp. Unfortunately, among
the four possible solutions of the solar neutrino problem,
SMA gives presently the worst goodness of fit@20#.

2. Majorana neutrinos and LMA, LOW-QVO solutions:
A3 scheme

In Figs. 4, 6 regions ofD^mn& as function of (mn)min for
variouse values are shown.e50.13 corresponds to value o
sin2 2Qsol50.98 (tan2 Qsol50.77) while e50.48 (sin2 2Qsol
50.77) is present best fit value~see Table I!. The dark
shaded area shows the influence of the uncertainties

FIG. 4. The value of̂mn&max and^mn&min as function of (mn)min

for LMA ~LOW-QVO! MSW scenario andA3 neutrino mass
scheme. Shaded areas showŝmn&min for e50.13 and
dmatm

2 ,uUe3u2,dmsol
2 parameters in a full range of their present po

sible values without error ofe ~dark shaded! and with this error
~light shaded! ~see Table I!. Hashed region showŝmn&max with
dmatm

2 ,uUe3u2,dmsol
2 parameters also in a full range of their prese

possible values. Horizontal band corresponds to^mn& as planed by
GENIUS I ~with some anticipated error!. The thick solid~dashed!
line correspond tômn&min (^mn&max) and e50.48. This time neu-
trino oscillation parameters are taken with their best values~Table
I!.
05300
is
ve

l
-

e

n-

nected to the present neutrino oscillation parameters’ de
mination ~dm21

2 , dm32
2 , sin2 Q13 in Table I! on ^mn&min for

e50.13. At 95% C.L.e50 is possible and̂mn&min reaches
zero also for higher values of (mn)min ~light shaded region!.
The hashed region describes the influence of the presen
cillation parameters’ uncertainties on̂mn&max ~once more
with constante!.

Let us now consider two situations, first when a futu
new bound on̂ mn&exp,kP(0.2– 0.006)eV is obtained an
second when some value^mn&exp5k1Dk is definitely found.

No signal for (bb)0n in future. The information on the
Majorana neutrino masses can be inferred only if^mn&min
Þ0 which is equivalent toe.tan2 u13. In this case the con-
dition ^mn&min,k gives nontrivial bounds on (mn)min @Eq.
~37!#

~mn!min,
k

cos2 u13~e2tan2 u13!
. ~47!

For small values ofe such a bound can be less restricti
than the one obtained from the1

3H decay. We would like to
concentrate on the possibility that the future solar neutr
experiments give the valuee@tan2 u13. Then

-

t

FIG. 5. The value of̂mn&max and^mn&min as function of (mn)min

for LMA MSW scenario andA3 neutrino mass scheme,e50.48.
This time, opposite to the case of Figs. 4, 6 the anticipated erro
10% in future sin2 2Qsol determination is included, e
.(0.43– 0.52). Expected improvement indmatm

2 ,uUe3u2,dmsol
2 pa-

rameters determination is also taken into account. See the last
umn in Table I and the text for details.
8-7
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~mn!min<
k

e
. ~48!

If, e50.13(0.48) ~Fig. 4! then present experimenta
bound on^mn& gives the upper limit on (mn)min ,

~mn!min,2.2~0.4! eV, ~49!

which is better than the tritiumb decay @Eq. ~26!# for a
larger value of e. If ^mn&exp,0.006 eV, then (mn)min
,0.022 eV (e50.48), and (mn)min,0.085 eV (e50.13).

So, if (bb)0n is not found, we do not know if neutrino
are Majorana particles. If they indeed are then limits on n
trino masses can be found which are improving for incre
ing e.

Positive signal for^bb&0n in future. From the ^bb&0n

measurement we know that

^mn&exp5k6Dk. ~50!

Obviously, in this case consistency requires

FIG. 6. The value of̂mn&max and^mn&min as function of (mn)min

for LMA ~LOW-QVO! MSW scenario andA3
inv neutrino mass

scheme. Shaded area showŝmn&min for e50.13 and
dmatm

2 ,uUe3u2,dmsol
2 parameters in a full range of their present po

sible values~see Table I!. Hashed area shows the same for^mn&max.
Horizontal band corresponds to^mn& as planed by GENIUS I~with
some anticipated error!. The thick solid~dashed! line correspond to
^mn&min (^mn&max) and e50.48. This time neutrino oscillation pa
rameters are taken with their best values~Table I!.
05300
-
-

^mn&max.k2Dk, ~51!

from which interesting informations on the Majorana ne
trino masses can be obtained, even for small values oe
→0. This situation was already considered in Refs.@15#,
@16#, so we will not analyze it in detail. We only add som
numbers which follow from Fig. 4. The measured values
^mn&exp>0.01 eV are able to bound (mn)min from below, e.g.,
^mn&exp'0.03 eV gives (mn)min>0.025 eV. Depending on
the measured values of^mn&exp various mass schemes can
excluded or allowed. For instance, if^mn&exp<0.01 eV then
(mn)min can be very small and the hierarchical mass sp
trum is allowed. For^mn&>0.03 eV only the degenerat
spectrum will be acceptable.

A new situation occurs if ^mn&exp>0.01 eV and e
@tan2 u12. Then from^mn&min an upper limit on (mn)min can
also be found. It means that a finite range of possible val
of (mn)min can be derived

~mn!minP@~mn!min
min ,~mn!min

max#, ~52!

where

~mn!min
min5k2Dk,

~mn!min
max5~k1Dk!

1

~11e!cos2 u1321
. ~53!

The uncertainty of the (mn)min determination

D~mn!min5~mn!min
max2~mn!min

min ~54!

decreases with increasinge

D~mn!min

k
5

22~11e!cos2 u13

~11e!cos2 u1321
1

Dk

k

~11e!cos2 u13

~11e!cos2 u1321

——→
u13→0 S 1

e
21D1

Dk

k S 1

e
11D . ~55!

From Fig. 4 and fore50.13 we can read~neglectingDk!

^mn&exp50.2 eV⇒~mn!minP~0.2– 2.2! eV, ~56!

^mn&exp50.02 eV⇒~mn!minP~0.012– 0.2! eV.
~57!

Moreover, if ^mn&exp,0.01 eV we can say only tha
(mn)min,0.02– 0.05 eV.

So, for LMA and LOW-QVO solutions, the knowledge o
^mn&exp is able to restrict the Majorana neutrino mass sp
trum, as long ase>tan2 Q13. The range of (mn)min @Eq.
~54!# depends one andDk and is smaller for larger values o
e.

In Fig. 5 the region (̂mn&min ,^mn&max) is shown for the
case e50.48 (sin2 2Qsol50.77) where anticipated, muc
smaller errors ondmatm

2 , uUe3u2, anddmsol
2 compared to the

present ones are taken into account~see Table I for details!.

-
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The expected 10% error of sin2 2Qsol is included. The uncer-
tainty of ^mn&max is now almost invisible. For̂mn&min two
separated regions of nonzero^mn& are present. The ligh
shaded region as in Fig. 4 does not appear at all. The s
of the ^mn&min depends on the value ofe and this presented
in Fig. 5 is typical of non-negligible values ofe. We can see
that for the experimental bound^mn&exp,k the upper limit of
(mn)min can be easily found. The same is true of the c
^mn&exp5k6Dk where the range of possible (mn)min can be
found again. There is only one important modification. If t
future bound or the experimental value of^mn&exp will be
smaller than 0.001 eV then the mass (mn)min of Majorana
neutrinos will be limited from below and, this time, als
from above. For instance, if̂ mn&exp,231024 eV, then
(mn)minP(1.031024 eV,5.031023 eV).

For larger values ofe (e;0.5) it can also happened tha
the accepted range of (mn)min found from tritiumb decay is
in conflict with a bound given by (bb)0n decay. The situa-
tion is practically the same as in the SMA case and the c
clusions concerning the neutrino nature are the same~see
previous discussion!. From such a unique scenario follow
that neutrinos are Dirac particles.

Now we would like to comment on theCP phases. The
effect of two unknownCP Majorana phases disappears ife
→1 ~SMA!. So for largee the information about theCP
phases is lost. If, however,e is small (e;0.1– 0.5) and
^mn&exp5k6Dk, mb5k86Dk8 are found with a good pre
cision, some insight into theCP symmetry is possible. Com
paring both bandŝ mn&P(k2Dk,k1Dk) and mbP(k8
2Dk8,k81Dk8) with the (̂ mn&min ,^mn&max) region allowed
by the oscillation data is a check of internal consistency
the theory. With precise data the crossing of the three reg
can be used to specify the values of theCP breaking Majo-
rana phases@Eqs.~21!, ~22!#. If the two bandŝ mn& andmb
cross the oscillation region near^mn&max then two phases ar
equalf15f2'np. This means that all three Majorana ne
trinos have the sameCP parity hCP51 i and the symmetry
is conserved. If the two bands cross the oscillation reg
near ^mn&min , once more theCP symmetry is satisfied and
hCP(n1)52hCP(n2)52hCP(n3)5 i . Finally, if all three
regions cross somewhere in between, the phasesf1 andf2
are nontrivial and theCP symmetry is broken. We can als
imagine the situation that all three regions do not cross in
same place. This would be a signal that the theory with th
light Majorana neutrinos is not consistent.

3. Majorana masses and LMA, LOW-QVO
solutions: A3

inv scheme

The same analysis as before can be done for theA3
inv

scheme. For degenerate masses@(mn)min>0.2 eV#, two
functions^mn&min and^mn&max are exactly the same as in th
A3 scheme@Eqs. ~35!, ~37!#. So conclusions concerning th
determination of the Majorana neutrino masses are the sa
The behavior of the functionŝmn&min(max) is different for
small values of (mn)min . As can be seen from Figs. 3,
^mn&min never vanishes ifeÞ0. The minimal value of
^mn&min is proportional toe, namely,
05300
pe

e

n-

f
ns
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e
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^mn&min@~mn!min'0#'e cos2 u13Admatm
2 'e30.04.

~58!

The minimal value of̂ mn&max does not depend one and

^mn&max@~mn!min'0#'cos2 u13Admatm
2 '0.08. ~59!

So, if in future the (bb)0n decay gives a bound̂mn&exp

,k, then the schemeA3
inv has to be rejected~for Majorana

neutrinos! or neutrinos are Dirac particles when

e cos2 u13Admatm
2 .k. ~60!

If, on the other hand, a finite value of^mn&exp5k6Dk is
found then three scenarios are possible:~1! k2Dk
.cos2 u13Admatm

2 . The lightest neutrino masses (mn)min can
be bounded from below;~2! e cos2 u13

2 Admatm
2 2Dk,k

,cos2 u13Admatm
2 1Dk, the mass (mn)min is weakly bounded

to the region (mn)min<0.05 eV; and finally ~3! k1Dk
,e cos2 u13Admatm

2 . The schemeA3
inv is excluded.

V. CONCLUSIONS

Atmospheric and solar neutrino experiments give stro
evidence that neutrinos have nonzero masses and that
mix. However, these experiments alone are not able to de
mine the absolute neutrino masses. All other terrestrial
periments are consistent with the assumption that neutr
are massless@12,35#. Only tritium b and (bb)0n decays are
sensitive to neutrino masses at theO~eV! level and the con-
firmation of their existence at this scale seems to be
around the corner. However, even there only the combina
of neutrino masses can be determined. We have consid
whether and how precisely the present and future experim
tal data can determine the single absolute neutrino mas
With the present experimental precision we have found

umi2mj u,0.08 eV, i , j 51,2,3,

mi,2.2 eV,

max~m1 ,m2 ,m3!.0.04 eV. ~61!

In the future tritium beta decay altogether with oscillatio
experiments are the best options to reconstruct the abso
values of neutrino masses, independently of whether they
Dirac or Majorana particles. The relative error which com
from the uncertainty of the oscillation parameters is ve
small and has no influence on the neutrino mass determ
tion. The results depend uniquely on the precision to wh
mb can be determined. That is why this procedure is eff
tive for neutrino masses above;0.2–0.3 eV. This will be a
challenge for future experiments.

If neutrinos are Majorana particles additional informati
can be inferred from the neutrinoless double beta decay
dependently if a nonzero (bb)0n decay rate is found or not
There is only one difference, in the second case we have
experimental confirmation that they really have the Majora
nature. The precision depends on the solution of the s
8-9
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neutrino problem. Solutions with smaller sin2 2usol are better
for the neutrino mass determination. For the SMA solut
(e.1) we found

0<min~mi !<0.2 eV,

0.04 eV<max~mi !<0.21 eV ~62!

which is a much stringer bound than Eq.~61!. If the SMA
solution is confirmed by the future data, the next genera
of the (bb)0n experiments has a good chance to find n
trino masses as small as (mn)min'0.015 eV. Unfortunately,
the SMA scenario is presently not a favored solution of
solar neutrino problem.

The neutrino mass determination in the case of the s
neutrino anomaly with smalle ~LMA, LOW-QVO! is more
complicated. First of all̂ mn&min50 for e<tan2 Q13 and the
upper limit on (mn)min cannot be obtained~the lower limit is
given!. If, however,e.tan2 u13 then the derivation of some
useful upper bounds is possible. We have found the ana
el

li,

ys

. A

s

05300
n

n
-

e

ar

ti-

cal bound on (mn)min @Eq. ~47!# given by the experimenta
limit on ^mn&exp and the parametere. We have also found the
uncertainty in the (mn)min determinationD(m)min as function
of ^mn&exp and the two oscillation parameterse, u13.

It can happen in future that the discovery of (mn)min from
the tritium b decay will be in conflict with the bound on
(m)min derived from the (bb)0n decay. This is the unique
situation where the Dirac character of neutrinos could
confirmed. For smaller values ofe and a good experimenta
precision to whicĥ mn& and mb can be determined, som
insight into CP symmetry violation orCP eigenvalues of
neutrinos is possible.
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