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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 neutrif@gac 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 estimafiews, byv 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 someQiBhthases in
the lepton sector.
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[. INTRODUCTION Solar, atmospheric and LSND experiments probe the neu-
trino oscillation hypothesis with three disconnected ranges of

The problem of the neutrino mass spectrum and its natur m? parameteréam?~10-1°—10-5 eV for solar neutrinos,

is the most important issue in the lepton part of the standar m?=10"3—10"2eV2 for atmospheric neutrinos, andm?
model. What new information can we obtain from the Iast~0 1-10eV for the LSND experiment The ’situation
experimental results, and what are the future perspectives? ~ "~ P

Three kinds of experiments play a fundamental role in anS€ems to be clear and in favor of the neutrino oscillation

swering this question. Two are traditional and have beerﬁ]ypothess for j[he atmosphe_rlc neutrino data anab;cgseg—
known for years: beta decay and neutrinoless double bet e_nt_ among different ex.perlmemtat\lso., the splar. neutrino
decay (88), of nuclei. Already Fermj1] in 1934 and Furry eficit is quite .weII explayned by neutrlpo (_)SClIIat|ons, but at
[2] in 1939 realized that both processes are important for thgresent fno uhique sol_ut|on for the oshC|IIa.t|on 'pargmeters elx—
neutrino mass and nature. The third type constitutes the nel'JS-tS' As far as LSND is concerned, t € S|tuat.|on Is currently
trino oscillation experiments. These are responsible fornOt clear at al[13], 'The LSND results, if C°”f'Tmed’ would
anomalies observed in solf8], atmospheri¢4], and Liquid |mp_ly a f_ourth, sterile n_eutrlno. Here we consider mass sce-
Scintillation Neutrino Detector(LSND) [5] experiments. narios with three neut_rmos only. 9 2
Though trials of alternative explanations of the observations A52 there are definitely two scales ofm®, omyy,
exist[6], they require much more sophisticated assumptions” ®Msor WO possible neutrino mass spectra must be consid-
(such as, for example, the breaking of the equivalence prine'ed (Fig. 1). 'ghe f'rSZL kn0\£vn as znormal mass  hierarchy
ciple, breaking of the special theory of relativity, the neutrino(As) where dmg,= 6mj;< dm3z,~ omz,, and the second, in-
decay with lifetime much below expectations or huge neuverse mass hierarchy spectrurf) with sma,= om3,<

trino magnetic momentsand give much poorer fits to the —dm5,=dm5,,, dm’=m?—m?. Both schemes are not dis-
data[7]. tinguishable by present experiments. There is hope that next

There are also some astrophysical and cosmological arguments which shed some light on the neutrino masses. One of them comes from
the analysis relating the cosmic microwave background temperature fluctuations to the present large scale structure formation. It depends
strongly on the accepted cosmological model of the Universe and for three light neutrinosrgisis8(0.6) eV for any value of the
cosmological densitf),, (1,=0.3) [8]. Another bound comes from the observation of ultrahigh cosmic rays. The so-Zdbiest model
[9] givesm, e (0.1-1) eV. Though the above numbers are very impregsive better than the present tritiygdecay bouny they depend
on additional assumptions connected to the interpretation of astrophysical data and we will not include them in the presefsen&lpsss
[10] and[12] for a discussion which includes the cosmological Hata
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) cillation experiments are able to exclude the Majorana nature
m yomZ of the neutrino. In our numerical analysis, special attention is
&m2 paid to the influence of present and future experimental er-
atm 8m? rors on the absolute neutrino mass determination. It is shown
m, ) that the expected improvements from incomindactories
m Jom_ b will provide additional severe constraints on the neutrino
inv masses.
A; scheme A; scheme The paper is organized as follows. In the next section, the
experimental status of neutrino oscillation searciggsitium

FIG. 1. Two possible mass spectra which can describe the osqnd (Bf)o, decays, is shortly reviewed. Expected improve-

cillation data. Schemés, normal mass hierarchy, has a small gap P?n(tjs | ofsthe ”pl)rt;am;lon Olf t.paTafmetelrs d(llzqt.e:]mlnatlon dqre
betweerm; andm, to explain the oscillation of solar neutrinos and ISted. In Sec. asic analylical formulas which are used in

a larger gap for the atmospheric neutrinG®nZ, = om2,<om, f[heI neutrlno_absolyte mfass sea}rcrll are Ipresented. Sgc;[lo? v

~ 6mZ,; M<m,<my). In the inverse mass hierarchy scheme includes a ohscussmlj of numerical results. Four po$S|be u-

ANV sm2 = smZ,> dmZ,~ dm2, The mass of the lightest neu- ture scenarios ment|0n_ed in the Abstrac'; and their conse-

trino (M,) mn=my in the Az schemes andng,),=ms in the ATV quences for the determination of the neutrino mass spectrum
V. 12

scheme. are analyzed. The paper ends with conclusions.
long base line experimente.g., MINOS, ICARUS and/or 1. MAIN NEUTRINO DATA AND THEIR PRESENT
neutrino factories will do that.Such schemes are the basic AND FUTURE EXPERIMENTAL PRECISION

ones. As the neutrino mass spectrum is determined by the

mass of the lightest neutrinan() ;,, other possible neutrino A global analysis of the solar, atmospheric and reactor

mass schemes known in the literature as “quasidegenerateeutrino data determines five parameters: three mixing

“partial mass hierarchy,” or “partial inverted mass hierar- angles[©,,013,0,3(0<0;;<7/2)] and two mass square

chy” [15,16 are considered automatically in the paperdifferences (- 6m3,=m3,>0,% sm3;= omZ,>0).

[(m,) min in the range from zero up to around 2.2 eV is taken For the solar neutrino problem several analyses have been

into account carried out so far allowing mixings among 2, 3, or 4 neutri-
The oscillation experiments are able to find differences ohos[19-21). The results differ slightly, nevertheless, in the

mass squaredm? (not the absolute masses separatelyd ~ 3v scenario four solutions for the solar neutrino deficit are

absolute values of some of the mixing matrix elemébtg|  still acceptable at the 95% C.L[21]. The first one, is the

(presently no information o€P phases is available small mixing angle solution(SMA) [Mikheyev-Smirnov-
Different combinations of masses abid;'s are measured Wolfenstein (MSW)] with sir? 20=0.001-0.01. The three

in tritum S and (8),, decays. Taking these data togetherremaining solutionglarge mixing anglgLMA) MSW low-

we can probe the absolute neutrino masses. Such an analy8igss, (LOW) MSW and quasivacuum oscillatiofQVO)]

has been partially done in different contexts in REf®,15—  include large mixing angles, namely, $20=0.55. In these

18]. cases a maximal mixing $i80@=1 is still acceptable. The
Here, our main motivation is to answer the following present situation and future expectations are summarized in

questions: when, how precisely, and under what circumTable I. The matter enhanced solution of the solar neutrino

stances the absolute neutrino masses can be determined. poblem is accepted fosm3,>0 only. The sign ofém3;

can be expected, the answer depends crucially on the massadnnot yet be determined, so two schemes are considered

the lightest neutrino rQ,) min. For (M,)n @bove approxi- (Fig. 1). Incoming long baseline experiments and especially

mately 0.3 eV(the exact value which is discussed later on,neutrino factories should be able to distinguish between

depends on the precision of the neutrino oscillation paramthese two schemes.

eters’ determinationwe can expect that the upgraded tritium  The mixing angles given in Table | enter the effective

B decay experiments together with the oscillation data willneutrino mass formulas, which can be written as

be able to determine the absolute neutrino masgeisde-

pendently of the neutrino character. () ,;,<0.3eV, the

(BB),, decay gives some chance to determing ), We Mg=

discuss the conditions required for this to happen. Two future

scenarios are considered. In the first case neutrinos are M?o'r the tritium 3 decay. and

jorana particles and the effective Majorana mass is deter- B Y

mined by the B)y, experiment. In the second case the

nature of neutrinos is not known and we will still have only (m,)= > uzZm,

a bound on{m,). In this case there are circumstances when i

the combined results fromB@),, , tritium B decay, and os-

3 12
2 |Uei|2m?} @

2

for the (BB),, decay.
In both schemedlj's are given by

2According to a recent analysis of the neutrino spectrum from the
SN1987A[14], the A} scheme is disfavored fgtJ ,3|2>0.001. Ue1=€050,,c050 3, Ugpr=sin®,,c050 3,
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TABLE I. The allowed ranges of neutrino parameters from global analysis altogether with expected future improvekentgom
Gonzales-Garciat al.in [20]). In three central columns minimum and maximum are given at 90% C.L. Future improvements on parameters
are mainly connected to LMA MSW solutions and accelerator phy@itslOS, ICARUS, OPERA projectsy factories.

min. best fit max. future improvements
tarf 0,5 0 0.005 0.055 |A® 4 ~10 2 [36]
~104[37]
oma X 10° eV?] 1.4 3.1 6.1 |A(8m3z)|~10% acc[36]
~1%71[38]
tarf @y, 0.39 1.4 3.0 |A(sir?20,3)|~5% acc.[36]
~1%[37]
LMA x10° ~1.6 3.3 ~20 |A(6m3,)|~10% acc[36]
om3, [eV?] LOWX 10° ~0.08 9.6 ~30
SMAX10° ~4 5.1 ~9
LMA 0.2 0.36 ~1 |A(sir? 20,,)|~0.1[36]
tarf 0, LOW-QVO 0.2 0.58 3
SMA ~1074 6.8x10 * ~2x10°3
|Ugs|=siN0 3. (3 Several new experiments are considered which will be able

to further increase the sensitivity of tHen,) measurement
The experimental data at the end of the Curie plot in thd29—-31 though the best limit is planned to be obtained by
tritum B decay provides the upper limit on the effective the GENIUS experiment. In its first stage of running,

electron neutrino massi; . GENIUS with 1 ton of’®Ge should be able to reach a sen-
The present best limit is given by the Mainz Collaborationsitivity of (m,)~0.02 eV, later with 10 tons ofGe, a sen-
[22] sitivity of the order of{m,)~0.006 eV will be availabl¢32].
mp<k'=2.2eV. (4) IIl. DIRAC AND MAJORANA NEUTRINO MASSES IN

. . . . THE A3 AND Ag“’ SCHEMES: ANALYTICAL FORMULAS
A second collaboration from Troitsk gives similar results

[23] Here we summarize the key expressions, used to deter-

mine the absolute neutrino masses. It is known that the elec-
mg<2.5eV. (5)  tron energy distribution in thg decay of nuclei and flavor

oscillations do not distinguish between Dirac and Majorana

The groups from Mainz, Troitsk, Karlsruhe, and Fulda haveneutrinos.

presented a projed4] for a new experimentKATRIN), (i) Oscillation experimentsSince in both neutrino mass

which should improve the existing limit by a factor of ten, so schemes

within 6—7 yearsm, should reachim;~0.3 eV.

The effective neutrino magsm,) in Eq. (2) is extracted (M,)2 = (M2) mint 6M2y+ 6MZ, (8

from the decay half lifetime of even-even nud@b]

the oscillation experiments alone gi{/@3]

(m,)?

172 -1_ 2 i Y

[TYBB)o,] "=[Mpnycl X (phase space integyal m2 (M) max= \ OMig+ SMii (C)
4een, (6) and

Ellipses represent the other, different from direct light Majo- |mi—m;[= Vomi,, + oma. (10)

rana neutrino exchange mechanisms which can contribute to

(BB)o, decay(e.g., mechanisms with heavy neutrinos or su- (i) Tritum B decay From the effective neutrino mass
persymmetric particle$26]). The identification of various formula Eq.(1) we can find a double inequality
mechanisms responsible for the neutrinoless double beta de-

cay, as well as the precise calculation of the nuclear matrix (M) min<Mg=(M,) max- (12)
elements is a very difficult task, e.g., the nuclear matrix ele-

ment|M,.|% has been calculated by several groups and th€urrently, we have only a bound ong Eq. (4), that gives a

results differ among them roughly by a factor of Z-27]. limit on the absolute neutrino mass
The present limit on the effective light neutrino mass is
[28] (M) mins &’ (12
(m,)y<k=0.2eV. (7)  without any limits on M,) nax-
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(iii) The tritium my decay together with neutrino oscilla- At present only the upper bound dm,) [Eq. (7)] is

tion data From Eq.(1) we can find the relations known. This result allows us to estimate the minimal mass of
- 5 the Iightest ngutrino rﬁv)mip. In the future, if the 88)q,
M= (M,)fnint Qscheme (13 experiment gives a positive result and a var,)= «

+ Ak is found, the problem of the neutrino mass determina-

and tion depends on the relation between the range given in Eq.
(M,)2,= mf;+Ascheme (14) I(§t3e)rand the value ok. Such a possibility will be discussed
where() and A are scheme dependent quantities and in both
schemesA; andA3" are given by IV. ABSOLUTE NEUTRINO MASSES: NUMERICAL
) ) 52 RESULTS
Q(A3)=(1-|Ug|?) Mgyt U sl Mgy, (15 . .
A. Dirac or Majorana case
A(Ag)=|Uer]?6mZy+ (1 [Ues|?) oMy From oscillation experiments we can only state that the
(16)  mass of the heaviest neutrino must be larger than 0.04 eV
, [Eq. (9), Table |
QAT = (1= [Uegl®) Myt [U | 5miy,
(17) (mv)max;004 eV! (24)
A(AIV)=(1—|U¢|?) 8mZ+ | U g2 6m2,, and the difference between any two neutrino masses is
(18) smaller than 0.08 eV
From Egs. (4),(8),(13),(14) better limits on (,)n, and |mj—m;|<0.08 eV. (25)

(m,) max follow:
These results depend on the precision &z, [Egs.

"2
(M) min=<V(x")?= Qtheme (19 (9),(10)]. This means that a future improvement in the deter-
e mination of m2,., (up to 1%, see Table) will result in a
VM SmZ=(M,) may= (k) 2+ Aloerme substantial improvement of these bounds.
(20) From the tritiumg decay[Egs.(4),(12)] we can find that
where Qggﬁeme and A™ _are the allowed minimal and the mass of the lightest neutrino must be smaller than 2.2 eV
maximal values given by Eq$15)—(18). (M) min<2.2 €V, (26)

We can see that the knowledge mif; together with the
oscillation parameters gives a simple way to determine thg hich together with the bound E25) gives limits on the
absolute neutrino masses. If the neutrino happens to be \#5sses of each neutrino separately
Dirac particle, then this will be the only way to determine its
mass. If neutrinos are Majorana particles the boundrop) m<22eV, i=1,23. (27)
applies and additional constraints follow.

(iv) Neutrinoless double beta decakor three neutrinos Equations(24),(25),(27) establish the present knowledge of

in the A3 andAi?[“’ schemes we have the neutrino masses independently of their nature. For Dirac
5 5 o . . neutrinos there is no better sources of information. In the
(My)a, = [|Uea| (M) int+ [Uea| € ¥2y(M, ) i+ My future, the 3H decay supplemented by the oscillation data

2 24 . 5 > will be able to reconstruct the Dirac or Majorana neutrino
+[Uesl?€? 3y(M,) fin+ OMZg+ MGl (2D mass spectrum up to small values af j,,,. This can be
done quite precisely. From E@LJ) it follows that the rela-
tive error of (M,) min IS given by

and

v — zJﬁ 2,2i¢
<mv>A3 ||Uel| mv)m|n+5matm+|U92| ere A(mv)min mﬁ 1
= 2 A(Qschema- (28)

= Amg+
X (M) 2+ S+ om2, (Mmin— (M)in~ 7 2(M) 5
+|Ugsl?€?%3(m,)2, . (22)  The part ofA(m,) min Which comes from the uncertainties of

_ neutrino oscillation parameters is very small:
The three parameters used abova, )i, and two Majorana

CP violating phasesp, and ¢, are unknown. We are not A(Qp,)=3.4X 10 4, (29

able to predict the value @, as a function of n,)) mi, but

a range A(Q ) =29.4% 1074, (30)
(<mv>mina<mv>max)v (23)

and in the range of the KATRIN experimef{m,)min
can be obtainel11,12. ~0.3eV[24] the error becomes negligible
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A(Qn,) ARV (M) ma=COS O13My, My~m,>m,
W*O.Z%, (31

v/min ~My, M~My~Mms.
A(Qpimv)

3 16% (32) The formula which gives the minimal value ¢fn,) is
z(mv)ﬁ]in o much more complicated and strongly depends on the solar
mixing anglef,,. If 6,~ m/4, cancellations among all three
The errors increase with decreasing,jm, €.9., for terms in(m,) are possible andm,).i, can be negligible
(M,)min=0.13eV the error is 1%A; schemg Future im-  small. If 8,,# /4, one of two termgUgy|?my, |Ueol?m,
provements in the determination of neutrino oscillation pa-dominates the cancellation is not complef®,),,>>0. To

rameters will decrease this error substantially, e.g., using theee it let us take a large value oMm()min [(M,)min

estimations from the last column of Table |, > amé,.], then in both schemes
A(Qa,) (M) min= (M,) in( COS’ 015 COS* 01, SINF O15 —Sir’ 61)
Z(Tr%].% for (m,,)min: 0.02 eV. (33)
vmn =(M,) min( € COS f15—SiN? 613), (37)

As we can see the main error comes fmmmﬁ which will
be under control fom;=0.3 eV. Since in this case the error

connected to uncertainties of the oscillation parameters is ; :
o . g = - =y1- .
below 1%, the tritiumg decay together with the oscillation €=|c0S 15— i 017 = V1= 20y, (38)

experiments would be the ideal place for the neutrino Masghis new parameter measures the deviation of@hgangle

spectrum reconstruction as long a8,{yin>0.3eV. If neu-  gon, jts maximal value ¢,,= 7/4) and is quite suitable for
trinos are Dirac particles and their masses are below thi§ ;. qiscussion

scale, then the absolute neutrino mass determination seems 5o 0.5 is small[Eq. (34)], for degenerate neutrino masses
tq be out of reach, unless some new methods of direct neL{—m»min depends crucially ore. If e—1 (which is realized
trino mass measurements are developed. for SMA MSW solution

where the parameteris introduced

B. Majorana case (M, imin= (M, ) i COS 2633, (39

Currently, the bound on the effective Majorana mass)
is one order of magnitude better than on [compare Egs.
(4) and(7)]. Moreover, there are really impressive plans t

and the spread of the regi@n(m, )= (m,)nax—{M,)mi, for a
Ogiven value of () min is small(see Figs. 2, B

get (m,)~0.006 eV in (88)y, experiments. Will they be A(m,)
able to get down with a sensitivity oin{,) mi, to the meV " =2 sirf 6,3<0.08. (40)
scale? The situation seems to be very promising, however, (M) min

(m,) depends on the Majorana phases which can lead to .
large cancellations. For this reason, the range of possible. For the LMA and LOW-QVO solutions of the solar neu-

(m,) values[Eq. (23)] can be very wide. This range dependst”no problem e<1. In this case strong cancellations in
also very crucially on th& ;; mixing matrix elements which (m,)min oCCuUr and IV3|U§S§ATV>mi?]~01 evedn Iorh Iarge_
are not known with a satisfactory precisifgsee Table I, Eq. (Amv)mi“.’ areb not (.EXICU ed. Also the spread of the region
(3)]. The reactor experiments which determide; are not (m,) is substantia
enough precise, name[34],

ghp L4] AM,) (M, e

|Ue3|2$ 0.04. (34) (mv)min (mv)min —L (41)
The maximum of(m,) is stable and depends mostly on The relations mentioned above are depicted in Figs. 4—6.
013 Now we will discuss the results gathered in Figs. 2—6 in
more details.
(M) max=(COF 1M, + Sir? 6;,M,)COS G5+ Mg Sir? 3,
(39 1. Majorana neutrinos and SMA MSW
so for various regions of masses there is Figures 2, 3 show the allowe@n,) range for the SMA
MSW solution. The solid lines represefim,)yax and
As: (M) max=Ms SI? 015, M<my<ms, (m,)min for the best fit parameters. The shaded and hashed
regions correspond to uncertainties of the oscillation param-
~m; COS 013+ My Sir? 6,3, eters(Table ) for (m,)min and(mM,) max, respectively.
m;~m,<mj,
3The formula[Eq. (37)] is valid only for e>tar? 6;5. For smaller
~m;, Mi~my~ms, (36)  values ofe, (m,)min=0[12].
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<m > [eV] | <m > [eV] -
13 1
A3(SMA) 3
DX 9%
0,1 5 S 0,14 <M>p, 5
- % S %
5 f 3
Genius | B3 Genius | KX
5 <mp, %
0,01 5 53 0,01 3 v 5
3 <mv\>"‘ax Genius Il E:S: 3 Genius Il X
5 INV 5
1x10% - 5 1x10% A, (SMA) X
: <mv>min Egig ] EES
1x10°04 53 1x10704 4
h 04 '03' LLRALL | T rorrrg L l‘l.llll T LALL | 64! ALY | 63! ARARALL | LR R LAY | T T s L |
1x10" 1x10" 0,01 0,1 1 1x10" 1x10" 0,01 0,1 1
(mv)min[eV] (mv)min[evl
FIG. 2. The value ofm,) maxand(m,)mi, as function of (,) nin FIG. 3. The value ofm,)naxand(m,)m, as function of M,) min

for SMA MSW scenario and\; neutrino mass scheme. The shadedfor SMA MSW scenario andAf¥ neutrino mass scheme. The
and hashed regions correspond to the allowed ranges of neutrirehaded and hashed regions correspond to the allowed ranges of
oscillation parametergTable ) for (m, )y, and(m,)may, respec-  neutrino oscillation parametet3able |) for (m,)mi, and{mM,)mnax.

tively. The solid lines correspond to the best fit values of neutrinorespectively. The solid lines correspond to the best fit values of
oscillation parameters. The experimental boundimp) planed by  neutrino oscillation parameters.

GENIUS | and GENIUS II are depicte@ashed, horizontal lings

The vertical band correspond to the possible rangen tin de-  <(0.006—0.2)eV is inferred. We can see from Fig. 2 that the
termined by the tritiums decay experiment. rangeA(m,) is up to (M,)min~0.015 eV reasonably narrow

) and the knowledge ofm, )., gives a chance to determine
In the Az schemdFig. 2) the present bound ofm,) [Eq. (M,)mn With a good precision. For instance, {im,)ey

(7)] implies the largest value off,) min ~0.006 eV then f,) min~(3-10)x 10 3 eV, the determina-
tion of smaller values ofr(1,,)mm<\/5ma2tm for the hierarchi-

(My)min=0.2 &V, 42 cal mass spectrum is impossible with the present oscillation
and from Eqs(8), (24) parameters uncertainties.
In the case oA}" schemgFig. 3), the shaded and hashed
0.04<(m,) na=0.21 eV. (43 regions which describe the uncertainty in the determination

of (m,)min and (m,}na are almost identical and narrow.

Future bounds oM, )ey, inferred from (BB)o, experi-  From the present limit ogm,) [Eq. (7)] it follows that
ments, have chance to give a stringent limit on neutrino

masses. For examplél) if (m,)<0.02eV (GENIUS 11, (m,)<0.2 eV=(m,)in<0.22 eV. (46)
then
Future bounds ofim,) up to(m,)..~0.04 eV, still give the
(M) min<0.024 e\=0.04 eV=(m,)m=0.063 eV, upper limit on M,),. If the bound on(m,) is smaller
(44 (GENIUS ) the scheme\}" is excluded for Majorana neu-
. trinos.
(2) if (m,)<0.006 eV(GENIUS 10}, then The A; scheme can not be excluded in this way, even for
(M,)min<0.01 eV=0.04 e\V=(m,),.,=<0.059 eV. very small{m,),,. However, we can also consider a hypo-

(45) thetical situation. Let us imagine that tﬁfble decay mea-
surement gives the mass af() ., in the region(0.4—0.7
It is also possible to find Majorana neutrino masses if theeV (see Fig. 2. At the same time the GENIUS | experiment
(BB)o, decay is observed and a valugm,)e,  will moves the limit to(m,)<0.02eV. So, from the second
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. <m >[eV
<mv>[eV] ] T T Ty T T T T T T T
4 A A(LMA)
] 3 14
' ] I:I €=(0.43, 0.52), 5m”°,, =(3.08-3.12)x10°,
j 3m’,=3.3x10°, sin’e,,=0.02
= £=0.48,5m°, =3.1x10°,
am’,=3.3x10", 5in6,,=0.0;
0,1
] 0,14 -
i R | Genius |
7 | e ]
0,01 5 =
: -l 0,01 - J
e | e Genius Il ]
<m >(1/e-1)
-03 v
1x10 1x10°03 4 -
<m>__.,&e=0.13
<m>_ ., €=0.13
- = <mp> _,e=048
—<m> ,e=0.48
1x107%4 g 1x10°%4 |
04 03 ALY | A ] ' b TTTIT T T T T T
1x10 1x10 0,01 0,1 1 (m), . [eV] 1x10%  1x10% 0,01 0,1 1 (m), . [eV]
FIG. 4. The value ofm, ) maxand(m,) i, @s function of M,) min FIG. 5. The value ofm,)nayand(m,)min as function of (,) yin

for LMA (LOW-QVO) MSW scenario andA; neutrino mass  or | MA MSW scenario andA; neutrino mass scheme=0.48.
schzeme. ZShadZed areas Sh°"‘<“v>min for €=0.13 and  Thjs time, opposite to the case of Figs. 4, 6 the anticipated error of
M [U sl %, SMs, parameters in a full range of their present pos- 100y in  future sif20, determination is included, e

sible values without error ot (dark shadedand with this error ~(0.43-0.52). Expected improvement dm?,|U |2 dm2, pa-
(“ggt shadgai (szee Table ). Hashed region showdm,)max With  rameters determination is also taken into account. See the last col-
M [U sl %, 6m5, parameters also in a full range of their present ;mn in Table | and the text for details.

possible values. Horizontal band correspondéng) as planed by

GENIUS | (with some anticipated errprThe thick solid(dashed . g ) _
line correspond tdm, Yy, ((M, )ma) and e=0.48. This fime neu- nected to the present neutrino oscillation parameters’ deter

trino oscillation parameters are taken with their best valllesle mination (ma;, 6Ms, S'nz_@13 n '!'able D on (m,)min for
D). €=0.13. At 95% C.L.e=0 is possible andm, )i, reaches
zero also for higher values ofr(,) i, (light shaded region

information it follows, that (,) mi, IS smaller than 0.024 eV T_he _hashed region c,jescrlbes_ the influence of the present os-
cillation parameters’ uncertainties gm,) ., (ONce more

[Eq. (44)], which is in evident conflict with thgH decay .
) . 772 with constante).

measurements. There is only one obvious conclusion in this . L ,

. . : Let us now consider two situations, first when a future
case. Neutrinos cannot be Majorana particles, they must have : .
a Dirac nature. new bound on(mv>exp<xe(0.2—0.006)_ev is o_btalned and

We can see that the SMA MSW solution gives a crucialse(’:\?gdsiwzzln;?me Valmi??ue?ar_ekfrﬁg :ﬁfg?;;r;:iec:z fgﬁ?ﬂé

information about the Majorana neutrino mass spectrum inf\/l or ng N trir(1ﬁﬂrr)10V n be inferred onlvnif ).
dependently of future £8)q, experiments giving a bound, ;&gjo ﬁ.c"; . eg 'Oaler?tststiifaa:'?a € In?h'g c:seythgggn
or finding a finite value foKm,),,. Unfortunately, among which 1S equiv 13- ! .

the four possible solutions of the solar neutrino problem, th ition (m,)min<« gives nontrivial bounds onnf,) min [Eq.

SMA gives presently the worst goodness off #0]. 37]
2. Majorana neutrinos and LMA, LOW-QVO solutions: K
L < } 4
Az scheme (M) min coS 6,5 e—tarf 6;5) (47)

In Figs. 4, 6 regions oA{m,) as function of (n,),, for
variouse values are showre=0.13 corresponds to value of For small values ofe such a bound can be less restrictive
sin? 204,=0.98 (tarf O4,=0.77) while e=0.48 (sif20,, than the one obtained from thel decay. We would like to
=0.77) is present best fit valuesee Table ) The dark concentrate on the possibility that the future solar neutrino
shaded area shows the influence of the uncertainties coexperiments give the value>tarf 6,5. Then
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<m >[eV] 1 <m,,)max> k— Ak, (52

A nv from which interesting informations on the Majorana neu-
trino masses can be obtained, even for small valueg of
—0. This situation was already considered in Réf5],
[16], so we will not analyze it in detail. We only add some
numbers which follow from Fig. 4. The measured values of
(M, )exp=0.01€V are able to bounar,) ., from below, e.g.,

l (M, )exy~0.03 eV gives M,)nin=0.025eV. Depending on
| the measured values @, )., various mass schemes can be
excluded or allowed. For instance,(ifn,)c.;<0.01eV then
_____________________ d_— (M,)min can be very small and the hierarchical mass spec-
trum is allowed. For(m,)=0.03eV only the degenerate
spectrum will be acceptable.
------------- A new situation occurs if(m,)e;=0.01eV and e
1 >tarf 6;,. Then from(m, )i, an upper I|m|t on M,) s Can
also be found. It means that a finite range of possible values
of (m,)min can be derived

1

Ll
w -

0,1

n

0,01

1x1098 -
-<mv>mi", £=0.13 (M) mine [ (M) o, (m,)mex], (52

[MMM<m,>,,,, e=0.13 . mn

- = <m> , e=0.48 where

v max’

— cm >, £=0.48

v™ min’

min
1x10704 (M,)min= &~ Ak,

ok | il | il i ! LEE LA | LEE AR L | .
1X10%  1x10% 0,01 0.1 1 (M) min=(k+Ak) (53

1+ €)cos f1a—1°
(m)._.[eV] ( €) 13

FIG. 6. The value ofm,)maxand(m, )y, as function of (,) min The uncertainty of thert,)min determination

for LMA (LOW-QVO) MSW scenario andAj" neutrino mass
scheme. Shaded area showém,)., for €=0.13 and
M2 | U sl 2, 6m2,, parameters in a full range of their present pos-
sible valueqsee Table)l Hashed area shows the same(for, ) .-
Horizontal band corresponds ¢m,) as planed by GENIUS (with
some anticipated errprThe thick solid(dashedl line correspond to A(M,) min _ 2—(1+€)cos 013 ﬂ (1+e)cos’ b1
(M) min ({(M,)mad and e=0.48. This time neutrino oscillation pa- K (1+€)cos 13—1 « (1+e€)cos O3—1
rameters are taken with their best val&able |).

A(M,) pin=(M,) &~ (m, )0 (54)

decreases with increasirg

61520 11 Ak (1
+ (55)

— —|Z+1).
K €

(M) min< — - (48)

m

) ] From Fig. 4 and fore=0.13 we can rea¢heglectingA«x)
If, €=0.13(0.48) (Fig. 4) then present experimental

bound on{m,) gives the upper limit onrQ,) min, (M,)exp=0.2€V=(mM,) ine (0.2-2.2 eV,  (56)
(M,)min=<2.20.4) €V, (49) (MY exp=0.02 €V (M, ) i (0.012—0.3 V.

which is better than the tritiunB decay[Eq. (26)] for a (57)

larger value of e. If (m,),;<0.006€V, then if,)mi .

<0.022eV €=0.48), and fn,);»<0.085eV (=0.13). Moreover, if (m,)¢,;<0.01eV we can say only that

(M,) min<0.02—0.05eV.

So, for LMA and LOW-QVO solutions, the knowledge of
(M, )exp is able to restrict the Majorana neutrino mass spec-
trum, as long ase=tarf®,5. The range of f,)min [EQ.
(54)] depends or andA« and is smaller for larger values of
€.

So, if (B8)g, is not found, we do not know if neutrinos
are Majorana particles. If they indeed are then limits on neu-
trino masses can be found which are improving for mcreas
ing e.

Positive signal for(88)q, in future From the(BB)o,

measurement we know that ' . . .
In Fig. 5 the region (M,) min{M,)may iS shown for the

(M) exp= KAk (500 case €=0.48 (sirf204,=0.77) where anticipated, much
smaller errors onsmZ,, |Ues|%, and sm2, compared to the
Obviously, in this case consistency requires present ones are taken into acco(sge Table | for detai)s

053008-8



IN QUEST OF NEUTRINO MASSES ATO(eV) SCALE PHYSICAL REVIEW D 65 053008

The expected 10% error of $iB0, is included. The uncer- (MY il (M) min= 0]~ € COF 13\ SM3y~ € X 0.04.
tainty of (m,)nax is Now almost invisible. Fotm,) i, two (58)
separated regions of nonzefm,) are present. The light

shaded region as in Fig. 4 does not appear at all. The shagde minimal value ofm,)nax does not depend oaand
of the {m,)ni» depends on the value efand this presented
in Fig. 5 is typical of non-negligible values &f We can see

that for the experimental bour{dh,,) ;< the upper limit of B :
: v \ , th d b )
(m,)min can be easily found. The same is true of the caseSo It in future the Gi’f\,)o” ecay gives a boundm,Jex,

: <k, then the schem@3" has to be rejectedfor Majorana

{m,)exp= k= A where the range of possiblen() i can be o 1uinog or neutrinos are Dirac particles when
found again. There is only one important modification. If the
future bound or the experimental value @h,),, will be 2
smaller than 0.001 eV then the masn,,ﬁ,:m 0>f I@Iajorana € COS’ 013\ OMy> K. (60)
neutrinos will be limited from below and, this time, also |f, on the other hand, a finite value @M, ) exp= k= AK is
from above. For instance, i{m,)e,<2X10 %€V, then found then three scenarios are possibld) x—Ax
(M,)mine (1.0X10™%eV,5.0x10 2 eV). >cog 6,3/6mZ,, The lightest neutrino masses()m, can

For larger values ot (¢~0.5) it can also happened that pe pounded from below(2) ecog (qy/om—Ak<k

Fhe acc_eptegl range ofr(v)min found from tritium g deca_y IS o2 013\/m+AK, the massif,) ., is weakly bounded
in conflict with a bound given by £8),, decay. The situa- {5 the region (n,),,<0.05eV; and finally (3) x+Ax

tion is practically the same as in the SMA case and the con- inv ;
. . : € cof 0,31/6mZ,. The schemal" is excluded.
clusions concerning the neutrino nature are the sésee 13 atm 3

previous discussion From such a unique scenario follows
that neutrinos are Dirac particles.

Now we would like to comment on th€P phases. The  Atmospheric and solar neutrino experiments give strong
effect of two unknownCP Majorana phases disappearsif eyidence that neutrinos have nonzero masses and that they
—1 (SMA). So for largee the information about th€P  mix. However, these experiments alone are not able to deter-
phases is lost. If, howevel is small (€~0.1-0.5) and mine the absolute neutrino masses. All other terrestrial ex-
(M,)exp=KkEAK, Mg=k'*Ax’ are found with a good pre- periments are consistent with the assumption that neutrinos
cision, some insight into th€P symmetry is possible. Com-  gre massleskl2,35. Only tritium B and (8),, decays are
paring both bandgm,) e (x—Ax,k+Ax) and mze (k' sensitive to neutrino masses at é&V) level and the con-
—Ax’ k' +Ak") with the (M) min {M,)ma) region allowed  firmation of their existence at this scale seems to be just
by the oscillation data is a check of internal consistency ofround the corner. However, even there only the combination
the theory. With precise data the crossing of the three regionsf neutrino masses can be determined. We have considered
can be used to specify the values of Be breaking Majo-  whether and how precisely the present and future experimen-
rana phasefEgs. (21), (22)]. If the two bandgm,) andmg  tal data can determine the single absolute neutrino masses.

cross the oscillation region ne@n, ). then two phases are With the present experimental precision we have found
equalg,= ¢,~nm. This means that all three Majorana neu-

<mv>ma>{(mv)min~0]”“vcosz 013\ 6mMg,,=~0.08. (59

V. CONCLUSIONS

trinos have the saméP parity cp= +i and the symmetry |m;—m;|<0.08 eV, i,j=1,2,3,

is conserved. If the two bands cross the oscillation region

near(m,)min, once more theCP symmetry is satisfied and m,<2.2 eV,

nep(v1) = — 1cp(ve) = — nep(v3)=i. Finally, if all three

regions cross somewhere in between, the phéaseasnd ¢, max'm;,m,,m;)>0.04 eV. (61)

are nontrivial and th&€P symmetry is broken. We can also
imagine the situation that all three regions do not cross in the In the future tritium beta decay altogether with oscillation
same place. This would be a signal that the theory with threexperiments are the best options to reconstruct the absolute
light Majorana neutrinos is not consistent. values of neutrino masses, independently of whether they are
Dirac or Majorana particles. The relative error which comes
from the uncertainty of the oscillation parameters is very
small and has no influence on the neutrino mass determina-
A tion. The results depend uniquely on the precision to which
The same analysis as before can be done forAle  m; can be determined. That is why this procedure is effec-
scheme. For degenerate masdém,).,,=0.2eV|, two tive for neutrino masses above0.2—-0.3 eV. This will be a
functions(m, )i, and(m, ) nax are exactly the same as in the challenge for future experiments.
Az schemdEgs.(35), (37)]. So conclusions concerning the  If neutrinos are Majorana particles additional information
determination of the Majorana neutrino masses are the samean be inferred from the neutrinoless double beta decay, in-
The behavior of the functioném,)minmax) iS different for  dependently if a nonzerg3(3),, decay rate is found or not.
small values of n,)i,. As can be seen from Figs. 3, 6 There is only one difference, in the second case we have no
(M,)min Never vanishes ife#0. The minimal value of experimental confirmation that they really have the Majorana
{(m,)nin is proportional toe, namely, nature. The precision depends on the solution of the solar

3. Majorana masses and LMA, LOW-QVO
solutions: Af" scheme
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neutrino problem. Solutions with smaller $R¥,, are better cal bound on f,) min [EQ. (47)] given by the experimental
for the neutrino mass determination. For the SMA solutionlimit on (m, )., and the parameter We have also found the
(e=1) we found uncertainty in the if1,) mi, determinatiom (m) i, as function
of (M, )exp and the two oscillation paramete¢s ;3.

It can happen in future that the discovery @i i, from
the tritium B decay will be in conflict with the bound on
(m) min derived from the 88)q, decay. This is the unique
situation where the Dirac character of neutrinos could be
rgonfirmed. For smaller values efand a good experimental
precision to which(m,) andmj can be determined, some
insight into CP symmetry violation orCP eigenvalues of
eneutrinos is possible.

0=min(m;)<0.2 eV,
0.04 e\=maxm;)<0.21 eV (62

which is a much stringer bound than E@§J1). If the SMA
solution is confirmed by the future data, the next generatio
of the (88)q, experiments has a good chance to find neu
trino masses as small amy),i=0.015eV. Unfortunately,
the SMA scenario is presently not a favored solution of th
solar neutrino problem.

The neutrino mass determination in the case of the solar
neutrino anomaly with smak (LMA, LOW-QVO) is more
complicated. First of al{m,),i,=0 for e<tarf ®,5 and the  Scientific Research under Grant No. 2P03B054WBZ.),
upper limit on M,) »in cannot be obtaine@the lower limitis  5P03B08921J.S), and 2P03B0491@).G). M.C. would like
given). If, however, e>tarf 6,5 then the derivation of some to thank the Alexander von Humboldt Foundation and Polish
useful upper bounds is possible. We have found the analytiScience FoundatiofFNP) for financial support.
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