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The neutrinoless double beta decay as well as any other laboratory ex-
periment has not been able to answer the question of the neutrino’s nature.
Hints on the answer are available when neutrino oscillations and (83)o, are
considered simultaneously. In this case phenomenologically interesting neu-
trino mass schemes can lead to non-vanishing and large values of (m,). As
a consequence, some schemes with Majorana neutrinos can be ruled out
even now. If we assume that in addition neutrinos contribute to Hot Dark
Matter then the window for Majorana neutrinos is even more restricted,
e.g. GENIUS experiment will be sensitive to scenarios with three Majorana
neutrinos.

PACS numbers: 14.60.Pq, 26.65.+t, 95.85.Ry

1. Introduction

There are two main problems in neutrino physics. First is the problem
of neutrino mass. In the light of present observations [1] this question seems
to be solved, neutrinos are massive particles. The second problem is the one
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of the neutrino’s nature. Massive neutrinos can be either Dirac or Majorana
particles. As their visible interactions are left-handed and known sources
generate ultrarelativistic states, it is very difficult to distinguish experimen-
tally between the two.

Dirac spin 1/2 fermions were introduced to describe interactions which
are invariant under spatial reflections. Majorana fermions were invented
later without special purpose. In those times, parity was conserved and it
was generally believed that Majorana particle interactions must be asym-
metric under spatial reflection. Today we know that particle characters are
not responsible for parity symmetry breaking [2]. Only one property —
the charge — discriminates Dirac from Majorana massive fermions. Dirac
particles carry charge. Massive Majorana particles must be chargeless and
cannot carry static electric or magnetic moments.

Neutrinos are “special” fermions, they have no electric charge and only
one “charge” — the lepton number can characterize them. From all present
terrestrial experiments it follows that family lepton numbers L., L, and L,
are separately conserved and as a result, their sum, the total lepton number
L= L, +L, + L; has the same property.

For massive Dirac neutrinos, flavor lepton numbers can be broken and
only L must be conserved. For Majorana neutrinos both, family and total
lepton numbers are broken. It is even impossible to define these numbers in
the way known from Dirac particles.

We have to stress that Majorana neutrinos are more fundamental ob-
jects and naturally arise in most extensions of the Standard Model. Only
in models where the lepton number (L and B — L) is conserved, neutrinos
are Dirac particles. However, there are many arguments to abandon lep-
ton number conservation. It is not a fundamental quantity, unlike electric
charge and does not govern the dynamics. Also, lepton number violation is
naturally induced by the presence of right-handed neutrinos (vr) which are
usually necessary to form the Dirac mass term (Zprg). In spite of these ob-
vious theoretical arguments, supporting the Majorana nature of neutrinos,
finding direct experimental indications which would determine the neutrino
character is very important.

It is common belief that the first place where the nature of massive
neutrinos will be revealed is the neutrinoless double 5 decay of nuclei, (83),,,.-
Many experimental searches for (54),, decay of different nuclei have been
done and are presently underway [3]. Unfortunately, up to now this decay
has not been found and the experimental data can only help to estimate the
lower bound on the life times of (5f),, decay modes. The most stringent
limit was found in the germanium Heidelberg—-Moscow experiments. Their
latest result on the half-life time is [4]

172 (Ge) > 5.7 x 10?5 year (at 90% CL) (1)
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from which the following upper bound on the effective Majorana mass was
found
S vz,
i

The above number has been used to restrict many aspects of the neutrino
mass spectrum or the solar neutrino mechanism [5]. We propose an opposite
way of thinking. Using the present data from oscillation experiments, and
tritium g decay we can find the modules |Uy;| of mixing matrix elements and
the possible values of neutrino masses m;. Then we check whether the bound
Eq. (2) is satisfied or not. If it is, the problem is unsolved. If, however the
bound Eq. (2) is not satisfied, then neutrinos are Dirac particles. In the
latter case the effective mass is calculated as [6]

<0.2 eV. (2)

| (mw) | =

Z Ulm; = 2": % [(—iUez‘)2 + (Uei)? | mi =0 (3)
i=1 i=1

and is strictly equal zero.

Ambitious plans [7] are to shift up the limit Eq. (1) and to move the
upper limit of (m,) down to 0.02 eV (using a tank of 1 ton of Germanium,
after one year) or in a further time scale even to 0.006 eV (1t, 10 years).

In a previous work [8] we have considered three neutrino mixing schemes.
Here we present analytical results for both three and four neutrino mixing
scenarios. Information about the same subject with numerical estimations
is given in [9]. In the next Chapter we summarize the efforts undertaken in
order to find lepton number violating processes. Explanation is given of why
the family and total lepton numbers are so strongly conserved. In Chapter
3 we collect all the relevant information about mixing matrix elements and
masses extracted from experimental data. Four presently accepted neutrino
mass schemes which cover the case of three and four neutrino mixing are
discussed. All necessary information from oscillation experiments, tritium
B decay and cosmology is given. Chapter 4 is the main of the paper. All
data are connected together with the bound on effective neutrino mass from
(BB)ov, and restrictions on various neutrino mass schemes are presented.
Conclusions are to be found in Chapter 5.

2. Lepton numbers and neutrino character
of light SM neutrino states

In order to explain the lack of lepton flavor violating processes, the con-
cept of the flavor lepton number L, [10] followed by the idea of the total
lepton number L [11] have been introduced. The upper bounds on branching
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ratios of L, violating processes are very small, for instance:

BR(p~™ = ey) <49x107"", BR(u™ — efeme™) < 1.0 x 1072,

BR(7" = p et) < 1.72 x 1078, BR(KY — pe™) < 3.3 x 1071,
BR(T™ — p ) < 4.2 x 1075, (4)

In the frame of the SM with massless neutrinos the above processes are
strictly forbidden. If neutrinos are massive, then in analogy to the quark
sector neutrinos should mix and lepton numbers are not conserved. How-
ever, these effects must be very small, below sensitivity of processes given in
Eq. (4). That means that the concept of leptons numbers L, L, is still use-
ful, at least in all neutrino nonoscillation phenomena. For Dirac neutrinos
represented by a bispinor ¥y, it is possible to change the phase of the field

LDD — eiaWD. (5)

The charge connected with such a global gauge transformation is just the fla-
vor charge operator. This operator can, but not necessarily must, commute
with the interaction Hamiltonian, [Ls, H] = 0 for a massless, [Lq, H] # 0
for a massive neutrino. Majorana neutrinos on the other hand are described
by self-conjugate fields

Uy = U = CU, (6)

and it is not possible to define the same kind of gauge transformation as in
Eq. (5). There is then no special reason why L, and L should be conserved
for Majorana neutrinos. All processes in Eq. (4) break L, but not L, so
they can be realized by both kind of neutrinos at the one loop level. At this
level only very heavy, nonstandard, neutrinos matter [12]. We do not go to
details and focus only on direct effects connected with light, SM neutrinos.
Let us mention only that in see-saw models heavy neutrino effects are also
negligible, both at tree [13] and loop levels [14]. To make life easier and
to understand how processes with Majorana (Dirac) neutrinos mimic family
L, and total lepton L numbers conservation let us consider a tree level
process of electron (positron) production using electron and muon neutrinos
scattering on nuclear target

I/e('u)N — eiX. (7)

Let us define the connection between flavor v, and massive v; states in
the following way

[va (A= =3)) =3 Uai i (A = =3)) (8)
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for negative helicity states and

Vo (A =+3)) Z ilvi (A =+3)) (9)

for A = +%. In the same way Weyl particle and antiparticle states are
connected. Note that Eqgs. (8)—(9) for massive particles seems to be in con-
tradiction with the special theory of relativity. The real problem is that
states on the right hand side of Egs. (8)—(9) can not be defined, in gen-
eral [15]. However, the left-handed interaction cannot change the neutrino
helicity and it is practically impossible to find a real frame moving faster
than the neutrino itself (neutrinos are ultrarelativistic) and the relations
Egs. (8)—(9) can be safely used [15]. This is what is usually considered to
be true when neutrino oscillation phenomena are discussed. To be more
general, let us assume that there is also a right-handed neutrino interaction!

Lee = \/—[AL( V" PLU )iala) Wi,
+AR( At PR(UY), l)]Wgu—i-h.c. (10)

Then in the ultrarelativistic regime (m; < E) using the unitarity of the U
matrix, the following amplitudes to the O ((%)2) order are obtained:

Avel+y) »e) = Ale) Aiz_%wznma , (12)
Avu(=3) —e) = A(e) —A}:ZsEZQU U +ARZ

' (13)
A(vu(+3) = e7) = Ae) A;;ZEU;;ZU* - ZSEZ?U;Z ei| > (14)

! For Dirac neutrinos there are actually two independent neutrino mixing matrices in
left- and right-handed charged currents [16]. Even for Majorana neutrinos these could
be in principle different (as is e.g. the case of see-saw type models where the light
neutrino mixing matrix in the right-handed current is dumped by the heavy neutrino
mass scale). These simplifications do not spoil the general idea given here.
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and
A(ve(=1) = et) = A(e) —ALZ%(Uei)2+AR , (15)
A(ve(+1) > et) = A(e) —AL+ARZ%(U;)2 (16)

?

8E‘2

Au(=5) = ) = A |=AL Y 20U + A Y <75 U U,
% 7

(17)

Avu(+3) = et) = A(eh) ALZ8E2U;ZU +ARZ —LuxuUs|, (18)

2F M

where A(e™) and A(e™) are appropriate amplitudes for massless neutrinos.
In the approximation < 1 and |AL| > |Agr| only two cross sections
for electron production by a v.(A = —1/2) beam Eq. (11) and positron
production by a v.(A = +1/2) beam Eq. (16) are large enough to be seen

) a
m;
E

o (I/e(——) —e ) ~ |A(e)|?, (19)
o (ve(+3) = et) ~ |A(e) % (20)

All other helicity cross sections are suppressed by factors

m;\ 2 m;
(%) "+ 3alrl or |4r]? (21)

and for instance, for m; ~ 1 eV and £ ~ 1 MeV we have (%)2 ~ 10712,
Such factors cause that the cross sections for flavor lepton number L, vio-
lating processes Egs. (13)-(14), Egs. (17)-(18) are invisibly small. The total
lepton L non-conserving processes Eqs. (12), (15), share the same prop-
erty. Neglecting the factors from Eq. (21), our amplitudes are identical to
those of massless Weyl neutrinos whose family and total lepton numbers are
strictly conserved. Turning our results around we can see that processes
where neutrino masses (and right-handed currents) are not important give
no chance to distinguish Dirac from Majorana neutrinos. Could CP phases
help? In the case of Dirac [Majorana| neutrinos the mixing matrix U has
(n —1)(n —2)/2[n(n — 1)/2] phases. Let us look into processes where the
neutrino mass is important. Though the transition probability of neutrino
oscillations depends on CP phases, the physical phases by which the neu-
trino mixing matrices differ do not enter into transition probabilities and
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the results are the same for Dirac and Majorana neutrinos [16,17]. The neu-
trino mass distortion measured in tritium £ decay is a function of absolute
values of mixing matrix elements (see next chapter) so it is not sensible to
CP phases, either.

There are also processes which do not conserve the total lepton number in
which only Majorana neutrinos could participate. Since many years the most
promising investigation along this line is connected with the neutrinoless
double beta decay.

Surprisingly, we will see that even if this process is not observed, it can
solve the problem of the nature of neutrinos, when augmented with Cos-
mology (assuming neutrinos as Hot Dark Matter) and neutrino oscillations
results.

3. Neutrino masses and mixing matrix U,; elements

There are two completely different situations which depend on the present
status of the LSND experiment. Three light neutrinos are necessary to ex-
plain solar [18] and atmospheric [19] anomalies. With the LSND result [20]
an extra light neutrino must be introduced.

3.1. Three neutrinos scenario

For neutrino mixing 3 flavor states (v, v, ;) are related to 3 eigenmass
states (v1,v9,13) through [21]

Ve Ui Ue2 Ues vy
vy = Uﬂl U“Q U'ug 9 . (22)
Vr Un Uz Uss V3

Our concern is about the first row of the mixing matrix. We use the standard
parameterization [22]
1213 _ $12€13  sge?
U= | —siaco3 — crasa3s13¢ °  ciaco3 — s12523513¢ " sa3¢13
$12823 — C12023513€77°  —cC12893 — 812235137 cozcrs
(23)
To explain the solar neutrino anomaly the mass splitting between two neutri-
nos must be extremely tiny, dm2,, ~ 107°+ 10! eV2. Only slightly larger
mass splitting between neutrino masses is needed in the case of atmospheric
oscillations, dm2,, =~ 1072 = 1072 eV?2. These relations leave us with two
possible neutrino mass scenarios: dm¥, = dm2,, , dm3; ~ dm?; = dmZ,,
(Scheme Ag, Fig.1) and ém3; = dm2,,, 6m?, ~ dm3; = 6m2,,, (Scheme Bs,
Fig. 1) Reactor experiments are of the so-called short baseline and are able
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Fig. 1. Two possible neutrino mass spectra which can describe the oscillation data.

to measure the neutrino mass splitting of the order dm? < 10~3. Then we
can neglect terms with ém2,, < 1073 and the disappearance probability for
v, reactor neutrino oscillations is (the following discussion is given for the
Ajg scheme)

Pﬂe—me = Pue—we =1 —sin? 2013 sin? Areactors (24)

where

1.27 x dmZ;[eV?] L{km]
Areactor = A23(Lreactor; Freactor)s Aij(L’ E) = E[GeV]

In reactor experiments the disappearance of v, is not seen, which means that
sin 203 must be small. CHOOZ gives [23]

sin? 203 < 0.18, (25)
and two solutions for @13 can be found:
sin? @13 < 0.05 or sin?@;3 > 0.95. (26)

The observed v, neutrino deficit from the atmosphere is favorable describe
by a v, — v; transition where matter effects are not important (Agtm =

A23 (Latma Eatm))5
Py, v, = sin? 2053 cos® O3 sin® Agim. (27)
We know that the atmospheric neutrino mixing is very large [24]

0.72 < sin® 2093 cos* O13 <1 and dm2,, ~4 x 10 % eV (28)

atm —

and only a small value of sin? @3 in Eq. (26) is compatible with the bound
in Eq. (28). The recent fit to the new (830-920 days) atmospheric data of
SuperKamiokande gives the minimum of x? for [25]
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sin? @13 = 0.03. (29)

Similar values (sin? @3 < 0.03 +0.04 [23,26]) are given by the reactor data.

In all solar neutrino experiments the deficit of electron antineutrinos is
measured and four different solutions are possible [27]. The first, “just so”
solution, is based on the hypothesis of neutrino oscillations in vacuum (VO),
om2,, ~ 10710 eV? in this case. The other three solutions are based on the
Wolfenstein [28]-Mikheyev-Smirnov [29] mechanism of coherent neutrino
scattering in matter (so called small mixing angle (SMA MSW), large mixing
angle (LMA MSW) and low ém? (LOW MSW) solutions).

For VO the v, disappearance probability is given by (Agum =

Al? (Lsuna Esun))

1
psm =1 - 5 sin? 20,3 — sin? 2015 cos* O3 sin’? Agun. (30)

This expression can be rewritten in the form
Ps™ = cos’ O3 (1 — sin? 20y sin? Agyp) + sin’ Oy. (31)

Taking into account that sin* ©13 ~ 0 (Eq. (29)) we get
PSR~ 1 — sin? 204, sin? Agun, (32)

Ve—Ve

where Ogyn ~ O1.
Similarly we get for the case of the MSW solution:

PEnMSW) o 1 sin? 205, sin? Agyn, (33)
where now
)
- 26
sin? 205, = TR s (34)

9 1/2°
[( 5m42 — cos 2@Sun) + sin® 2@Sun]

Agun includes the effective neutrino mass parameter with dm2,, replaced by

~ A
5mgun = 5m§un [<5m2

sun

1/2
, (35)

2
— cos 2@sun> + sin? 204,

where A = 2v/2GrEN, (N, — electron number density).
From Eq. (35) we can see that in order to fulfil the resonance condition
we need for dm2,,, > 0 [30]

€08 20gyn > 0, (36)
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and this means that
cos ®19 > sin O19. (37)

Many fits have been done to the solar neutrino data [31]. The results
of the fit [32] which takes into account the full set of measurements (rates,
energy spectrum, day—night asymmetry in the case of the MSW solution and
seasonal variation for VO solution) are presented in Table I. For VO only
the best fit value sin® 20g,, is given in [33].

TABLE 1

The allowed ranges and best fit values of sin® 20gu, and dm? for different types of
solar neutrino oscillations.

Possible solutions  sin? 2@y, [95 % c.1] Best fits

sin? 204un om?
MSW SMA 0.001-0.01 0.0065 5.2 x 10~ %eV?
MSW LMA 0.59-0.98 0.77 2.94 x 10~5%eV?
MSW LOW 0.68-0.98 0.9 1.24 x 10~ 7eV?
VO 0.93 4.42 x 10~ 10eV?

For a scheme B3 a change U,z <+ U.; must be done.

3.2. Four neutrinos scenario

The electron (anti)neutrino appearance in the LSND experiment [20, 34|
can be explained by v, — v, oscillation with additional large dm? scale

dSmignp ~ 0.2 +2 eV (38)

In principle there are six possible four-neutrino mass schemes with three
different scales of §m?2. They are widely discussed in literature [35] and it is
known that only two schemes (Fig. 2) are accepted by reactor, LSND, solar
and atmospheric neutrino data.

As the parameterization of the 4 x 4 neutrino mixing matrix is very
complicated [36] in the case when all entries of the mass matrix are nonzero
we will use only the symbolic denotations and take

Ve Ut Uer Ues Ue 141
vy _ Ulﬂ ng ng UM4 9 (39)
Vr UTl UT2 UT3 U7'4 V3

Vs Ui Usp Ug Ugu vy
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m4 2 m4 2
m— PO | m—h }amg,
2 2
a’nLSND &nLSND
rrb A\ n‘b A\l
2 2
m Pamg, m L
A, scheme B, scheme

Fig.2. Two accepted by present data four-neutrino schemes. In the scheme A4

dm2,, = dm3,, dm?2,, = dm3, with opposite situation in By scheme where dm2,, =

dm3,, dm2,,, = dmZ,. In both schemes dm?yyp ~ dmis ~ dm?, ~ dm3, ~ om3,.

For the short baseline experiment (and for scheme A4) the probability of
disappearance of v, neutrinos is given by (Agpr, = Ass(LssL, Fspr,))

PI/e*)I/e =1- Ce(l - Ce) Sin2 ASBL’ (40)

where
Ce = |U63|2 + |Ue4|2'

Again we can implement the CHOOZ result [23] and get

4ee(1 = ¢) < 0.18, (41)

and there are two solutions for c., namely
ce < 0.05 or ¢, > 0.95. (42)

On the other hand the deficit of solar neutrinos in the VO scenario and in
four-neutrino language reads (Agyn = A12(Lsun, Fsun))

4|Uel|2|U62|2 .2
(1Ue1]? + |Ue2?)*
+|Ue3|4 + |Ue4|4- (43)

2
Plgj)_we = (1 - |U63|2 - |Ue4|2) 1- sun
By comparison with the two flavour oscillations formula

PI/e*)I/e =1- Sin2 205un Sin2 Agun (44)

we can see that the factor (1 — |Ugs|? — |Ue4|2)2 must be close to one, so
only one solution of Eq. (42) is possible, namely ¢, < 0.05. For small values
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of ¢, the probability Py(f)_we is well described in the frame of the 3 neutrino
scenario by PZSS)_% (Eq. (31)) with the following substitutions

|Ue3|2 + |Ue4|2 — Sin2 O3 < 0.05,
|U81|2 - |U62|2

|Ue2|2

202
—_— s = O12. 45
|Ue1|2 — |U32|2 sin 12 ( )

= cos® 19,

That means that fitted parameters are the same as in 3-neutrino case
sin? @13 = |Ues|? + |Uea|* = ce < 0.05. (46)

The MSW and VO solutions are described by sin? 2015 = sin? 204, with
the same values as in 3 neutrino scenario given in Table I. For a scheme By
a change U,34) <> Ugy(2) must be done.

3.8. Tritium beta decay

Other constraints on neutrino masses and mixings come from the obser-
vation of the end of the Curie plot for the tritium £ decay. Two collabora-
tions from Mainz and Troitsk give similar results for the upper limit (95%
of c.1.) on the effective electron neutrino mass

n

1/2
Z |Uei|2mz2] ) (47)

i=1

(my)p =

(my,)p < 2.8eV Mainz Collaboration [37],
(my,)s < 2.5eV Troitsk Collaboration [38].

Both collaborations have ambitious plans to probe the mass region below
1 eV during the next five years [39].

3.4. Cosmological bounds

There are also astrophysical and cosmological bounds on neutrino masses
and mixings. All this information depends on many other assumptions (as
e.g. nonzero cosmological constant A) and is not as strict as laboratory data.
We will take into account only one data which comes from the so called dark
matter problem. If neutrinos compose all invisible matter in the Universe
then [40]

Z m, < 30 eV. (48)
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If only 20 % of all dark matter is formed by neutrinos (the so called Hot
Dark Matter) then

Z my, ~ 6eV. (49)

The best fit to many cosmological quantities is obtained if around 70 % of
dark matter is given by nonzero cosmological constant, 24 % by Cold Dark
Matter and 6 % by Hot Dark Matter. In such a case

> my, ~2eV. (50)

4. Neutrinoless double beta decay and constraints
on neutrino nature

Neutrinoless double beta decay is sensitive to the first element of the
neutrino mass matrix

n
Mag = Z UaiUgim; (51)
i=1
and luckily, is very well constrained. This is not the case of other entries
which are also measured in various laboratory experiments, for instance
|meu| in Ti+p~ — Ca+et,
|mpu|  in KT —a ptut,
|merl, |murl, |m--|  in HERA from e™p — v l7I'" X. (52)
All these quantities have quite large bounds, in the MeV-GeV range [41] e.g.

mey| < 17 MeV,
|muu < 500 GeV,
|mer| < 8.4 TeV. (53)

The mixing matrix for Majorana neutrino has 3(6) phases for 3(4) neu-
trinos so we have

[(m)| = [T Prn + €92 U s + 62 U, (54)

l(m,)| = ‘|U81|2m1+e2i¢2|U62|2m2+e2i¢3|U83|2m3| + 294\ U 4 ?my
(55)

for n = 3(4) neutrinos, respectively.

We should stress that all our results are obtained in the approxima-
tion in which the lightest of neutrinos (my)min is heavier than the differ-
ence of squares of neutrino masses responsible for solar neutrino oscillations
((mt/)min > 5mgun)-
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4.1. A schemes
Let us first discuss the schemes A3 and A;. We have

e for As
my = (mu)mina
me = \/(ml’)mln + dm2,, =~ mi,

m3 = \/(ml/)mm + 5matm + 5msun - (mV)rmn + 5matm7 (56)
e for Ay

mi,mo as for Ag,

m3 = \/(mu)mm + 0mignp + 0m2u, ~ /(M) + 0mignps
my = \/mS + 5matm >~ ms. (57)

Using the relation
|23 + Z4|min - |Zl + Z?|max > 0,
min|21 + 29 + 23 + Z4| = 0, (58)
|2’1 + 22|min - |2’3 + Z4|max > 0,

we get for both schemes

Smin — (|Uel|2m1 + |U62|2m2) (mu)min € (0a$114)7

|(my) min = 0 (M) min € (I114a$124)a
“Uel|2m1 - |U82|2m2|‘ — Smax (mu)min > :L'1247
(59)
where
Smin = Smax = CeT3, (AS) scheme, (60)
Smin = ‘|U€3|2 ms — |Uut|®ma|, (As) scheme, (61)
Smax = |U63|2m3 + |Ue4|2 my4, (Ay) scheme. (62)

xf‘ and ac’24 are the values of (my)min = m1 > 0 for which

Smin — (|Uel|2m1 + |U82|2m2> =0 and ‘|Uel|2m1 - |Ue2|2m2 — Smax — 07
(63)
respectively.
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In both schemes there is (in agreement with Eq. (37) we take |Ug|* >
|Ue2 )
|Uvel|2 mi + |U82|2 mo = (mu)min (1 - Ce) (64)

and

Uat |21 — |Uso|? mg‘ — (m)min (1 — o) V1 — sin2 200m.  (65)

In the A4 scheme we do not know |Us|? and |U|? separately and only
approximate values for sy« can be found

Smax = |Ue3|2 m3 + |Ue4|2 \/ 173 + 5m§tm ~ Ce\/(m’/)?nin + 5m]%SND' (66)

The Spipy is unknown so the region of (m,)min € (0,:10{‘) cannot be checked
precisely. We can find however that in both schemes (ém? = dm2,,, or

2
5mLSND)

Smax — |Uel|2m1 - |U82|2m2

IN

() | min

= ¢ (my)mln +0m?2 — (my)min (1 — ¢e)

{ Cer/Om2, ~0.002 eV for Aj,
<

67
Ce /5m%SND ~ 0.03 eV for Ay. (67)

The region (m,)min > o4

region occurs if

(M) min ( ) V1 —sin? 205y, — ceq/(my)2,, +0m2 >0,  (68)

from which the condition for sin? 264, follows

is more interesting. In both schemes this

1—2c

.2
sin® 20y < ———. 69
sun = (1 _ 08)2 ( )
For such values of mixing angle g, we can find .’L"24
5 2
23 = L (70)

\/(1 — ce)2 (1 — sin? ZOSun) — ce.
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4.2. B schemes

For B; and B4 schemes the neutrino masses are connected with the
lightest neutrino mass as follows:

e for Bj
mi = (mu)rnina
m2 = \/(mV)mln + 5matm’ (71)
m3 = \/(ml/)mm + 6matm + 6msun ~ ms,

e for B4

m1, Mo as in Bs,

mg = \/(mV)?nin + 5m§tm + 5m%SND’ (72)

my = \/mg + dMgun ~ M3.

Using the relation (58) we obtain

Wmin — <|Ue3|2 m3 + |Ue4|2 m4) > 07 (mu)min € (O,Ifg)

|<ml’>|min = 07 (mu)min € (‘IL‘lB’Ig)
‘|Uve3|2 ms — |Uve4|2 m4‘ — Wmax, (mu)min > :L'2Ba
(73)
where (co = |Ua1|* or U |> + |Ue2|?)
Wmin = Wmax = CeM1, (BS) SChemea (74)
Wi = ‘|U61|2 m1 — |Uss|2ma|, (Ba) scheme, (75)
Wmax = |Uel|2 my + |U62|2 ma,, (B4) scheme. (76)

oP and zP are solutions of the equations

wmin_<|UeS|2m3 + |Ue4|2m4) =0, and ‘|Ue3|2m3 - |Ue4|2m4‘_wmax =0,

(77)
respectively.
Now there is (once more we assume |Ues| > |Ue4|)
|Ues|? m3 + |Uea)? ma = (1 — ce) / (mu)2,, + 6m?, and (78)

Ueal? s = [Ueal? ma| = (1= o) 3 (mo)2 + m2 /1= 5in® 20, (79)
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where dm? = dm2,, (for Bs) and ém? = dm2,, + dm?qxp for Bs. As

0<c <£0.05

atm

Wmin— <|Ue3|2 m3 + |Ue4|2 m4> < ce(mu)min_(l - Ce)\/( )mln + 5matm < 07
(80)
and the first two regions in Eq. (73) are not present. In the By scheme, as
in the A4, we do not know |U61|2 and |U62|2 separately.
For wmax only the bound can be found

Ce(mu)min < Wmax < Ce\/(mu)mm + 6matm (81)

In this case the |(m, )| satisfies

|<mV> m1n \/ mV mln + dm? V1 — sin? 205un — CeMpin = [(mu)mm]

(82)

where mmin = (My )min for Bs and mmpmin = \/(mV)mln + 6m2,,, for By.

If condition (69) is satisfied f[(my)min] 18 an increasing function of
(M ) min, if not, f[(m,)min] decreases from

f [0] = (1 - ce) \/5m2 \/1 — sin? 20sun — CeMmin [(mu)min = 0]

for (my)min =0 (83)
to
S 1(my)min] = 0
1/2
5m2 (1 — sin2 QGSHH) — ﬁmmln [(mu)min = O] /
for (my)min = . 9 (1—2¢)
sin® 20gun — (1_08;2
(84)

All the above analytical considerations lead us to the following conclu-
sions (for plots see [9]).

A) Present bound |[(m,)| < 0.2 eV. (see Fig. 3)

e If SMA MSW solution is the proper mechanism then:

— By scheme is excluded for Majorana neutrinos,

— In schemes Az, A4 and B3 Majorana neutrinos are accepted
if (my) i, < 0.22 eV. Above this mass all three schemes are
open only for Dirac neutrinos.
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e For LMA and LOW MSW solutions:

— the Asz, A4 and B3 schemes accept Majorana neutrinos only
for (my),,;, < 1.5 €V, an analogous limit in the By scheme is
(M) min < 1.1 €V.

B) If GENIUS I gives only a bound [{(m,)| < 0.02 eV: (see Fig. 3)
e For SMA MSW solution:

— scheme Bj is excluded for Majorana neutrinos,

— in schemes A3z and A4 Majorana neutrinos are accepted only
for small masses (m,),,;,, < 0.04 eV.

e For LMA and LOW solutions:

— the By scheme is excluded for Majorana neutrinos,

min < 0.16 eV (As),
< 0.22 eV (A4) .

— Majorana neutrinos can exist for (m,)
(Mmy) iy < 0.14 €V (B3) and (m,)

min

Present bound |<m >|<0.2eV (m,) Genius | |<m >|<0.02
min

(mv)min tritium B decay B, and B,
29 excluded for B, excluded for

B, exc!uded Majorana Majorana neutrinos
for Majorana
neutrinos

neutrinos

SMA
SMA LMA,LOW,VO LMA, LOW, VO

Fig.3. Upper limits on the mass of the lightest of Majorana neutrinos derived
from present (left) and GENIUS T (right) (83)o, experimental bounds for different
neutrino mass schemes and various solar neutrino oscillation solutions. The gray
shaded area shows the allowed mass region for this neutrino. The HDM area
applies in the three neutrino case only. We can see that Genius I with HDM solve
the problem of neutrinos’ nature in this case.
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C) If finally GENIUS II does not find the (83),, decay (see Fig. 4):

Genius Il [<m >|<0.006eV

(mv)min
25

B,and B,
are excluded | B,and B, are excluded
1 for Majorana | for Majorana neutrinos
neutrinos
2.04
TR
N
1.5 \
1.0 1
0.54 -
A”\s A4 A3 A4
0.0
SMA LMA,LOW,VO

Fig.4. Even more restricted area allowed for the mass of the lightest Majorana
neutrino in the case of GENIUS II.

e For SMA MSW solution:

— Majorana neutrinos with (m,)
in the A3 and A, schemes
e For LMA MSW and LOW solutions
— the Bj scheme is excluded for Majorana neutrinos,

— Majorana neutrinos can exist only in Az and A4 schemes with
(M) pin < 0.05 €V and (m,),;,, < 0.12 eV, respectively.

< 0.02 eV can exist only

min

min

There are additional restrictions with assumption that neutrinos con-
tribute to the dark matter content. Three neutrinos with almost degenerate
masses m, ~ 0.7 eV (2 eV) must exist if Y m, =2 eV (6 eV). This means
that already the present (303),, bound closes all schemes for three Majorana
neutrinos if the SMA solution is the proper one. The GENIUS I bound
will close schemes for three Majorana neutrinos. For schemes A4 and By
with a sterile neutrino (m,),;, must be very small if Y m, ~ 2 eV and
(my) iy = 1.0if > my, ~ 6 €V. Then the only scheme with one sterile neu-
trino is accepted if the sum of all Majorana neutrinos is approximately 2 eV.
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If Y m, ~ 6 eV and GENIUS I will give negative results only 3 or 4 Dirac
neutrinos can constitute the HDM. In such case there is a problem how to

explain the number of neutrino degrees of freedom from the abundance of
the 4He and D/N. The present highest bound is N, < 5.3 [42].

5. Conclusions

We have entered an exciting era in neutrino physics. Mixing in the
lepton sector seems to be established. An obvious consequence of this fact
is the nonconservation of lepton family number L,. Breaking of the L, is
very weak. It is seen only in neutrino oscillation and in no other terrestrial
laboratory experiments. The problem of the conservation or violation of
the total lepton number L, which is connected with the Dirac or Majorana
neutrino nature, is not solved up to now. Approximate conservation of L,
and L follows from (i) smallness of neutrino masses, (ii) ultrarelativistic
character of produced neutrinos, (7ii) unitarity (exact or approximate) of
the mixing matrix, (iv) left-handed nature of the neutrino interaction.

For Majorana neutrinos this approximate L, and L conservation can be
proved even though lepton numbers are not defined for neutral particles.

The Majorana neutrino mass matrix elements mqg (o, f = e, pu, T) are
bounded by various experiments. Such bounds are usually in the MeV-GeV
range. Only one element m, is limited with good enough precision to play a
role in the reconstruction of the mixing in the lepton sector. The m,, element
is measured in double S decay of various nuclei. Up to now this decay has
not been observed. The contrary would establish the Majorana nature of
neutrinos. However the combination of various information about masses
and mixing matrix elements from (i) oscillation experiments, (i) tritium
B decay and (%) cosmology together with (3f3),, is able to discriminate
between the accepted neutrino mass spectra allowed for Majorana or only
for Dirac neutrinos. The data are not precise enough to make conclusive
statements. The bound on (m,)depends strongly on the determination of
nuclear matrix elements. Our estimation was made with 95% CL. At 3o
which corresponds to 99% CL, a value of one for sin? 265,y is accepted and
we cannot make any discrimination between the two natures.

Our estimation is interesting also for those who strongly believe that
neutrinos are Majorana particles. We found the corner of the mass schemes
where such neutral particles are still allowed. With the present experimental
precision the room for the Majorana neutrino is bounded but still large. If
next (8),, experiments give negative results the Majorana neutrino corner
will become smaller and smaller. More precise informations about (i) exis-
tence of sterile neutrino, (74) which solution of the solar neutrino anomaly
is accepted and (74i) knowledge of oscillation parameters with smaller error
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are urgently needed. We hope that future (already working and planned)
experiments will provide us with these informations and together with the
neutrino mass scheme, the neutrino character will be established.

1]
2]
[3]

[4]
[5]

[6]
[7]
18]
19]
[10]

[11]

REFERENCES

SuperKamiokande Collaboration, Y. Fukuda et al., Phys. Lett. B433, 9
(1998); Phys. Lett. B436, 33 (1998); Phys. Rev. Lett. 81, 1562 (1998); Phys.
Rev. Lett. 82, 2644 (1999).

K.M. Case, Phys. Rev. 107, 307 (1957).

M. Doi, T. Kotani, E. Takasugi, Progr. Theor. Phys. Suppl. 83, 1 (1985);
H.V. Klapdor-Kleingrothamaus, hep-ex/9907040.

L. Baudis et al., Phys. Rev. Lett. 83, 41 (1999).

S.T. Petcov, A.Y. Smirnov, Phys. Lett. B322, 109 (1994); S.M. Bilenky,
A. Bottino, C. Giunti, C. Kim, Phys. Rev. D54, 1881 (1996); S.M. Bilenky,
C. Giunti, C. Kim, S. Petcov, Phys. Rev. D54, 4444 (1996); J. Hellmig,
H.V. Klapdor-Kleingrothaus, Z. Phys. A359, 351 (1997); H.V. Klapdor-
Kleingrothaus, J. Hellmig, M. Hirsch, J. Phys. G 24, 483 (1998);
H. Minataka, O. Yasuda, Phys. Rev. D56, 1692 (1997); Nucl. Phys.
B523, 597 (1998); S.M. Bilenky, C. Giunti, C.W. Kim, M. Monteno,
Phys. Rev. D54, 6981(1998), hep-ph/9904328; F. Vissani, hep-ph/9708482,
hep-ph/9904349, hep-ph/9906525; T. Fukuyama, K. Matsuda, H. Nishiura,
hep-ph/9708397; Mod. Phys. Lett. A13, 2279 (1998); S.M. Bilenky,
C. Giunti, W. Grimus, hep-ph/9809368; S. Bilenky, C. Giunti,
hep-ph/9904328; S. Bilenky, C. Giunti, W. Grimus, B. Kayser, S.T. Pet-
cov, hep-ph/9907234, Phys. Lett. B465, 193 (1999); H. Georgi,
S.L. Glashow, hep-ph/9808293; V. Barger, K. Whisnant, Phys. Leit.
B456, 194 (1999); J. Ellis, S. Lola, hep-ph/9904279, Phys. Lett.
B458, 310 (1999); G.C. Branco, M.N. Rebelo, J.I. Silva-Marcos, Phys.
Rev. Lett. 82, 683 (1999); C. Giunti, Phys. Rev. D61, 036002 (2000);
R. Adhikari, G. Rajasekaran, hep-ph/9812361; Phys. Rev. D61, 031301
(2000); K. Matsuda, N. Takeda, T. Fukuyama, H. Nishiura, hep-ph/0003055;
H.V. Klapdor-Kleingrothaus, H. Pas, A.Yu. Smirnov, hep-ph/0003219.

M. Czakon, J. Gluza, M. Zralek, Acta Phys. Pol. B30, 3138 (1999).

H.V. Klapdor-Kleingrothaus, hep-ex/9907040; L. Baudis et al., (GENIUS
Collaboration), hep-ph/9910205.

M. Czakon, J. Gluza, M. Zralek, Phys. Lett. B465, 218 (1999).
M. Czakon, J. Gluza, M. Zraltek, hep-ph/0003161.

K. Nishijima, Phys. Rev. 108, 907 (1957); J. Schwinger, Ann. Phys. 2, 407
(1957).

T. Kinoshita, A. Sirlin, Phys. Rev. 107, 393 (1957); C. Bouchiat, L. Michel,
Phys. Rev. 106, 170 (1957).



1386

[12]
[13]

[14]
[15]

[16]
[17]

[18]

[19]

[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]

[28]
[29]

M. CZAKON ET AL.

S.M. Bilenky, S.T. Petcov, Rev. Mod. Phys. 59, 671 (1987); J.I. Illana, M. Jack,
T. Riemann, hep-ph/0001273 and references therein.

J. Gluza, M. Zralek, Acta Phys. Pol. B27, 1557 (1996); Phys. Rev. D48, 5093
(1993); Phys. Rev. D51, 4695 (1995); Phys. Rev. D52, 6238 (1995).

T.P. Cheng, Ling-Fong Li, Phys. Rev. D44, 1502 (1991).

C. Giunti, C.W. Kim, U.W. Lee, Phys. Rev. D45, 2414 (1992); E. Alfinito,
M. Blasone, A. Iorio, G. Vitiello, Acta Phys. Pol. B27, 1493 (1996);
hep-ph/9510213; M. Blasone, G. Vitiello, Ann. Phys. 244, 283 (1995); Erra-
tum Ann. Phys. 249, 363 (1996); M. Blasone, P.A. Henning, G. Vitiello, in
Proceedings of Results and Perspectives in Particle Physics, La Thile, Aosta
Valley, March 1996; E. Sassaroli, hep-ph/9609476; hep-ph/9805480; M. Bla-
sone, hep-ph/9810329; F. Fujii, Ch. Haba, T. Yabuki, hep-ph/9807266;
M. Zralek, Acta Phys. Pol. B29, 3925 (1998).

M. Czakon, M. Zralek, J. Gluza, Acta Phys. Pol. B30, 3121 (1999).

S.M. Bilenky, J. Hosek, S.T. Petcov, Phys. Lett. B94, 495 (1980); M. Doi,
M. Katani, H. Nishiura, K. Okuda, E. Takasugi, Phys. Lett. B102, 323 (1981);
P. Langacker, S.T. Petcov, G. Steigman, S. Toshev, Nucl. Phys. B282, 589
(1987).

R. Davis, Harmer, K.C. Hoffman, Phys. Rev. Lett. 21, 1205 (1968); P. Ansel-
mann et al., Phys. Lett. B285, 37 (1992); A. 1. Abazow et al., Phys. Rev. Lett.
67, 3332 (1991); K.S. Hirata et al., Phys. Rev. D38, 448 (1988).

Y. Fukuda et al., Phys. Lett. B335, 237 (1994); R. Becker-Szendy et al.,
Nucl. Phys. (Proc. Suppl.) B38, 331 (1995); W.W.M. Allison et al., Phys.
Lett. B391, 491 (1997); M. Ambrosio et al., Phys. Lett. B434, 451 (1998);
Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).

C. Athanassopoulos et al., Phys. Rev. Lett. 77, 3082 (1996); Phys. Rev. Lett.
81, 1774 (1998).

Z. Maki, M. Nakagawa, S. Sakata, Prog. Theor. Phys. 28, 870 (1962).
Particle Data Group, Z. Phys. C3, 103 (1998).

M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B420, 397 (1998)
[hep-ex/9711002].

Y. Fukuda et al., Phys. Lett. B433, 9 (1998); Phys. Lett. B436, 33 (1998);
Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 82, 2644 (1999).

T. Teshima, T. Sakai, hep-ph/0003038.

F. Dydak, Phys. Rev. B134, 281 (1984); Y. Declais et al., Nucl. Phys. B434,
503 (1995); I.E. Stockdale et al., Phys. Rev. Lett. 52 , 1384 (1984).

B.T. Cleveland et al., Nucl. Phys. (Proc. Suppl.) B38, 47 (1995); W. Hampel
et al., Phys. Lett. B388, 384 (1996); J.N. Abdurashitov et al., Phys. Rev. Lett.
77, 4708 (1996); Y. Fukuda et al., Phys. Rev. Lett. 77, 1683 (1996); Phys.
Rev. Lett. 82, 2430 (1999); Phys. Rev. Lett. 82, 1810 (1999).

L. Wolfenstein, Phys. Rev. D17, 2369 (1978); Phys. Rev. D20, 2634 (1979).

S.P. Mikheyev, A.Yu. Smirnov, Yad. Fiz. 42, 1441 (1985); Nuovo Cim. C9,
17 (1986); Zh. Eksp. Teor. Fiz. 91, 7 (1986).



[30]
[31]

[32]
[33]

[34]

[35]

[36]
[37]
[38]
[39]
[40]

[41]

[42]

GENIUS Project, Neutrino Oscillations and Cosmology . .. 1387

S.M. Bilenkii, C. Giunti, W. Grimus, Prog. Part. Nucl. Phys. 43, 1 (1999).

N. Hata, P. Langacker, Phys. Rev. D56, 6107 (1997); J.N. Bahcall, P. Krastev,
A.Yu. Smirnov, Phys. Rev. D58, 096016 (1998); V. Banger, K. Whisnant,
Phys. Rev. D59, 093007 (1999); M.C. Gonzalez-Garcia, P.C. de Holanda,
C. Pena-Garay, J.W.J. Valle, hep-ph/9906469; A. de Gouvea, A. Fried-
land, A. Murayama, hep-ph/0002064; M.G. Gonzalez-Garcia, C. Pena-Garay,
hep-ph/0002186.

G.L. Fogli, E. Lisi, D. Montanino, A. Palazzo, hep-ph/9912231.

V. Barger, K. Whisnant, Phys. Lett. B456, 54 (1999); S. Goswami,
D. Majumdar, A. Raychaudhuri, hep-ph/9909453.

C. Athanassopoulos et al., [LSND Collaboration|, Phys. Rev. Lett. 75, 2650
(1995); C. Athanassopoulos et al., [LSND Collaboration]|, Phys. Rev. C54,
2685 (1996); C. Athanassopoulos et al., Nucl. Instrum. Methods A388, 149
(1997); C. Athanassopoulos et al., [LSND Collaboration]|, Phys. Rev. C58,
2489 (1998);

S.M. Bilenky, C. Giunti, W. Grimusm, hep-ph/9609343; S.M. Bilenky,
C. Giunti, W. Grimus, T. Schwetz, Phys. Rev. D60, 073007 (1999) V. Barger,
S. Pakvasa, T.J. Weiler, K. Whisnant, Phys. Rev. D58, 093016 (1998).

V. Barger, Y. Dai, K. Whisnant, B. Young, Phys. Rev. D59, 113010 (1999).
C. Weinheimer et al., Phys. Lett. B460, 219 (1999).

V.M. Lobashev et al., Phys. Lett. B460, 227 (1999).

K. Zuber, hep-ph/9911362.

J.R. Primack, M. Gross, astro-ph/9810204; G. Gelmini, hep-ph/9904369;
D.O. Caldwell, R.N. Mohapatra, Phys. Lett. B344, 371 (1995); Phys. Rev.
48, 3259 (1993).

K. Zuber, hep-ph/0003160; W. Rodejohann, hep-ph/0003149; M. Flangz,
W. Rodejohann, K. Zuber Phys. Lett. B473, 234 (2000).

K. Olive, D. Thomas Astropart. Phys. 11, 403 (1999).



