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sUniversity of Silesia, Uniwersyte
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e, Poland,DESY Zeuthen, Platanenallee 6, 15738 Zeuthen, Germany(Re
eived April 28, 2000)The neutrinoless double beta de
ay 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 os
illations and (��)0� are
onsidered simultaneously. In this 
ase phenomenologi
ally interesting neu-trino mass s
hemes 
an lead to non-vanishing and large values of hm�i. Asa 
onsequen
e, some s
hemes with Majorana neutrinos 
an be ruled outeven now. If we assume that in addition neutrinos 
ontribute to Hot DarkMatter then the window for Majorana neutrinos is even more restri
ted,e.g. GENIUS experiment will be sensitive to s
enarios with three Majorananeutrinos.PACS numbers: 14.60.Pq, 26.65.+t, 95.85.Ry1. Introdu
tionThere are two main problems in neutrino physi
s. First is the problemof neutrino mass. In the light of present observations [1℄ this question seemsto be solved, neutrinos are massive parti
les. The se
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1366 M. Czakon et al.of the neutrino's nature. Massive neutrinos 
an be either Dira
 or Majoranaparti
les. As their visible intera
tions are left-handed and known sour
esgenerate ultrarelativisti
 states, it is very di�
ult to distinguish experimen-tally between the two.Dira
 spin 1/2 fermions were introdu
ed to des
ribe intera
tions whi
hare invariant under spatial re�e
tions. Majorana fermions were inventedlater without spe
ial purpose. In those times, parity was 
onserved and itwas generally believed that Majorana parti
le intera
tions must be asym-metri
 under spatial re�e
tion. Today we know that parti
le 
hara
ters arenot responsible for parity symmetry breaking [2℄. Only one property �the 
harge � dis
riminates Dira
 from Majorana massive fermions. Dira
parti
les 
arry 
harge. Massive Majorana parti
les must be 
hargeless and
annot 
arry stati
 ele
tri
 or magneti
 moments.Neutrinos are �spe
ial� fermions, they have no ele
tri
 
harge and onlyone �
harge� � the lepton number 
an 
hara
terize them. From all presentterrestrial experiments it follows that family lepton numbers Le, L� and L�are separately 
onserved and as a result, their sum, the total lepton numberL = Le +L� + L� has the same property.For massive Dira
 neutrinos, �avor lepton numbers 
an be broken andonly L must be 
onserved. For Majorana neutrinos both, family and totallepton numbers are broken. It is even impossible to de�ne these numbers inthe way known from Dira
 parti
les.We have to stress that Majorana neutrinos are more fundamental ob-je
ts and naturally arise in most extensions of the Standard Model. Onlyin models where the lepton number (L and B � L) is 
onserved, neutrinosare Dira
 parti
les. However, there are many arguments to abandon lep-ton number 
onservation. It is not a fundamental quantity, unlike ele
tri

harge and does not govern the dynami
s. Also, lepton number violation isnaturally indu
ed by the presen
e of right-handed neutrinos (�R) whi
h areusually ne
essary to form the Dira
 mass term (�L�R). In spite of these ob-vious theoreti
al arguments, supporting the Majorana nature of neutrinos,�nding dire
t experimental indi
ations whi
h would determine the neutrino
hara
ter is very important.It is 
ommon belief that the �rst pla
e where the nature of massiveneutrinos will be revealed is the neutrinoless double � de
ay of nu
lei, (��)0� .Many experimental sear
hes for (��)0� de
ay of di�erent nu
lei have beendone and are presently underway [3℄. Unfortunately, up to now this de
ayhas not been found and the experimental data 
an only help to estimate thelower bound on the life times of (��)0� de
ay modes. The most stringentlimit was found in the germanium Heidelberg�Mos
ow experiments. Theirlatest result on the half-life time is [4℄T o�1=2 (Ge) > 5:7� 1025 year (at 90% CL) (1)
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illations and Cosmology : : : 1367from whi
h the following upper bound on the e�e
tive Majorana mass wasfound j hm�i j = �����Xi U2eimi����� < 0:2 eV: (2)The above number has been used to restri
t many aspe
ts of the neutrinomass spe
trum or the solar neutrino me
hanism [5℄. We propose an oppositeway of thinking. Using the present data from os
illation experiments, andtritium � de
ay we 
an �nd the modules jUeij of mixing matrix elements andthe possible values of neutrino massesmi. Then we 
he
k whether the boundEq. (2) is satis�ed or not. If it is, the problem is unsolved. If, however thebound Eq. (2) is not satis�ed, then neutrinos are Dira
 parti
les. In thelatter 
ase the e�e
tive mass is 
al
ulated as [6℄nXi=1 U2eimi ) nXi=1 12 h(�iUei)2 + (Uei)2imi = 0 (3)and is stri
tly equal zero.Ambitious plans [7℄ are to shift up the limit Eq. (1) and to move theupper limit of hm�i down to 0.02 eV (using a tank of 1 ton of Germanium,after one year) or in a further time s
ale even to 0.006 eV (1t, 10 years).In a previous work [8℄ we have 
onsidered three neutrino mixing s
hemes.Here we present analyti
al results for both three and four neutrino mixings
enarios. Information about the same subje
t with numeri
al estimationsis given in [9℄. In the next Chapter we summarize the e�orts undertaken inorder to �nd lepton number violating pro
esses. Explanation is given of whythe family and total lepton numbers are so strongly 
onserved. In Chapter3 we 
olle
t all the relevant information about mixing matrix elements andmasses extra
ted from experimental data. Four presently a

epted neutrinomass s
hemes whi
h 
over the 
ase of three and four neutrino mixing aredis
ussed. All ne
essary information from os
illation experiments, tritium� de
ay and 
osmology is given. Chapter 4 is the main of the paper. Alldata are 
onne
ted together with the bound on e�e
tive neutrino mass from(��)0� , and restri
tions on various neutrino mass s
hemes are presented.Con
lusions are to be found in Chapter 5.2. Lepton numbers and neutrino 
hara
terof light SM neutrino statesIn order to explain the la
k of lepton �avor violating pro
esses, the 
on-
ept of the �avor lepton number L� [10℄ followed by the idea of the totallepton number L [11℄ have been introdu
ed. The upper bounds on bran
hing



1368 M. Czakon et al.ratios of L� violating pro
esses are very small, for instan
e:BR(�� ! e�
) < 4:9� 10�11; BR(�� ! e+e�e�) < 1:0 � 10�12;BR(�0 ! ��e+) < 1:72 � 10�8; BR(K0L ! ��e+) < 3:3 � 10�11;BR(�� ! ��
) < 4:2� 10�6: (4)In the frame of the SM with massless neutrinos the above pro
esses arestri
tly forbidden. If neutrinos are massive, then in analogy to the quarkse
tor neutrinos should mix and lepton numbers are not 
onserved. How-ever, these e�e
ts must be very small, below sensitivity of pro
esses given inEq. (4). That means that the 
on
ept of leptons numbers L;L� is still use-ful, at least in all neutrino nonos
illation phenomena. For Dira
 neutrinosrepresented by a bispinor 	D it is possible to 
hange the phase of the �eld	D ! ei�	D: (5)The 
harge 
onne
ted with su
h a global gauge transformation is just the �a-vor 
harge operator. This operator 
an, but not ne
essarily must, 
ommutewith the intera
tion Hamiltonian, [L�;H℄ = 0 for a massless, [L�;H℄ 6= 0for a massive neutrino. Majorana neutrinos on the other hand are des
ribedby self-
onjugate �elds 	M = 	 
M � C �	TM; (6)and it is not possible to de�ne the same kind of gauge transformation as inEq. (5). There is then no spe
ial reason why L� and L should be 
onservedfor Majorana neutrinos. All pro
esses in Eq. (4) break L� but not L, sothey 
an be realized by both kind of neutrinos at the one loop level. At thislevel only very heavy, nonstandard, neutrinos matter [12℄. We do not go todetails and fo
us only on dire
t e�e
ts 
onne
ted with light, SM neutrinos.Let us mention only that in see-saw models heavy neutrino e�e
ts are alsonegligible, both at tree [13℄ and loop levels [14℄. To make life easier andto understand how pro
esses with Majorana (Dira
) neutrinos mimi
 familyL� and total lepton L numbers 
onservation let us 
onsider a tree levelpro
ess of ele
tron (positron) produ
tion using ele
tron and muon neutrinoss
attering on nu
lear target �e(�)N ! e�X: (7)Let us de�ne the 
onne
tion between �avor �� and massive �i states inthe following way ���� �� = �12�� =Xi U�i ���i �� = �12�� (8)
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t, Neutrino Os
illations and Cosmology : : : 1369for negative heli
ity states and���� �� = +12�� =Xi U��i ���i �� = +12�� (9)for � = +12 . In the same way Weyl parti
le and antiparti
le states are
onne
ted. Note that Eqs. (8)�(9) for massive parti
les seems to be in 
on-tradi
tion with the spe
ial theory of relativity. The real problem is thatstates on the right hand side of Eqs. (8)�(9) 
an not be de�ned, in gen-eral [15℄. However, the left-handed intera
tion 
annot 
hange the neutrinoheli
ity and it is pra
ti
ally impossible to �nd a real frame moving fasterthan the neutrino itself (neutrinos are ultrarelativisti
) and the relationsEqs. (8)�(9) 
an be safely used [15℄. This is what is usually 
onsidered tobe true when neutrino os
illation phenomena are dis
ussed. To be moregeneral, let us assume that there is also a right-handed neutrino intera
tion1LCC = gp2hAL �N i
�PL(UT )i�l��W+L�+AR �N i
�PR(U y)i�l�� iW+R� + h.
. (10)Then in the ultrarelativisti
 regime (mi � E) using the unitarity of the Umatrix, the following amplitudes to the O ��miE �2� order are obtained:A ��e(�12 )! e�� = A(e�)"A�L +A�RXi mi2E (Uei)2# ; (11)A ��e(+12 )! e�� = A(e�)"A�LXi mi2E (U�ei)2 +A�R# ; (12)A ���(�12 )! e�� = A(e�)"�A�LXi m2i8E2U�iU�ei +A�RXi mi2EU�iUei# ;(13)A ���(+12 )! e�� = A(e�)"A�LXi mi2EU��iU�ei �A�RXi m2i8E2U��iUei#; (14)1 For Dira
 neutrinos there are a
tually two independent neutrino mixing matri
es inleft- and right-handed 
harged 
urrents [16℄. Even for Majorana neutrinos these 
ouldbe in prin
iple di�erent (as is e.g. the 
ase of see-saw type models where the lightneutrino mixing matrix in the right-handed 
urrent is dumped by the heavy neutrinomass s
ale). These simpli�
ations do not spoil the general idea given here.



1370 M. Czakon et al.andA ��e(�12 )! e+� = A(e+)"�ALXi mi2E (Uei)2 +AR# ; (15)A ��e(+12 )! e+� = A(e+)"�AL +ARXi mi2E (U�ei)2# ; (16)A ���(�12 )! e+� = A(e+)"�ALXi mi2EU�iUei +ARXi m2i8E2U�iU�ei# ;(17)A ���(+12 )! e+� = A(e+)"ALXi m2i8E2U��iUei +A�RXi mi2EU��iU�ei#; (18)where A(e+) and A(e�) are appropriate amplitudes for massless neutrinos.In the approximation miE � 1 and jALj � jARj only two 
ross se
tionsfor ele
tron produ
tion by a �e(� = �1=2) beam Eq. (11) and positronprodu
tion by a �e(� = +1=2) beam Eq. (16) are large enough to be seen� ��e(�12 )! e�� � jA(e�)j2; (19)� ��e(+12 )! e+� � jA(e+)j2: (20)All other heli
ity 
ross se
tions are suppressed by fa
tors�miE �2 ; mi2E jARj or jARj2; (21)and for instan
e, for mi ' 1 eV and E ' 1 MeV we have �miE �2 ' 10�12.Su
h fa
tors 
ause that the 
ross se
tions for �avor lepton number L� vio-lating pro
esses Eqs. (13)�(14), Eqs. (17)�(18) are invisibly small. The totallepton L non-
onserving pro
esses Eqs. (12), (15), share the same prop-erty. Negle
ting the fa
tors from Eq. (21), our amplitudes are identi
al tothose of massless Weyl neutrinos whose family and total lepton numbers arestri
tly 
onserved. Turning our results around we 
an see that pro
esseswhere neutrino masses (and right-handed 
urrents) are not important giveno 
han
e to distinguish Dira
 from Majorana neutrinos. Could CP phaseshelp? In the 
ase of Dira
 [Majorana℄ neutrinos the mixing matrix U has(n � 1)(n � 2)=2 [n(n� 1)=2℄ phases. Let us look into pro
esses where theneutrino mass is important. Though the transition probability of neutrinoos
illations depends on CP phases, the physi
al phases by whi
h the neu-trino mixing matri
es di�er do not enter into transition probabilities and
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t, Neutrino Os
illations and Cosmology : : : 1371the results are the same for Dira
 and Majorana neutrinos [16,17℄. The neu-trino mass distortion measured in tritium � de
ay is a fun
tion of absolutevalues of mixing matrix elements (see next 
hapter) so it is not sensible toCP phases, either.There are also pro
esses whi
h do not 
onserve the total lepton number inwhi
h only Majorana neutrinos 
ould parti
ipate. Sin
e many years the mostpromising investigation along this line is 
onne
ted with the neutrinolessdouble beta de
ay.Surprisingly, we will see that even if this pro
ess is not observed, it 
ansolve the problem of the nature of neutrinos, when augmented with Cos-mology (assuming neutrinos as Hot Dark Matter) and neutrino os
illationsresults. 3. Neutrino masses and mixing matrix Uei elementsThere are two 
ompletely di�erent situations whi
h depend on the presentstatus of the LSND experiment. Three light neutrinos are ne
essary to ex-plain solar [18℄ and atmospheri
 [19℄ anomalies. With the LSND result [20℄an extra light neutrino must be introdu
ed.3.1. Three neutrinos s
enarioFor neutrino mixing 3 �avor states (�e; ��; �� ) are related to 3 eigenmassstates (�1; �2; �3) through [21℄0� �e���� 1A = 0� Ue1 Ue2 Ue3U�1 U�2 U�3U�1 U�2 U�3 1A0� �1�2�3 1A : (22)Our 
on
ern is about the �rst row of the mixing matrix. We use the standardparameterization [22℄U = 0� 
12
13 s12
13 s13eiÆ�s12
23 � 
12s23s13e�iÆ 
12
23 � s12s23s13e�iÆ s23
13s12s23 � 
12
23s13e�iÆ �
12s23 � s12
23s13e�iÆ 
23
13 1A :(23)To explain the solar neutrino anomaly the mass splitting between two neutri-nos must be extremely tiny, Æm2sun ' 10�5� 10�11 eV2. Only slightly largermass splitting between neutrino masses is needed in the 
ase of atmospheri
os
illations, Æm2atm ' 10�2 � 10�3 eV2. These relations leave us with twopossible neutrino mass s
enarios: Æm212 = Æm2sun , Æm223 ' Æm213 = Æm2atm(S
heme A3, Fig.1) and Æm223 = Æm2sun, Æm212 ' Æm213 = Æm2atm (S
heme B3,Fig. 1) Rea
tor experiments are of the so-
alled short baseline and are able
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A   scheme B   schemeFig. 1. Two possible neutrino mass spe
tra whi
h 
an des
ribe the os
illation data.to measure the neutrino mass splitting of the order Æm2 < 10�3. Then we
an negle
t terms with Æm2sun � 10�3 and the disappearan
e probability for��e rea
tor neutrino os
illations is (the following dis
ussion is given for theA3 s
heme) P��e!��e = P�e!�e = 1� sin2 2�13 sin2�rea
tor; (24)where�rea
tor = �23(Lrea
tor; Erea
tor); �ij(L;E) = 1:27 � Æm2ij [eV2℄L[km℄E[GeV℄ :In rea
tor experiments the disappearan
e of ��e is not seen, whi
h means thatsin2 2�13 must be small. CHOOZ gives [23℄sin2 2�13 < 0:18; (25)and two solutions for �13 
an be found:sin2�13 < 0:05 or sin2�13 > 0:95: (26)The observed �� neutrino de�
it from the atmosphere is favorable des
ribeby a �� ! �� transition where matter e�e
ts are not important (�atm =�23(Latm; Eatm)): P��!�� = sin2 2�23 
os4�13 sin2�atm: (27)We know that the atmospheri
 neutrino mixing is very large [24℄0:72 � sin2 2�23 
os4�13 � 1 and Æm2atm ' 4� 10�3 eV2 (28)and only a small value of sin2�13 in Eq. (26) is 
ompatible with the boundin Eq. (28). The re
ent �t to the new (830�920 days) atmospheri
 data ofSuperKamiokande gives the minimum of �2 for [25℄
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t, Neutrino Os
illations and Cosmology : : : 1373sin2�13 = 0:03 : (29)Similar values (sin2�13 < 0:03� 0:04 [23,26℄) are given by the rea
tor data.In all solar neutrino experiments the de�
it of ele
tron antineutrinos ismeasured and four di�erent solutions are possible [27℄. The �rst, �just so�solution, is based on the hypothesis of neutrino os
illations in va
uum (VO),Æm2sun � 10�10 eV2 in this 
ase. The other three solutions are based on theWolfenstein [28℄�Mikheyev�Smirnov [29℄ me
hanism of 
oherent neutrinos
attering in matter (so 
alled small mixing angle (SMAMSW), large mixingangle (LMA MSW) and low Æm2 (LOW MSW) solutions).For VO the �e disappearan
e probability is given by (�sun =�12(Lsun; Esun))P sun�e!�e = 1� 12 sin2 2�13 � sin2 2�12 
os4�13 sin2�sun: (30)This expression 
an be rewritten in the formP sun�e!�e = 
os4�13 �1� sin2 2�12 sin2�sun�+ sin4�13: (31)Taking into a

ount that sin4�13 ' 0 (Eq. (29)) we getP sun�e!�e ' 1� sin2 2�sun sin2�sun; (32)where �sun ' �12.Similarly we get for the 
ase of the MSW solution:P sun(MSW)�e!�e ' 1� sin2 2 ~�sun sin2 ~�sun; (33)where now sin2 2 ~�sun = sin2 2�sun�� AÆm2sun � 
os 2�sun�2 + sin2 2�sun�1=2 : (34)~�sun in
ludes the e�e
tive neutrino mass parameter with Æm2sun repla
ed by~Æm2sun = Æm2sun "� AÆm2sun � 
os 2�sun�2 + sin2 2�sun#1=2 ; (35)where A = 2p2GFENe (Ne � ele
tron number density).From Eq. (35) we 
an see that in order to ful�l the resonan
e 
onditionwe need for Æm2sun > 0 [30℄ 
os 2�sun > 0; (36)



1374 M. Czakon et al.and this means that 
os�12 > sin�12: (37)Many �ts have been done to the solar neutrino data [31℄. The resultsof the �t [32℄ whi
h takes into a

ount the full set of measurements (rates,energy spe
trum, day�night asymmetry in the 
ase of the MSW solution andseasonal variation for VO solution) are presented in Table I. For VO onlythe best �t value sin2 2�sun is given in [33℄. TABLE IThe allowed ranges and best �t values of sin2 2�sun and Æm2 for di�erent types ofsolar neutrino os
illations.Possible solutions sin2 2�sun [95 % 
.l.℄ Best �tssin2 2�sun Æm2MSW SMA 0.001�0.01 0.0065 5:2� 10�6eV2MSW LMA 0.59�0.98 0.77 2:94� 10�5eV2MSW LOW 0.68�0.98 0.9 1:24� 10�7eV2VO 0.93 4:42� 10�10eV2For a s
heme B3 a 
hange Ue3 $ Ue1 must be done.3.2. Four neutrinos s
enarioThe ele
tron (anti)neutrino appearan
e in the LSND experiment [20,34℄
an be explained by �� ! �e os
illation with additional large Æm2 s
aleÆm2LSND � 0:2 � 2 eV2: (38)In prin
iple there are six possible four-neutrino mass s
hemes with threedi�erent s
ales of Æm2. They are widely dis
ussed in literature [35℄ and it isknown that only two s
hemes (Fig. 2) are a

epted by rea
tor, LSND, solarand atmospheri
 neutrino data.As the parameterization of the 4 � 4 neutrino mixing matrix is very
ompli
ated [36℄ in the 
ase when all entries of the mass matrix are nonzerowe will use only the symboli
 denotations and take0BB� �e�����s 1CCA = 0BB� Ue1 Ue2 Ue3 Ue4U�1 U�2 U�3 U�4U�1 U�2 U�3 U�4Us1 Us2 Us3 Us4 1CCA0BB� �1�2�3�4 1CCA : (39)
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A   scheme B   schemeFig. 2. Two a

epted by present data four-neutrino s
hemes. In the s
heme A4Æm2sun = Æm212, Æm2atm = Æm234 with opposite situation in B4 s
heme where Æm2sun =Æm234, Æm2atm = Æm212. In both s
hemes Æm2LSND ' Æm213 ' Æm214 ' Æm223 ' Æm224.For the short baseline experiment (and for s
heme A4) the probability ofdisappearan
e of �e neutrinos is given by (�SBL = �32(LSBL; ESBL))P�e!�e = 1� 
e(1 � 
e) sin2�SBL; (40)where 
e = jUe3j2 + jUe4j2:Again we 
an implement the CHOOZ result [23℄ and get4
e(1� 
e) < 0:18; (41)and there are two solutions for 
e, namely
e < 0:05 or 
e > 0:95 : (42)On the other hand the de�
it of solar neutrinos in the VO s
enario and infour-neutrino language reads (�sun = �12(Lsun; Esun))P (4)�e!�e = �1� jUe3j2 � jUe4j2�2 �1� 4jUe1j2jUe2j2(jUe1j2 + jUe2j2)2 sin2�sun�+jUe3j4 + jUe4j4: (43)By 
omparison with the two �avour os
illations formulaP�e!�e = 1� sin2 2�sun sin2�sun (44)we 
an see that the fa
tor �1� jUe3j2 � jUe4j2�2 must be 
lose to one, soonly one solution of Eq. (42) is possible, namely 
e < 0:05. For small values
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e the probability P (4)�e!�e is well des
ribed in the frame of the 3 neutrinos
enario by P (3)�e!�e (Eq. (31)) with the following substitutionsjUe3j2 + jUe4j2 ! sin2�13 < 0:05;jUe1j2jUe1j2 � jUe2j2 = 
os2�12; jUe2j2jUe1j2 � jUe2j2 = sin2�12: (45)That means that �tted parameters are the same as in 3-neutrino 
asesin2�13 = jUe3j2 + jUe4j2 � 
e < 0:05: (46)The MSW and VO solutions are des
ribed by sin2 2�12 = sin2 2�sun withthe same values as in 3 neutrino s
enario given in Table I. For a s
heme B4a 
hange Ue3(4) $ Ue1(2) must be done.3.3. Tritium beta de
ayOther 
onstraints on neutrino masses and mixings 
ome from the obser-vation of the end of the Curie plot for the tritium � de
ay. Two 
ollabora-tions from Mainz and Troitsk give similar results for the upper limit (95%of 
.l.) on the e�e
tive ele
tron neutrino masshm�ei� = " nXi=1 jUeij2m2i#1=2 ; (47)hm�ei� < 2:8 eV Mainz Collaboration [37℄;hm�ei� < 2:5 eV Troitsk Collaboration [38℄:Both 
ollaborations have ambitious plans to probe the mass region below1 eV during the next �ve years [39℄.3.4. Cosmologi
al boundsThere are also astrophysi
al and 
osmologi
al bounds on neutrino massesand mixings. All this information depends on many other assumptions (ase.g. nonzero 
osmologi
al 
onstant �) and is not as stri
t as laboratory data.We will take into a

ount only one data whi
h 
omes from the so 
alled darkmatter problem. If neutrinos 
ompose all invisible matter in the Universethen [40℄ Xm� � 30 eV: (48)
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t, Neutrino Os
illations and Cosmology : : : 1377If only 20 % of all dark matter is formed by neutrinos (the so 
alled HotDark Matter) then Xm� ' 6 eV: (49)The best �t to many 
osmologi
al quantities is obtained if around 70 % ofdark matter is given by nonzero 
osmologi
al 
onstant, 24 % by Cold DarkMatter and 6 % by Hot Dark Matter. In su
h a 
aseXm� ' 2 eV: (50)4. Neutrinoless double beta de
ay and 
onstraintson neutrino natureNeutrinoless double beta de
ay is sensitive to the �rst element of theneutrino mass matrix m�� = nXi=1 U�iU�imi (51)and lu
kily, is very well 
onstrained. This is not the 
ase of other entrieswhi
h are also measured in various laboratory experiments, for instan
ejme�j in Ti + �� ! Ca+ e+;jm��j in K+ ! ���+�+;jme� j; jm�� j; jm�� j in HERA from e�p! �el�l0�X: (52)All these quantities have quite large bounds, in the MeV�GeV range [41℄ e.g.jme�j < 17 MeV;jm��j < 500 GeV;jme� j < 8:4 TeV: (53)The mixing matrix for Majorana neutrino has 3(6) phases for 3(4) neu-trinos so we havejhm�ij = ���jUe1j2m1 + e2i�2 jUe2j2m2 + e2i�3 jUe3j2m3��� ; (54)jhm�ij = ���jUe1j2m1 + e2i�2 jUe2j2m2 + e2i�3 jUe3j2m3j+ e2i�4 jUe4j2m4��� ;(55)for n = 3(4) neutrinos, respe
tively.We should stress that all our results are obtained in the approxima-tion in whi
h the lightest of neutrinos (m�)min is heavier than the di�er-en
e of squares of neutrino masses responsible for solar neutrino os
illations�(m�)min � Æm2sun�.



1378 M. Czakon et al.4.1. A s
hemesLet us �rst dis
uss the s
hemes A3 and A4. We have� for A3m1 = (m�)min;m2 = q(m�)2min + Æm2sun ' m1;m3 = q(m�)2min + Æm2atm + Æm2sun 'q(m�)2min + Æm2atm; (56)� for A4m1;m2 as for A3;m3 = q(m�)2min + Æm2LSND + Æm2sun 'q(m�)2min + Æm2LSND;m4 = qm23 + Æm2atm ' m3: (57)Using the relationminjz1 + z2 + z3 + z4j = 8<: jz3 + z4jmin � jz1 + z2jmax > 0;0;jz1 + z2jmin � jz3 + z4jmax > 0; (58)we get for both s
hemesjhm�ijmin = 8<: smin � �jUe1j2m1 + jUe2j2m2� (m�)min 2 (0; xA1 );0 (m�)min 2 (xA1 ; xA2 );��jUe1j2m1 � jUe2j2m2j��� smax (m�)min > xA2 ; (59)where smin = smax = 
em3; (A3) s
heme; (60)smin = ���jUe3j2m3 � jUe4j2m4��� ; (A4) s
heme; (61)smax = jUe3j2m3 + jUe4j2m4; (A4) s
heme: (62)xA1 and xA2 are the values of (m�)min = m1 > 0 for whi
hsmin� �jUe1j2m1 + jUe2j2m2� = 0 and ���jUe1j2m1 � jUe2j2m2���� smax = 0 ;(63)respe
tively.
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hemes there is (in agreement with Eq. (37) we take jUe1j2 >jUe2j2) jUe1j2m1 + jUe2j2m2 = (m�)min (1� 
e) (64)and ���jUe1j2m1 � jUe2j2m2��� = (m�)min (1� 
e)p1� sin2 2�sun: (65)In the A4 s
heme we do not know jUe3j2 and jUe4j2 separately and onlyapproximate values for smax 
an be foundsmax = jUe3j2m3 + jUe4j2qm3 + Æm2atm � 
eq(m�)2min + Æm2LSND: (66)The smin is unknown so the region of (m�)min 2 �0; xA1 � 
annot be 
he
kedpre
isely. We 
an �nd however that in both s
hemes (Æm2 = Æm2atm orÆm2LSND) jhm�ijmin � smax � jUe1j2m1 � jUe2j2m2= 
eq(m�)2min + Æm2 � (m�)min (1� 
e)< ( 
epÆm2atm � 0:002 eV for A3;
eqÆm2LSND � 0:03 eV for A4: (67)The region (m�)min > xA2 is more interesting. In both s
hemes thisregion o

urs if(m�)min (1� 
e)p1� sin2 2�sun � 
eq(m�)2min + Æm2 � 0; (68)from whi
h the 
ondition for sin2 2�sun followssin2 2�sun � 1� 2
e(1� 
e)2 : (69)For su
h values of mixing angle �sun we 
an �nd xA2xA2 = Æm2
eq(1� 
e)2 �1� sin2 2�sun�� 
e : (70)



1380 M. Czakon et al.4.2. B s
hemesFor B3 and B4 s
hemes the neutrino masses are 
onne
ted with thelightest neutrino mass as follows:� for B3 m1 = (m�)min;m2 =q(m�)2min + Æm2atm;m3 =q(m�)2min + Æm2atm + Æm2sun � m3; (71)� for B4 m1;m2 as in B3;m3 =q(m�)2min + Æm2atm + Æm2LSND;m4 =pm23 + Æmsun � m3: (72)Using the relation (58) we obtainjhm�ijmin = 8>><>>: wmin � �jUe3j2m3 + jUe4j2m4� > 0; (m�)min 2 �0; xB1 �0; (m�)min 2 �xB1 ; xB2 ����jUe3j2m3 � jUe4j2m4���� wmax; (m�)min > xB2 ; (73)where (
e = jUe1j2 or jUe1j2 + jUe2j2)wmin = wmax = 
em1; (B3) s
heme; (74)wmin = ���jUe1j2m1 � jUe2j2m2��� ; (B4) s
heme; (75)wmax = jUe1j2m1 + jUe2j2m2; ; (B4) s
heme: (76)xB1 and xB1 are solutions of the equationswmin��jUe3j2m3 + jUe4j2m4� = 0; and ���jUe3j2m3 � jUe4j2m4����wmax = 0;(77)respe
tively.Now there is (on
e more we assume jUe3j > jUe4j)jUe3j2m3 + jUe4j2m4 = (1� 
e)q(m�)2min + Æm2; and (78)���jUe3j2m3 � jUe4j2m4��� = (1� 
e)q(m�)2min + Æm2 p1� sin2 2�sun; (79)
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e � 0:05wmin��jUe3j2m3 + jUe4j2m4�< 
e(m�)min�(1� 
e)q(m�)2min + Æm2atm< 0;(80)and the �rst two regions in Eq. (73) are not present. In the B4 s
heme, asin the A4, we do not know jUe1j2 and jUe2j2 separately.For wmax only the bound 
an be found
e(m�)min < wmax < 
eq(m�)2min + Æm2atm: (81)In this 
ase the jhm�ij satis�esjhm�ijmin�(1� 
e)q(m�)2min + Æm2p1� sin2 2�sun�
emmin � f [(m�)min℄(82)where mmin = (m�)min for B3 and mmin =q(m�)2min + Æm2atm for B4:If 
ondition (69) is satis�ed f [(m�)min℄ is an in
reasing fun
tion of(m�)min, if not, f [(m�)min℄ de
reases fromf [0℄ = (1� 
e)pÆm2p1� sin2 2�sun � 
emmin [(m�)min = 0℄for (m�)min = 0 (83)to f [(m�)min℄ = 0for (m�)min = 24Æm2 �1� sin2 2�sun�� 
2e(1�
e)2mmin [(m�)min = 0℄sin2 2�sun � (1�2
e)(1�
e)2 351=2:(84)All the above analyti
al 
onsiderations lead us to the following 
on
lu-sions (for plots see [9℄).A) Present bound jhm�ij < 0:2 eV. (see Fig. 3)� If SMA MSW solution is the proper me
hanism then:� B4 s
heme is ex
luded for Majorana neutrinos,� In s
hemes A3; A4 and B3 Majorana neutrinos are a

eptedif (m�)min < 0:22 eV. Above this mass all three s
hemes areopen only for Dira
 neutrinos.



1382 M. Czakon et al.� For LMA and LOW MSW solutions:� the A3; A4 and B3 s
hemes a

ept Majorana neutrinos onlyfor (m�)min < 1:5 eV, an analogous limit in the B4 s
heme is(m�)min < 1:1 eV.B) If GENIUS I gives only a bound jhm�ij < 0:02 eV: (see Fig. 3)� For SMA MSW solution:� s
heme B3 is ex
luded for Majorana neutrinos,� in s
hemes A3 and A4 Majorana neutrinos are a

epted onlyfor small masses (m�)min < 0:04 eV.� For LMA and LOW solutions:� the B4 s
heme is ex
luded for Majorana neutrinos,� Majorana neutrinos 
an exist for (m�)min < 0:16 eV (A3) ;(m�)min < 0:14 eV (B3) and (m�)min < 0:22 eV (A4) :
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Fig. 3. Upper limits on the mass of the lightest of Majorana neutrinos derivedfrom present (left) and GENIUS I (right) (��)0� experimental bounds for di�erentneutrino mass s
hemes and various solar neutrino os
illation solutions. The grayshaded area shows the allowed mass region for this neutrino. The HDM areaapplies in the three neutrino 
ase only. We 
an see that Genius I with HDM solvethe problem of neutrinos' nature in this 
ase.
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illations and Cosmology : : : 1383C) If �nally GENIUS II does not �nd the (��)0� de
ay (see Fig. 4):
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Fig. 4. Even more restri
ted area allowed for the mass of the lightest Majorananeutrino in the 
ase of GENIUS II.� For SMA MSW solution:� Majorana neutrinos with (m�)min � 0:02 eV 
an exist onlyin the A3 and A4 s
hemes� For LMA MSW and LOW solutions� the B3 s
heme is ex
luded for Majorana neutrinos,� Majorana neutrinos 
an exist only in A3 and A4 s
hemes with(m�)min < 0:05 eV and (m�)min < 0:12 eV, respe
tively.There are additional restri
tions with assumption that neutrinos 
on-tribute to the dark matter 
ontent. Three neutrinos with almost degeneratemasses m� � 0:7 eV (2 eV) must exist ifPm� � 2 eV (6 eV) : This meansthat already the present (��)0� bound 
loses all s
hemes for three Majorananeutrinos if the SMA solution is the proper one. The GENIUS I boundwill 
lose s
hemes for three Majorana neutrinos. For s
hemes A4 and B4with a sterile neutrino (m�)min must be very small if Pm� ' 2 eV and(m�)min � 1:0 if Pm� � 6 eV. Then the only s
heme with one sterile neu-trino is a

epted if the sum of all Majorana neutrinos is approximately 2 eV.



1384 M. Czakon et al.If Pm� � 6 eV and GENIUS I will give negative results only 3 or 4 Dira
neutrinos 
an 
onstitute the HDM. In su
h 
ase there is a problem how toexplain the number of neutrino degrees of freedom from the abundan
e ofthe 4He and D/N. The present highest bound is N� < 5:3 [42℄.5. Con
lusionsWe have entered an ex
iting era in neutrino physi
s. Mixing in thelepton se
tor seems to be established. An obvious 
onsequen
e of this fa
tis the non
onservation of lepton family number L�: Breaking of the L� isvery weak. It is seen only in neutrino os
illation and in no other terrestriallaboratory experiments. The problem of the 
onservation or violation ofthe total lepton number L, whi
h is 
onne
ted with the Dira
 or Majorananeutrino nature, is not solved up to now. Approximate 
onservation of L�and L follows from (i) smallness of neutrino masses, (ii) ultrarelativisti

hara
ter of produ
ed neutrinos, (iii) unitarity (exa
t or approximate) ofthe mixing matrix, (iv) left-handed nature of the neutrino intera
tion.For Majorana neutrinos this approximate L� and L 
onservation 
an beproved even though lepton numbers are not de�ned for neutral parti
les.The Majorana neutrino mass matrix elements m�� (�; � = e; �; �) arebounded by various experiments. Su
h bounds are usually in the MeV�GeVrange. Only one element mee is limited with good enough pre
ision to play arole in the re
onstru
tion of the mixing in the lepton se
tor. Themee elementis measured in double � de
ay of various nu
lei. Up to now this de
ay hasnot been observed. The 
ontrary would establish the Majorana nature ofneutrinos. However the 
ombination of various information about massesand mixing matrix elements from (i) os
illation experiments, (ii) tritium� de
ay and (iii) 
osmology together with (��)0� is able to dis
riminatebetween the a

epted neutrino mass spe
tra allowed for Majorana or onlyfor Dira
 neutrinos. The data are not pre
ise enough to make 
on
lusivestatements. The bound on hm�idepends strongly on the determination ofnu
lear matrix elements. Our estimation was made with 95% CL. At 3�whi
h 
orresponds to 99% CL, a value of one for sin2 2�sun is a

epted andwe 
annot make any dis
rimination between the two natures.Our estimation is interesting also for those who strongly believe thatneutrinos are Majorana parti
les. We found the 
orner of the mass s
hemeswhere su
h neutral parti
les are still allowed. With the present experimentalpre
ision the room for the Majorana neutrino is bounded but still large. Ifnext (��)0� experiments give negative results the Majorana neutrino 
ornerwill be
ome smaller and smaller. More pre
ise informations about (i) exis-ten
e of sterile neutrino, (ii) whi
h solution of the solar neutrino anomalyis a

epted and (iii) knowledge of os
illation parameters with smaller error
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heme, the neutrino 
hara
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