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FIG. 4: Allowed regions of the MSW plane determined by a x* fit to (a) SNO day and night energy spectra and (b) with
additional experimental and solar model data. The star indicates the best fit. See text for details.
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Figure 9: Exclusion plot for the oscillation parameters based on the absolute comparison
of measured vs. expected positron yields.
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2 (iihe . Survival Probability

We assume 3-neutrino mixing. The neutrinos with definite mass in
vacuum v;, j = 1,2, 3, are numbered (without loss of generality) in such a

way that their masses obey @1 < my < mg). We do not assume any of the
relations m; < my < m3, Or m; S my <€ M3, Or my <€ ms = ma.

In the case om between the neutrino masses we have:

Am} = Amj,, (6)
and
Uel| = c08054/1 = |Ues|?, |Uea| = sinfy/1 — |Ug|?, (7)
where :

8o = 012, |Ues|* = sin®@ = sin’ by, (8)

612 and 6,3 being two of the three mixing angles in the standard parame-
terization of the PMNS matrix. |U.3|* is constrained by the CHOOZ and
Palo Verde results. The ., survival probability has the form:

‘P_NH(!;E — ﬂe)

A 2
= 1-2aii?dvcatd (1 — cos SRS

v

| . Am? L
. o 0- (1=
2cos ¢ sin” 26, ( cos S E, (9)
Ami3, L AmilL Am2, L
1 2 2 1 2 i L—:}L — ﬂ.—. — 31
+ 2.sin“0 cos Bém 0 (cos( S E, SE ) cos >§—E:f—) .

For the neutrino mass spectrum wid@erted hierar@one has:

Am? = Am?,, (10)

and
-!gf?,‘.’:&_)_sfgvl — |Ua|?, Ues| :S\il-l_%;ﬂ./l - |U91|2. (11)
The mixing matrix element constrained by the CHOOZ and Palo Verde

data is now |U,,|* :
Ua|? = sin’4. (12)



The expression for the 7, survival probability can be written in the form:

PIH(E"E - E’e)

. Am2 L
— 1-—2sin%# cos’8 (1 - cos 31
2K,

Am?2 L
— 12cos* 6 sin® 26, (1 — COS 2mE ) (13)
2 2 Aind
+ 2 sin®# cos® 8 cos® B, (cos (A?E:JL - A;ngyL) — €08 A;zgilj) :
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The Majorana nature of the massive neutrinos can manifest itself in the
existence of L # 0, AL = 2, processes. The process most sensitive to the
existence of massive Majorana neutrinos (coupled to the electron) is the neu-
trinoless double 3 ((88)o,—) decay of certain even-even nuclei

(A,2) = (A, Z+2)+e +e 1)
If the (3/3)0,— decay is generated only by the left-handed (LH) charged current

weak interaction through the exchange of virtual massive Majorana neutrinos,
A((BB)ov) is proportional to the so-called “effective Majorana mass”

IA((,B;S’)O,,) ~<m>=Y Uimj, m; S few MeV, (2)
T =1 —
where m; is the mass of the Majorana neutrino v; and U,; is the element of
neutrino (lepton) mixing matrix U.
A large number of experiments are searching for (3/3)q,—decay of different
nuclei at present. No indications that this process takes place were found.

Ge Heidelberg-Moscow experiment:

G<m>] <0.35 eV,) 90% C.L. (3)

Taking into account a factor of 3 uncertainty associated with the calculatlon
of the relevant nuclear matrix element

|<m>| < (0.35+ 1.[)5) eV,) 90% C.L.. (4)
The IGEX collaboration has obtained [30]:
(l<m>| < (0.33 = 1.35) eV, ) 90% C.L. (5)

Considera.bly hlgher sensitivity to the value of |[<m>| is planned to be
reached in several (83)o,—decay experiments of a new generation:

- th m experiment scheduled to start in'2002, will search for (83)o,—decay
of %Mo and ®2Se; will reach a sensitivity to]<m>| = 0.1 eV.
m a similar sensitivity is planned to bé reached with the cryogenic

detector CUORE; will search for the (33)g,—decay of **°Te.
@m sensitivity tq |§m> = 102 eV)is planned to be achieved

utilizing one ton of enriched "Ge.

roposal to study the (38)o,—decay of 1*Xe in a background-free
experiment with detection of the two e~ and the *Ba atom in the final state;

the estimated sensitivity of this experiment ii|< m>| 2(1-5)x10"2eV)

4



As is well known, the explanation of the atmospheric and solar neutrino
data in terms of neutrino oscillations requires the existence of 3-neutrino
mixing in the weak charged lepton current:

P e - \
(=3 Ujwu, \ (5)
A =

where vz, | = e, pu, 7, are the three left-handed flavour neutrino fields, v
is the left-handed field of the neutrino v; having a mass m; and U is a
3 x 3 unitary mixing matrix - the Pontecorvo-Maki-Nakagawa-Sakata neutrino
(lepton) mixing matrix. If v; are Majorana neutrinos,

Cm)" =v;, 1=1,2,3,
C is the charge conjugatlon matrix, a.nd for m_, < few MeV
s [ralUal® + mleezF e m3|Ue3|2 gy (7)

where

!

Uej = |UeJ" 3%1

ag = (2 — o), o031 = (a3 — al))
are two CP-violating phases. If CP-invariance holds, one has é . 5‘(’0[&'&;157'5&! (-4
AYSER ‘89
(oa=Fkr) (a1 = K'm) kK =012  Buewmey, Wepeoxeus,
In this case ) ST 18y
(o = €0 = 1) (g = €0 = %1, (8)

represent the relative CP—pantles of the neutrinos v; and v, and v; and v3,
respectively.
’ We can numerate (without loss of gene f(ty})ihe neutrino masses in such
6
@

a way thatim; < my < m3> If we denote b CC respectively the mixing

angles constrained by thesolar neutrino data and the data from th CHDOZ
experiment, then depending on the type of the neutrino mass spectrum one
has either

|Uar| = 0036@\/ - @2, \Ue2| = sin%?'\/l - %lz, |£}:£12 =sin’f, (9)

or
‘ |UL.2| = Coseo\/ 1- l e1|2 [Ue;;[ = smﬂ@\/ 1- [Uellz Uel = sin29 ( )
Relations (9 ) are valid for theutnno mass spectrum, while

those in eq. (10) are realized for the neutrino mass spectrum mtl@'ﬁerted
hlerarc]iy )



The neutrino oscillation experiments provide information on Am3, = m?—

m; (j > k). In the case of 3-neutrino mixing as an independent set of three
neutrino mass parameters one can choose

G D)
my = \/mi + Am3, , (11)

ms = \/m? + Am3, + Am3, . (12)

Then :

The Am? inferred from the atmospheric neutrino data,

g 2\
/A:nz; = Am};, = Am3, + Am3, ) (13)

e ———

while for the one deduced from the solar neutrino data, Am% , we have two
possibilities:
(Bmd = A@ (Amd = Am} ) (14)
s Sl N———
Depending on the relative magnitudes of my, v/ Am2, and y/ !_\mg2 , one
recovers the different possible types of neutrino mass spectrum:

1 if my < /Aml, </ AmZ,, one has@ L mg < @ i.e., hierarchi-
cal (H) neutrino mass spectrum;

2.m; €/ Ami, < / Aml, impliesi.e., neutrino
(IH);

mass spectrum with inverted hierarchy

3. for \/ Am3, ,\/ Ami, < my, we have@z my =~ m3) i.e., quasi-
degenerate (QD) neutrino mass spectrum;

4.if / Amd, <« Amg, ~ O(my), one find{m; ~ my < my), ie.,
spectrum with(“partial mass hierarchD interpolates between H and
QD. g

5. for \/ Am3, < v/ AmZ, ~ O(m;), we have(m; < my; ~ m3) ie.,

spectrum withGpa.rtial inverted mass hiera.r@ ; Interpolates between
IH and QD.

’ Given the values of Am2 , 85, Am?,, and of 6,

‘ |<m>| = |<m>| (ml,agl,aal;S), S=H, @

The knowledge of m; would allow to determine the neutrino mass spectrum.

5
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Figure 3: The dependence of |<m >| on m, in the case of the LMA solution. for Am? = Amgl and
Am? = Am3,, and for the best fit values (upper panel) and the 90% C.L. allowed values (middle
panel) of the neutrino oscillation parameters found in refs. [1, 41]. The lower panel is obtained by
using the 99.73% C.L. allowed values of Am% and cos 26, from [1] and the 99% C.L. allowed values
of Amj,,, and sin’#@ from [41] (the latter article does not include results at 99.73% C.L.). In the
case of CP-conservation, the allowed values of |<m >| are constrained to lie: for i) Am2 = Am2,
and the middle and lower panels (upper panel) - in the medium-grey and light-grey regions a)
between the two lower thick solid lines (on the lower thick solid line) if ny; = nmay = 1, b) between
the two long-dashed lines and the axes (on the long-dashed line) if 7y = -1 = 1, ¢) between the
two thick dash-dotted lines and the axes (on the dash-dotted lines) if 72; = —m3; = —1, d) between
the three thick short-dashed lines and the axes (on the short-dashed lines) if 79; = n3; = —1; and
for ii) Am?% = Am3, and the middle and lower panels (upper panel) - in the light-grey regions a)
between the two upper thick solid lines (on the upper thick solid line) if n; = n31 = +1, b) between
the dotted and the doubly-thick short-dashed lines (on the dotted line) if ny; = —ng, = —1, c)
between the dotted and the doubly-thick dash-dotted lines (on the dotted line) if no; = =3y = +1.
In the case of CP-violation, the allowed regions for |<m >| cover all the grey regions. Values of
[<m>| in the dark grey regions signal CP-violation.
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