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Abstract: The de vel op ments in neu trino os cil la tions and neutrinoless dou ble-beta de cay (0nbb-de cay)

are re viewed  fo cus ing on what can be learned about the three light neu tri nos in fu ture 0nbb-de cay
ex per i ments. Re cent val ues of the mix ing an gles from at mo spheric, so lar, ac cel er a tor and re ac tor
neu trino os cil la tion ex per i ments are used to pre dict val ues of the ef fec tive Majorana mass of the electron

neu trino. It is stressed that the study of the 0nbb is the most im por tant source of in for ma tion about the
Majorana na ture of neu tri nos.
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1. Introduction

Neu tri nos are one of the fun da men tal par ti cles which make up the Uni verse. Tre men -
dously large num bers of neu tri nos are pro duced in var i ous places in the Earth and in the
Uni verse. They are made mostly nat u rally, by cos mic rays, by nat u ral ra dio ac tive de cay
and by the ther mo nu clear re ac tions oc cur ring in side the Sun and other stars as well as dur -
ing the for ma tion of the neu tron stars. Nu clear power plants pro duce large num bers of
neu tri nos as by prod uct of nu clear fis sions in re ac tors. It is also pos si ble to pro duce neu tri -
nos us ing beams of high en ergy pro tons gen er ated by large ac cel er a tors.

In num ber, neu tri nos ex ceed the con stit u ents of or di nary mat ter (elec trons, pro tons,
neu trons) by a fac tor of ten bil lion. They ac count for at least as much en ergy in the Uni -
verse as all the stars com bined and, de pend ing on their ex act masses, might also ac count
for a sub stan tial frac tion of the so-called ‘dark mat ter’.

Neu tri nos are im por tant in stel lar pro cesses. Neu tri nos gov ern the dy nam ics of
supernovae, and hence the pro duc tion of heavy el e ments in the Universe. Fur ther more, if
there is CP vi o la tion in the neu trino sec tor, the phys ics of neu tri nos in the early Universe
might ul ti mately be re spon si ble for baryogenesis. If we are to un der stand ‘why we are
here’and the ba sic na ture of the Uni verse in which we live, we must un der stand the ba sic
prop er ties of the neu trino.

Neu tri nos are one of the least un der stood par ti cles. Neu tri nos are sim i lar to the more
fa mil iar elec tron, with one cru cial dif fer ence: neu tri nos do not carry elec tric charge. Since
neu tri nos are elec tri cally neu tral, they are not af fected by the elec tro mag netic forces
which act on elec trons. Neu tri nos are af fected only by a ‘weak’ sub-atomic force of much
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shorter range than electromagnetism, and are there fore able to pass through great
distances in mat ter with out be ing af fected by it.

Three types of neu tri nos are known. There is a strong ev i dence that no ad di tional neu -
tri nos ex ist, un less their prop er ties are un ex pect edly very dif fer ent from the known types.
Each type or ‘fla vor’ of neu trino is re lated to a charged lep ton. There are var i ous open
ques tions about neu tri nos that need both the o ret i cal and ex per i men tal ex plo ra tion as the
Majorana or the Dirac na ture of neu tri nos, their elec tro mag netic prop er ties, or the pos si -
ble ex is tence of CP vi o la tion in the leptonic sec tor.

Neu tri nos are very spe cial par ti cles. Stud ies of these par ti cles have played a cru cial
role in the un der stand ing of the laws of el e men tary par ti cles and their in ter ac tions. Un til
re cently, there was no ev i dence that neu tri nos have masses, and there fore the Stan dard
model in el e men tary par ti cle phys ics as sumed that neu tri nos are mass less. Small but
non-zero masses of neu tri nos have been first clearly dis cov ered by study ing neu tri nos
pro duced by cos mic ray in ter ac tions in the at mo sphere. The small neu trino masses have
pro found im pli ca tions for our un der stand ing of par ti cle phys ics and the Universe.

The re cent ob ser va tion of neu trino os cil la tions has now es tab lished be yond doubt, the
non-zero masses of neu tri nos, the fla vor change and mix ing of neu tri nos. The ex is tence of 
neu trino masses is in fact the first solid ex per i men tal fact re quir ing phys ics be yond the
Stan dard Model. The ob served small neu trino masses have pro found im pli ca tions for our
un der stand ing of par ti cle phys ics and the Uni verse. It has opened a new ex cited era in neu -
trino phys ics and rep re sents a big step for ward in our knowl edge of neu trino prop er ties.
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As the most in trigu ing and fas ci nat ing fun da men tal par ti cle, the neu trino is so im por -
tant that neu trino phys ics has be come one of the most sig nif i cant branches of mod ern
phys ics. In this pa per the fields of neu trino os cil la tions and neutrinoless dou ble beta de cay 
are pre sented.

2. Neutrino oscillations

A. A brief his tory of neu trino os cil la tions

The first ex per i men tal ob ser va tion of the neu trino (nu clear re ac tor neu trino) was made 
by Fred er ick Reines and Clyde Cow an in 1956 [1].

In 1957 the first idea of neu trino masses, mix ing and os cil la tions was put for ward by
Bruno Pontecorvo [2]. He thought that there is an anal ogy be tween lep tons and had rons
and be lieved that in the lep ton world a phe nom e non does ex ist, which is an a logue to the
well-known K K0 0  os cil la tions.

In 1957-58 Ray Da vis was run ning an ex per i ment search ing for pro duc tion of 37Ar in

the re ac tion ne + 37Cl ® e- + 37Ar (pro posed by Pontecorvo) with antineutrinos from a re -
ac tor. A ru mor reached Pontecorvo that this pro cess had been ob served by Da vis. He as -

sumed that pro duc tion of 37Ar might be due to antineutrino n to neu trino n (only one
neu trino spe cies n e  was known at that time) tran si tions in vac uum [3].

In 1962 there was an in di ca tion from the pro cess of muon dissintegration µ ® eg that 
n e  and nm  are dif fer ent par ti cles. This in spired Shoichi Sakata, Ziro Maki and Masami
Nakagawa to in tro duce two-neu trino mix ing in the con text of the Nagoya model [4]. This
pa per was prac ti cally un known for many years. Af ter the sec ond muonic neu trino nm  was
dis cov ered in the Brookhaven ex per i ment Pontecorvo gen er al ized his idea of neu trino
os cil la tions for the case of two fla vor neu tri nos [5].

In 1969 the first phenomenological the ory of two neu trino mix ing was pro posed by
Gribov and Pontecorvo [6]. They as sumed that the left-handed fields n eL  and nmL  en ter not
only into the weak in ter ac tion but also into a mass term.

Elec tron neu tri nos are pro duced in the ther mo nu clear re ac tions oc cur ring in side the
Sun. Each re ac tion is char ac ter ized by a spe cific en ergy spec trum of emit ted neu tri nos,
which can be pre dicted by the ory. The first ex per i men tal ob ser va tion made with so lar neu -
tri nos and com pat i ble with the hy poth e sis of neu trino os cil la tions orig i nated from a dis -
crep ancy be tween the mea sured de tec tion rate in the so lar neu trino ex per i ment by
Da vis [7]. This ef fect is com monly re ferred as the so lar neu trino prob lem. Three years be -
fore the first re sults of Da vis ex per i ment were an nounced, Pontecorvo pointed out that
due to neu trino os cil la tions the ob served flux of so lar neu tri nos could be twice smaller
than the ex pected flux. So far, five dif fer ent ex per i ments con firmed and con sol i dated the
mea sure ment of the so lar neu trino def i cit.

If neu trino os cil la tions are in voked to ex plain the so lar neu trino prob lem, there are two 
pos si bil i ties: os cil la tions in vac uum, or os cil la tions in mat ter. In 1978 Wolfenstein found
out [8] that mat ter can change the pat tern of neu trino os cil la tions dras ti cally. In par tic u lar,
a res o nance en hance ment of os cil la tions and res o nance fla vor con ver sion be come pos si -
ble. In 1985 Mikheyev and Smirnov ap plied this to the so lar neu trino prob lem [9].
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In 2001 the Mikheyev-Smirnov-Wolfenstein (MSW) ef fect was con firmed in the
Sudbury Neu trino Ob ser va tory (SNO) [10], where the so lar neu trino prob lem was fi nally
solved. It was shown there that only ~34 % of the elec tron neu tri nos (mea sured with one
charged cur rent re ac tion of the elec tron neu tri nos) reach the de tec tor, whereas the sum of
rates for all three neu tri nos (mea sured with one neu tral cur rent re ac tion) agrees well with
the ex pec ta tions.

The MSW ef fect is im por tant for high en ergy so lar neu tri nos. For the low en ergy so lar
neu tri nos, on the other hand, the mat ter ef fect is neg li gi ble and the vac uum os cil la tion
should be con sid ered. This is con sis tent with the ex per i men tal ob ser va tions on such neu -
tri nos by the Homestake Ex per i ment of Da vis, the first ex per i ment to re veal the so lar neu -
trino prob lem, fol lowed by those of Gallex/GNO [11] and SAGE [12] (col lec tively,
gal lium ex per i ments) that mea sured the low est en ergy neu tri nos and pro vided a strong
sup port to Homestake. These re sults are sup ported by the re sults of the re ac tor antineu -
trino ex per i ment KamLAND [13], which alone is able to pro vide also a mea sure ment of
the pa ram e ters of os cil la tion that is con sis tent with all other mea sure ments.

At mo spheric neu tri nos are pro duced by pri mary cos mic rays in ter act ing with the at -
mo sphere and cre at ing a large num ber of sec ond ary pions and K-mesons, mainly with en -
er gies of a few GeV. Due to the low den sity of the at mo sphere es sen tially all the mesons
de cay be fore in ter act ing via re ac tion p m n nm m/ ( )K ® +  . Most of the muons de cay be -
fore reach ing the ground: m n n n nm m® +e + e e( ) ( ) . If all muons de cayed one would ex -
pect N N( ) / ( )n nm e = 2 in the ab sence of phys ics be yond the Stan dard Model. This ra tio is
known with an er ror of ~5 % and is a sub ject of ex per i men tal in ter est. The dis tance trav -
eled by neu tri nos be fore reach ing the de tec tor is re lated to the ze nith an gle. Neu trino os -
cil la tion could be there fore iden ti fied by de tect ing the ze nith an gle de pend ence. The
Super-Kamiokande ex per i ment has proven, with large sta tis ti cal sig nif i cance, this de -
pend ence mak ing a strong claim for the ob ser va tion of neu trino os cil la tion in 1998 [14].
The ob served updown asym me tries of the de tected muons showed that, with the three
known neu trino fla vors, the so lu tion to this anom aly is n nm t®  os cil la tions. In agree ment 
with the re sult of the re ac tor ex per i ment CHOOZ [15] sig nif i cant n nm ® e  os cil la tions
have been ex cluded.
The idea of an ac cel er a tor neu trino beam was proposed by Pontecorvo a long time ago. In
brief, a pro ton beam strikes a thick nu clear tar get, pro duc ing s secondaries, such as pions
and kaons. For con ven tional neutrino beams, the neu trino spec tra may be de rived from the 
p / K  me son spec tra and the ki ne mat ics of me son decay in flight. The long base line os cil la -
tion ex per i ments K2K [16] and MINOS [17] us ing man-made neu tri nos at ac cel er a tors has
con firmed the at mo spheric neu trino def i cit as well as a dis tor tion of the en ergy spec trum in
agree ment with the os cil la tion hy poth e sis.

B. Neu trino mix ing and masses

The dis cov ery of neu trino os cil la tions in the at mo spheric Super-Kamiokande ex per i -
ment [14], in the so lar SNO ex per i ment [10], in the re ac tor KamLAND ex per i ment [13] in
the ac cel er a tor K2K ex per i ment [16] and other neu trino ex per i ments [11, 12, 18, 19] is
one of the most com pel ling ev i dence in fa vor of new phys ics be yond the Stan dard Model.
All the ex ist ing neu trino os cil la tion data, with the ex cep tion of the data of the short base -
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line ac cel er a tor ex per i ment LSND [20] (the LSND re sult will be checked by the run ning
MiniBooNE ex per i ment [21] soon) are de scribed by the three-neu trino mix ing scheme

n n m tlL li iL
i

x U x l e( ) ( ); , ,= =
=

å
1

3

 .                                                                                                              (1)

Here, n i x( ) is the field of the neu trino with mass m
i
 (i = 1, 2, 3) and n lL x( ) is a fla vor neu -

trino field which en ters into the stan dard charged and neu tral cur rents
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U is the uni tary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [2, 3, 22] mix ing ma trix. For 
mas sive Dirac neu tri nos the PMNS ma trix UD in the stan dard parameterization has the
form

U

c c s c s e

s c c s s e c c sD

i

i= - - -

-
12 13 12 13 13

12 23 12 23 13 12 23

d

d
12 23 13 23 13

12 23 12 23 13 12 23 12 23

s s e s c

s s c c s e c s s c

i

i

d

d- - - s e c ci
13 23 13

d

ö

ø

÷
÷
÷

æ

è

ç
ç
çç

 .                                                  (3)

Here sij ij= sin q , cij ij= cos q , q ij  ( )i j<  is the neu trino mix ing an gle and d is the CP vi o lat -
ing phase.

It was ob tained from the anal y sis of the Super-Kamiokande at mo spheric neu trino data
for the neu trino mass squared dif fer ence Dm23

2  and the pa ram e ter sin 2
232q  [14]:

best fit:         Dm23
2  = 2.1´10-3 eV2,                                     sin 2

232q =1.00 ,

90 % C.L.:   1.5´10-3 eV2 £ Dm23
2  £ 3.4´10-3 eV2,                      sin 2

232q  > 0.92                    (4)

The global anal y sis of the data of the so lar neu trino experiments and KamLAND ex per i -
ment yields the fol lowing best fit val ues and 90 % C.L. ranges of the rel e vant neu trino os -
cil la tion pa ram e ters [13]:

best fit:        Dm12
2  = 7.9´10-5 eV2,                                      tan 2

12q  = 0.40 ,

90 % C.L.:    7.4´10-5 eV2 £ Dm12
2  £ 8.5´10-5 eV2,       0.33 £ tan 2

12q  £ 0.50                     (5)

No tice that neu trino mass-squared dif fer ence is de termined as Dm m mik k i
2 2 2= - . For the an -

gle q13  only the up per bound is known. From the ex clu sion plot ob tained from the data of
the re ac tor ex per i ment CHOOZ [15, 23], we have

sin 2
13

25 10q £ ´ -   (90 % C.L.) .                                                                                                                    (6)

The CP-vi o lat ing phase d re mains un de ter mined. A re cent global anal y sis of the os cil la tion 
data leads to the fol low ing bound: sin . .

.2
13 0 9

2 3 209 10q £ ´-
+ -  (95% C.L.) [24].

At pres ent the struc ture of the neu trino mass spec trum is not known as well. Two types
of spec tra are pos si ble:

1. Nor mal spec trum:

           m m m m m1 2 3 12
2

23
2< < <<; D D  .                                                                      (7)
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2. In verted spec trum:

           m m m m m3 1 2 12
2

13
2< < <<; D D                                                                        (8)

We note that it is com mon to la bel neu trino masses dif fer ently in the case of the nor mal and
the in verted spec tra. For both spec tra we have m m2 1> . But in the case of the nor mal spec -
trum m3  is the mass of the heavi est neu trino and in the case of the in verted hi er ar chy  m3  is
the mass of the light est neu trino. This con ven tion al lows to keep the same no ta tion of the
mix ing an gles for both spec tra. Ex ist ing os cil la tion data are com pat i ble both with nor mal
and the in verted spec tra.

The light est neu trino mass m m m0 1 3= ( ) , which de ter mines the ab so lute val ues of neu -
trino masses, is cur rently also un known.  It was found from an anal y sis of the data of the
Mainz [25] and Troitsk [26] tri tium ex per i ments

m0 23£ .   eV.                                                                                                                (9)

A more strin gent bound on the sum of neu trino masses can be found from the mea sure -
ment of the mat ter power spec trum P(k). De pend ing on the data which were taken into ac -
count, the cos mo log i cal up per bound on the sum of neu trino masses was ob tained as (see
[27, 28] and ref er ences therein)

mi
i

£ -å ( . . )05 17  eV.                                                                                                (10)

An im por tant ev i dence that masses and mix ing of neutrinos are of a na ture be yond the
Stan dard model (SM) would be that mas sive neu tri nos are Majorana par ti cles. If n i  are
Majorana par ti cles

1. Neu trino fields n i x( ) sat isfy the Majorana con di tions

n ni
c

ix x( ) ( )=  ,                                                                                                          (11)

where n ni
Tc x C x
i

( ) ( )=  is the con ju gated field (C is the charge con ju ga tion ma trix).
2. The neu trino mix ing ma trix has the form [29]

U U SD= ( )a                                                                                                              (12)

where S ( )a  is the di ag o nal phase ma trix. In the case of three neu trino mix ing the ma trix 
S ( )a  is char ac ter ized by two Majorana CP-vi o lat ing phases. The ma trix S ( )a  can be pre -
sented in the form

S ik
i

ik
i= =e a d a; 3 0 .                                                                                             (13)

The uni tary ma trix UD, which is char ac ter ized by the three mix ing an gles q q q12 23 13, ,  and

one phase d, was al ready in tro duced in Eq. (3).
If in the lep ton sec tor CP invariance holds, for the Majorana mix ing ma trix, we have [30]

U Uli li i= *h ,                                                                                                               (14)

where h i i= ±  is the CP par ity of the Majorana neu trino n i . The con di tion (14) can be pre -
sented in the form

U U eli li
i i2 2 2= ( / )p r ,                                                                                                    (15)

where r i  = ±1.
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In ves ti ga tions of neu trino os cil la tions in vac uum and in mat ter do not al low to dis tin -
guish mas sive Dirac from mas sive Majorana neu tri nos [29, 31, 32]. In or der to re veal the
Majorana na ture of n i  it is nec es sary to study pro cesses in which the to tal lep ton num ber is
vi o lated. Be cause the stan dard electroweak in ter ac tion con serves helicity the prob a bil i ties 
of such pro cesses are pro por tional to the squares of the neu trino masses, and, con se -
quently, they are strongly sup pressed. The best sen si tiv ity on small Majorana neu trino

masses can be reached in the in ves ti ga tion of neutrinoless dou ble b-de cay (0nbb) of some
even-even nu clei.

3. Neutrinoless double beta decay

Af ter the dis cov er ies of os cil la tions of at mo spheric, so lar and re ac tor neu tri nos the
phys ics com mu nity world wide is em bark ing on the next chal leng ing prob lem, find ing
whether neu tri nos are in deed Majorana par ti cles (i.e. iden ti cal to its own an ti par ti cle), as
many par ti cle mod els sug gest, or Dirac par ti cles (i.e. is dif fer ent from its an ti par ti cle).

All known fer mions (e.g. elec tron, pro ton) have a dis tinct anti-par ti cle (pos i tron,
antiproton). Anti-par ti cle is a par ti cle with the same mass and spin but op po site elec tric
charge. An ex cep tion might be neu trino, which is a neu tral par ti cle. We note that Majorana 
neu tri nos fit very nat u rally in mod ern par ti cle phys ics sce nar ios. The to tal lep ton num ber

vi o lat ing neutrinoless dou ble beta de cay (0nbb-de cay),

( , ) ( , )A Z A Z® + + -2 2e ,                                                                                        (16)

is the most pow er ful tool to clar ify if the neu trino is a Dirac or a Majorana par ti cle. Since
the 0nbb-de cay gives prac ti cally the only pos si bil ity of dis tin guish ing be tween Majorana
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and Dirac neu tri nos much ef fort has been de voted to the prob lem of 0nbb-de cay (for re -
views see refs. [33]).

There are dif fer ent pos si ble modes of the dou ble beta de cay, which dif fer from each
other by the light par ti cles ac com pa ny ing the emis sion of two elec trons. We dis tin guish

the 0nbb-de cay and the two-neu trino dou ble beta de cay (2nbb-de cay) modes with and

with out lep ton num ber vi o la tion, re spec tively. The 2nbb-de cay in volves the emis sion of
two elec trons and two antineutrinos:

( , ) ( , )A Z A Z® + + +-2 2 2e en  .                                                                              (17)

This pro cess does not vi o late the lep ton num ber, it is fully con sis tent with the stan dard

model (SM) of electroweak in ter ac tion. The 2nbb-de cay has been ob served so far in ten
nuclides (48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128T e, 130T e, 150Nd and 238U) and in two ex -
cited states [34].

Dou ble beta de cay is a very rare pro cess both in the case of the two-neu trino and of the
neutrinoless mode.

A. A brief his tory of dou ble beta de cay

The early pe riod
Dou ble beta de cay was first con sid ered in pub li ca tion [35] of Maria Goeppert-Mayer

in 1935. It was Eu gene Wigner, who sug gested this prob lem to the au thor about one year
af ter the Fermi weak in ter ac tion the ory ap peared. In the work of Maria Goeppert-Mayer

[35] an ex pres sion for the 2nbb-de cay rate was de rived and a half-life of 1017 years was
es ti mated by as sum ing a Q-value of about 10 MeV.

Two years later (1937) Ettore Majorana for mu lated the ory of Majorana neu tri nos

(neu trino n and antineutrino n are in dis tin guish able) and sug gested antineutrino in duced 
b- -de cay for ex per i men tal ver i fi ca tion of this hy poth e sis [36]. Giulio Racah was the first,

who pro posed test ing Majorana’s the ory with the 0nbb-de cay for pro cesses with real neu -
tri nos [37]. In 1939, Wolfgang Furry dis cussed a dou ble beta de cay with out emis sion of

neu trino (0nbb-de cay with vir tual neu trino) [38]. In 1952 Henry Primakoff [39] cal cu -
lated the elec tron-elec tron an gu lar cor re la tions and elec tron en ergy spec tra for both the

2nbb-de cay and the 0nbb-de cay, pro duc ing a use ful tool for dis tin guish ing be tween the
two pro cesses.

At that time noth ing was known about the chirality sup pres sion of the 0nbb-de cay. It

was be lieved that due to a con sid er able phase-space ad van tage the 0nbb-de cay mode
dom i nates the dou ble beta de cay rate. Start ing from 1950 this phe nom e non was ex ploited
in early geo chem i cal, radiochemical and coun ter ex per i ments. It was found that the mea -

sured lower limit on the bb-de cay half-life ex ceeds far the val ues ex pected for this pro -

cess, T1/2 ~ 1012-1015 years. In 1955 the Ray mond Da vis ex per i ment [40], which searched
for the antineutrinos from re ac tor via nu clear re ac tion ne e+ ® + -37 37Cl Ar , pro duced a
zero re sult. The above ex per i ments were in ter preted as proof that the neu trino was not a
Majorana par ti cle, but a Dirac par ti cle. This prompted the in tro duc tion of the lep ton num -
ber to dis tin guish the neu trino from its an ti par ti cle. The as sump tion of lep ton num ber con -

ser va tion al lows the 2nbb-de cay but for bids the 0nbb-de cay, in which lep ton num ber is
changed by two units.
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In 1949 Fire man re ported ob serv ing the bb-de cay of 124Sn in a lab o ra tory ex per i ment

[41], but dis claimed it later [42]. The first geo chem i cal ob ser va tion of the bb-de cay, with
an es ti mated half-life T1/2(

130Te) = 1.4×1021 years, was an nounced by Ingram and Reynolds
in 1950 [43].

The pe riod of scep ti cism
Shortly af ter Lee and Yang for mu lated the par ity vi o la tion in the weak in ter ac tion, it

has been es tab lished by two ep ochal ex per i ments. In 1957 Wu et al. dis cov ered the asym -

me try in the an gu lar dis tri bu tion of the b-par ti cles emit ted rel a tive to the spin ori en ta tion
of the par ent nu cleus 60Co. A year later Goldhaber et al. found the com plete polar is ation of 
neu tri nos by mea sur ing the pho ton spin di rec tion de ter mined by the deexcitation of a
152Eu* nu cleus af ter K-cap ture. In 1958 seem ingly con fused sit u a tion was sim pli fied in
the form of the vec tor-ax ial vec tor (V -A) the ory of weak in ter ac tions de scrib ing max i mal
par ity vi o la tion in agree ment with avail able data. In or der to ac count for the chiral sym me -
try break ing of the weak in ter ac tion only left-handed fer mions par tic i pate and the me di at -
ing par ti cles must be vec tors of spin 1 and left-handed, as well.

The max i mal par ity vi o la tion is eas ily re al ized in the lep ton sec tor by us ing the
two-com po nent the ory of a mass less neu trino, pro posed in 1957 by L. Lan dau, T. D. Lee,
C. N. Yang and A. Salam (This idea was first de vel oped by H. Weyl in 1929, but it was re -
jected by Pauli in 1933 on the grounds that it vi o lates par ity.) In this the ory, neu tri nos are
left-handed and antineutrinos are right-handed, lead ing au to mat i cally to the V-A cou plings.

With the dis cov ery of par ity vi o la tion, it be came ap par ent that the Majorana/Dirac
char ac ter of the elec tron neu trino was still in ques tion. The par ti cles that par tic i pate in the

0nbb-de cay re ac tion at nu cleon level are right-handed antineutrino ne  and left-handed

neu trino n e :

n p e e
RH® + +- n  

n e
LH n p e+ ® + - .                                                                                                     (18)

Thus, even if the neu trino is a (mass less) Majorana par ti cle, the ab sence of the 0nbb-de cay, 
as the first neu trino has the wrong helicity for ab sorp tion on a neu tron, im plies nei ther a
Dirac elec tron neu trino nor a con served lep ton num ber.

The re quire ment that both lep ton num ber con ser va tion and the g 5  invariance of the

weak cur rent had to be vi o lated in or der the 0nbb-de cay to oc cur dis cour aged ex per i men -
tal searches.

The pe riod of GUT
The max i mal vi o la tion of par ity (and of charge con ju ga tion) sym me try is ac com mo -

dated in the stan dard model (SM), which de scribes jointly weak and elec tro mag netic in -
ter ac tions. This model was de vel oped largely upon the em pir i cal ob ser va tions of nu clear
beta de cay dur ing the lat ter half of the past cen tury. De spite the phenomenological suc cess 
of the SM, the fun da men tal or i gin of par ity vi o la tion has been found un known. In spite of
the fact that the SM rep re sents the sim plest and the most eco nom i cal the ory, it has been not 
con sid ered as the ultimative the ory of na ture. It was as sumed likely to de scribe the ef fec -
tive in ter ac tion at low en ergy of an un der ly ing more fun da men tal the ory.
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With the de vel op ment of mod ern gauge the o ries at the be gin ning of the sev en ties of
the pre vi ous cen tury, per cep tions be gan to change. In the SM it be came ap par ent that the
as sump tion of lep ton num ber con ser va tion led to the neu trino be ing strictly mass less, thus
pre serv ing the g 5-invariance of the weak cur rent. With the de vel op ment of Grand Uni fied
The o ries (GUTs) of the electroweak and strong in ter ac tions, the prej u dice has grown that
lep ton num ber con ser va tion is not the re sult of an ex act global sym me try. The mod ern
GUTs and supersymmetric (SUSY) ex ten sions of the SM sup pose that the con ser va tion
laws of the SM may be vi o lated to some small de gree. The lep ton num ber may only ap pear 

to be con served at low en er gies be cause of the large grand uni fied mass scale LGUT gov -
ern ing its break ing. Within the pro posed see-saw mech a nism one ex pects the neu trino to

ac quire a small Majorana mass of a size ~(light mass)2/LGUT , where “light mass” is typ i -

cally that of a quark or charged lep ton. The con sid er ations of a sen si tiv ity of the 0nbb-de -
cay ex per i ments to a neu trino mass mn  ~ 1 eV be came the gen e sis of a new in ter est to the
dou ble beta de cay.

Neu trino masses ei ther re quire the ex is tence of righthanded neu tri nos or re quire vi o la -
tion of the lep ton num ber (LN) so that Majorana masses are pos si ble. So, one is forced to
go be yond the min i mal mod els again, whereby LF and/or LN vi o la tion can be al lowed in
the the ory. A good can di date for such a the ory is the left-right sym met ric model of Grand

Uni fi ca tion (GUT) in au gu rated by Salam, Pati, Mohapatra and Senjanoviº [44] (es pe -
cially mod els based on SO(10) which have first been pro posed by Fritzsch and Min kow -
ski [45]) and its supersymmetric ver sion [46]. The left-right sym met ric mod els, rep re sent-
ing gen er al iza tion of the SU UL( ) ( )2 1Ä  SM, pre dict not only that the neu trino is a
Majorana par ti cle, that means it is up to a phase iden ti cal with its an ti par ti cle, but
automatically pre dict the neu trino has a mass and a weak right-handed in ter ac tion.

In the left-right sym met ric mod els the LN con ser va tion is bro ken by the pres ence of
the Majorana neu trino mass. The LN vi o la tion is also inbuilt in those SUSY the o ries
where R-par ity, de fined as Rp

B L S= - + +( )1 3 2  (S, B, and L are the spin, baryon and lep ton
num ber, re spec tively) is not a con served quan tity any more.

The 0nbb-de cay which in volves the emis sion of two elec trons and no neu tri nos, has
been found as a pow er ful tool to study the LN con ser va tion. Schechter and Valle proved

that the 0nbb-de cay takes place only if the neu trino is a Majorana par ti cle with non-zero
mass [47]. It was rec og nized that the GUT’s and R-par ity vi o lat ing SUSY mod els of fer a

pleth ora of the 0nbb-de cay mech a nisms trig gered by ex change of neu tri nos, neutralinos,
gluinos, leptoquarks etc. [48].

An other ap proach in han dling the 0nbb-de cay prob lem based on con sid er ation of par -
ti cles other than the nu cle ons pres ent in the nu clear soup was pro posed as a re mark by the
ge nius of Pontecorvo. He in tro duced the dou ble beta de cay of pions in flight be tween nu -
cle ons. This idea was re vived by the Bratislava-Dubna-Tuebingen groups in the con text of 
R-par ity vi o lat ing in ter ac tions [49], i.e. sca lar, pseudoscalar and ten sor cur rents aris ing out
of neutralino and gluino ex change. It was found that the pion-ex change mech a nism clearly
dom i nates over the con ven tional two-nu cleon mech a nism for this type of in ter ac tions.

The ex per i men tal ef fort con cen trated on high Qbb  iso topes, in par tic u lar on 48Ca, 76Ge,
82Se, 96Zr, 100Mo, 116Cd, 130T e, 136Xe and 150Nd. In 1987 the first ac tual lab o ra tory ob ser va -

tion of the 2nbb-de cay was done for 82Se by M. Moe and col lab o ra tors, who used a time
pro jec tion cham ber. Within the next few years, ex per i ments em ploy ing coun ters were
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able to de tect 2nbb-de cay in many nu clei. In ad di tion, the ex per i ments search ing for the

sig nal the  0nbb-de cay pushed by many or ders of mag ni tudes the ex per i men tal lower lim -

its for the 0nbb-de cay half-life of dif fer ent nu clei.

The pe riod of mas sive neu tri nos - the cur rent pe riod
Start ing 1998 we have a con vinc ing ev i dence about neu trino masses due to

SuperKamiokande and SNO ex per i ments. Con trary to the im pli ca tions of some pop u lar
press re ports, most phys i cists have been ex pect ing such re sults for sev eral years.
Non-zero neu trino mass can be ac com mo dated by fairly straight for ward ex ten sions of the
“stan dard model” of par ti cle phys ics. Ear lier mea sure ments of neu tri nos pro duced in the
Sun, in the at mo sphere, and by ac cel er a tors sug gested that neu tri nos might os cil late from
one “fla vor” (elec tron-, muon-, and tau-) to an other ex pected con se quence of non-zero
mass. Neu trino mass gives ad di tional data in con struct ing the Grand Uni fied The ory
(GUT) of phys ics. It also pro vides ad di tional data for cos mol o gists and es tab lished per -

spec tives for ob ser va tion of the  0nbb-de cay.

So far the 2nbb-de cay has been re corded for ten nu clei (48Ca, 76Ge, 82Se, 96Zr, 100Mo,
116Cd, 128T e, 130T e, 150Nd, 238U). In ad di tion, the 2nbb-de cay of 100Mo and 150Nd to 0+ ex -
cited state of the daugh ter nu cleus has been ob served and the ECEC pro cess in 130Ba was

re corded. Ex per i ments study ing the 2nbb-de cay are pres ently ap proach ing a qual i ta tively
new level, where high-pre ci sion mea sure ments are per formed not only for half-lives but
also for all other pa ram e ters of the pro cess. As a re sult, a trend is emerg ing to ward thor -

oughly in ves ti gat ing all as pects of 2nbb-de cay, and this will fur nish a very im por tant in -
for ma tion about the val ues of nu clear ma trix el e ments, the pa ram e ters of var i ous
the o ret i cal mod els, and so on. In this con nec tion, one may ex pect ad vances in the cal cu la -
tion of nu clear ma trix el e ments and in the un der stand ing of the nu clear-phys ics as pects
of dou ble beta de cay.

Neutrinoless dou ble beta de cay has not yet been con firmed. Some au thors of the Hei -
del berg-Mos cow (HM) col lab o ra tion have claimed the ex per i men tal ob ser va tion of the  

0nbb-de cay of 76Ge with half-life time T1 2
0
/
n  = (0.8-18.3)´1025 years (best-fit value of 1.5´

1025 years) [48, 50]. This work has at tracted a lot of at ten tion of both experimentalists and
the o re ti cians due to im por tant con se quences for par ti cle phys ics and as tro phys ics [51].

Sev eral re search ers of the bb-de cay com mu nity re-ex am ined and crit i cized the pa per,
sug gest ing a def i nitely weaker sta tis ti cal sig nif i cance of the peak [52–54]. It is also worth
men tion ing that the Mos cow par tic i pants of the HM col lab o ra tion per formed a sep a rate
anal y sis of the data and pre sented the re sults at NANP 2003 (Dubna, June 24, 2003) [55].

They found no in di ca tion in fa vor of the ev i dence of the  0nbb-de cay. In any case the dis -
proof or the con fir ma tion of the claim will come from fu ture ex per i ments. A good can di -

date for a cross-check of the claimed ev i dence of the 0nbb-de cay of 76Ge is the Cuoricino/

CUORE ex per i ment [56] in which  0nbb-de cay of 130Te is in ves ti gated.
There is a hope that the pe riod of Majorana neu tri nos is not far. This pe riod should start 

by a di rect and un doubt able ob ser va tion of the  0nbb-de cay. It would es tab lish that neu tri -
nos are Majorana par ti cles, and a mea sure ment of the de cay rate, when com bined with
neu trino os cil la tion data and a re li able cal cu la tion of nu clear ma trix el e ments, would yield 
in sight into all three neu trino mass eigenstates.
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B. Ef fec tive neu trino mass and nu clear ma trix el e ments

The  bb-de cay can be ob served be cause the pair ing force ren ders the even-even nu clei
with even num ber of pro tons and neu trons more sta ble than the odd-odd nu clei with bro -
ken pairs. Thus, the sin gle beta de cay tran si tion from the even-even par ent nu cleus (A, Z)
to the neigh bour ing odd-odd nu cleus (A, Z + 1) is for bid den en er get i cally or at least

strongly sup pressed due to a large change of spin (e.g. 48Ca nu cleus) and the bb de cay to
the daugh ter nu cleus (A, Z + 2) is the only pos si ble de cay chan nel. There are few tens of
nu clear sys tems [34], which of fer an op por tu nity to study it.

The in verse half-life of 2nbb-de cay is free of un known pa ram e ters on the par ti cle
phys ics side and is ex pressed as a prod uct of a phase-space fac tor G Q Z2n bb( , ) and squared
dou ble Gamow-Teller nu clear ma trix el e ment M A ZGT

2n ( , ) ,

( ) ( , )/T G Q Z MGT1 2
2 1

2
2

2
n

n bb
n- = .

The mea sured 2nbb-de cay half-lives give us di rectly the value of the cor re spond ing nu -
clear ma trix el e ments, i.e, the 2nbb-de cay of fers a se vere test of nu clear struc ture cal cu -
la tions.

By as sum ing the dom i nance of the light neu trino mass mech a nism the in verse value of

the 0nbb-de cay half-life for a given iso tope (A, Z) is given by

( ) ( , )/T G Q Z M m1 2
0 1

0 0

2 2
n

n bb n bb
- = .

Here, G Q Z0n bb( , ) and M 0n are, re spec tively, the known phase-space fac tor and the nu clear
ma trix el e ment, which de pends on the nu clear struc ture of the par tic u lar iso tope un der
study. The main aim of the ex per i ments on the search for 0nbb-de cay is the mea sure ment
of the ef fec tive Majorana neu trino mass mbb .

Un der the as sump tion of the mix ing of three mas sive Majorana neu tri nos the ef fec tive
Majorana neu trino mass mbb  takes the form

m U m U m U me e ebb = + +1
2

1 2
2

2 3
2

3 .                                                                                 (19)

Here, U
ei 

and m
i 
(i = 1, 2, 3) are el e ments of Pontecorvo-Maki-Nakagawa-Sakata (PMNS)

neu trino mix ing ma trix and masses of neu tri nos, re spec tively. The pre dic tions for m can be
ob tained by us ing the pres ent data on the os cil la tion pa ram e ters. Its value de pends strongly
on the type of neu trino mass spec trum, min i mal neu trino mass and Majorane CP-vi o lat ing
phases [57].

From the mea sure ment of the half-life of the 0nbb-de cay only the prod uct 
m M A Zbb

n0 ( , ) can be de ter mined. Thus, it is not pos si ble to reach qual i ta tive con clu -

sions about neu trino masses and the type of neu trino mass spec trum with out ac cu rate cal -

cu la tion of nu clear ma trix el e ments [57]. The cal cu la tion of the 0nbb-de cay ma trix
el e ments is a dif fi cult prob lem be cause the ground and many ex cited states of open-shell
nu clei with com pli cated nu clear struc ture have to be con sid ered.

Two ba sic meth ods are used in the eval u a tion of bb-de cay nu clear ma trix el e ments, the 
quasiparticle ran dom phase ap prox i ma tion (QRPA) [58] with its var i ous mod i fi ca tions
and the nu clear shell model (NSM) [59]. Both meth ods have the same start ing point,
namely a Slat er de ter mi nant of in de pend ent par ti cles. How ever, there are sub stan tial dif -
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fer ences be tween both ap proaches, namely the kind of cor re la tions they in clude are com -
ple men tary. The QRPA treats a large sin gle par ti cle model space, but trun cates heavily the
in cluded con fig u ra tions. NSM, by a con trast, treats a small frac tion of this model space,
but al lows the nu cle ons to cor re late in ar bi trary ways.

The over whelm ing ma jor ity of the pub lished NME’s were ob tained within the QRPA.
How ever, var i ous implementations of the QRPA in tro duced by dif fer ent authors have pro -
duced a spread of re sults with a fac tor of three or as much as five. In Ref. [58] a list of main 
reasons lead ing to a spread of the pre vi ous QRPA NME’s was pre sented. It was shown that 
in most, al beit not all, cases the dif fer ences among them can be un der stood.

Given the in ter est in the sub ject the 0nbb-de cay NME’s of most nu clei of ex per i men tal 
in ter est are pre sented in Fig. 3. They were eval u ated us ing the QRPA and the RQRPA
within the pro ce dure of fix ing gpp to known M A ZGT

2n ( , ) [58, 60]. Their vari ance in cludes
the er ror com ing from the ex per i men tal (sta tis ti cal and sys tem atic) un cer tainty in  
M A Z2n ( , ) and un cer tainty from the ory it self. For 136Xe the er ror bars en com pass the

whole in ter val re lated to the un known rate of the 2nbb de cay. These re sults pro vide hope

that with a con sis tent treat ment 20-30 % un cer tain ties are pos si ble.
Af ter some break of about 10 years the Nu clear Shell Model (NSM) Strasbourg-Ma -

drid group pre sented new re sults for the 0nbb-de cay NME’s [59], which are based on
good spec tros copy for par ent, in ter me di ate and daugh ter nu clei. The NSM code can deal
with prob lems in volv ing ba sis of 1010 Slat er de ter mi nants, us ing rel a tively mod est com -
pu ta tional re sources. The com par i son of re cent NME’s of [60] based on the QRPA and the
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range cor re la tions are con sid ered, namely Jastrow-type and UCOM-type.



RQRPA with those of the avail able most re cent NSM re sults [61] is pre sented in Fig. 3.
The NSM val ues are prac ti cally the same for all iso topes un like the (R)QRPA re sults. One
should keep in mind, how ever, the dis crep ancy be tween the (R)QRPA and NSM ap -
proaches as well as sys tem atic ef fects that might elude ei ther or both cal cu la tions.

It is clear that fur ther prog ress in the cal cu la tion of the 0nbb-de cay NME’s is needed. In
par tic u lar, the prob lem of the two-nu cleon short-range cor re la tions should be better un der -

stood. An open is sue is what is the ef fect of de for ma tion on the 0nbb-de cay NME’s [62].

The prob lem of the un cer tainty in the 0nbb-de cay NME might be better un der stood by

ob ser va tion of the 0nbb-de cay of at least three dif fer ent nu clei. The ra tios of cor re spond -

ing 0nbb-de cay half-lives can be a model in de pend ent test of the the o ret i cally cal cu lated
NME’s.

C. Per spec tives of the 0nbb-de cay ex per i ments

Ex per i ments on the dou ble beta de cay can be di vided into two cat e go ries:
1. Geo chem i cal de ter mi na tions of to tal bb de cay half lives by mea sur ing the abun dance of
a daugh ter iso tope in ore sam ple con tain ing the par ent iso tope.
2. Di rect de tec tion of elec tron pairs known to have been emit ted at the same time and/or
from the same point in the sam ple of par ent iso tope. Ki ne matic data on the elec trons pro -
vides in for ma tion on the mech a nisms (0n, 2n, ...) gov ern ing bb de cay.

The geo chem i cal method of mea sur ing bb de cay de pends on the de tec tion of the ra dio -
genic daugh ter that has ac cu mu lated in geo log i cally old min er als of the par ent nu clide.
How ever, the geo chem i cal method does not de ter mine the de cay mode; it in di cates only
the to tal de cay prob a bil ity, G G2 0n n+ . The pos i tive re sult was ob tained by this method with 
130Ba for 2nEC/EC de cay on the level T1 2

2
/
n  = (2.2 ± 0.5)×1021 y [63].

We can dif fer en ti ate be tween two classes of di rect bb de cay ex per i ments :
• ac tive source ex per i ments (source = de tec tor),
• pas sive source ex per i ments (mea sur ing the en ergy of the elec trons

        or track ing + en ergy de tec tors).

In the first class of ex per i ments the bb pro cess is usu ally iden ti fied only on the ba sis of
the dis tri bu tion of the to tal en ergy of the elec trons. The sec ond class of ex per i ments yields 

a more com plete in for ma tion on the bb events by mea sur ing time co in ci dence, tracks and
ver ti ces of the elec trons and their en ergy dis tri bu tion. The ex tremely low ex pected count -
ing rates cor re spond ing to the half lifes T1/2 > 1025 years re quire ex treme low-back ground
con di tions (mea sure ments in un der ground lab o ra to ries, pu ri fi ca tion of the source and ma -
te ri als of the de tec tor), the ne ces sity to use en riched sam ples, the pos si bil ity to ex tend the
de tec tor size to ~100 kg scale, good en ergy res o lu tion, long term sta bil ity of the de tec tor,

us age of sam ples made of iso topes with large Qbb (faster  0nbb rate, sig nal above many po -

ten tial back grounds), abil ity to con struct ev ery event (tracks of par ti cles, tim ing in for ma -
tion) to elim i nate the back grounds and re li able cal cu la tion of NMEs for se lected iso tope.
The half-life limit T1/2 [y] to be ex tracted from the back ground fluc tu a tion if no peak is
pres ent af ter mea sur ing time t[y], is:
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where a is the isotopical abun dance of 76Ge, M is the ac tive mass of the de tec tor [kg], B is
the av er age back ground at en ergy of the peak [counts/keV y kg], DE is the en ergy res o lu -
tion (FWHM) [keV]. The fac tor f con nects the limit to a con fi dence level (CL); f = 3.62
(1.35) for 90 (68 %) CL, if the min i mum de tect able count rate is es ti mated. It could be em -
pha sized that the en rich ment fac tor a is the only pa ram e ter not con nected through the
square root to the sen si tiv ity.

Due to their pe cu liar interdisciplinarity, ex per i ments on dou ble beta de cay in volve dif -
fer ent fields of sci ence from nu clear, subnuclear and astroparticle phys ics to ra dio ac tiv ity,

ma te rial sci ences, geo chron ol ogy etc. Ex per i men tal ef fort on de tec tion of the 0nbb-de cay
has a strong im pact, in par tic u lar, on de vel op ment of purificat ion and dif fer ent spe cial de -
tec tion tech niques as well as on prog ress in en rich ment tech niques.

It is worth to men tion some of the most im por tant ex per i ments for 0nbb de cay us ing
dif fer ent ex per i men tal tech niques. GERDA col lab o ra tion is de voted to the mea sure ment
with en riched 76Ge us ing novel tech nique of cool ing the bare Ge de tec tors in liq uid ar gon.
Ad van tage of such ap proach is the best ex per i men tal res o lu tion (~3 keV at the de cay en -
ergy of 2039 keV). The de tec tors are made of ger ma nium en riched to 86 % in 76Ge. An -
other ex per i ment CUORICINE (and its fu ture ex ten sion CUORE) uses in di vid ual
bo lom eters made of 5×5×5 cm3 sin gle crys tals of TeO2. They are made from nat u ral abun -

dance Te (33.8 %) and op er at ing at very low tem per a tures (8-10 mK). En ergy de po si tion
of a few keV re sults in a mea sur able tem per a ture in crease T which is mea sured by high re -
sis tance ger ma nium therm is tors. The CUORE de tec tor will be an ar ray of 988 bo lom eters

(~200 kg of 130Te) [72]. Var i ous bb de cay modes of Cd, Zn and Te iso topes are ex plored
with the help of CdTeZn semi con duc tor de tec tors by col lab o ra tion COBRA [71]. The
most im por tant nu cleus for COBRA ex per i ment is 116Cd as it has the high est Q value. The
pro posal is to op er ate 64 000 1 cm3 de tec tors with a to tal mass of 418 kg.

All these ex per i ments are so called ac tive source ex per i ments. On the con trary, the col -
lab o ra tion NEMO con structed track ing de tec tor NEMO3 [73]. The de tec tor has 20 seg -

ments with about of 10 kg of dif fer ent source ma te ri als (e.g. 100Mo - 6 914 g, 82Se -
932 g). It pro vides in for ma tion about the tracks of charged par ti cles (6 180 open cells op -
er at ing in Gei ger mode) and en ergy of all the par ti cles (1 940 plas tic scintillator de tec tors). 
Based on the reached re sults the col lab o ra tion SuperNEMO was formed and now it is in
R&D phase. The SuperNEMO de tec tor will be again a track ing mod u lar de tec tor with
~100 kg of en riched ma te rial (150Nd or 82Se). The con struc tion of the first SuperNEMO
mod ule will start in 2009 and be com pleted in 2010.

The 0nbb-de cay is a pro cess known for al most 70 years, which has been searched for,

but not seen yet. The most strin gent lower bound on the half-life of the 0nbb-de cay was
mea sured for 76Ge in the Hei del berg-Mos cow ex per i ment [74]:

T Ge1 2
0 76 2519 10/ ( ) .n ³ ´ years .                                                                                                                          (20)
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Ta ble 1. Sen si tiv i ties of fu ture 0nbb-de cay ex per i ments to the ef fec tive Majorana neu trino mass mbb

cal cu lated with the RQRPA nu clear ma trix el e ments M 0n(A, Z) of Ref. [58]. For the ax ial cou pling con -
stant gA the value gA = 1.25 was as sumed. T1 2

0
/
n -exp is the max i mal half-life, which can be reached in the

ex per i ment and mbb  is the cor re spond ing up per limit of the ef fec tive Majorana neu trino mass.

Nucleus Experiment Source T1 2
0
/

expn - [yr] Ref. M A Z0n ( , ) mbb  [eV]

76Ge GERDA(I) 15 kg of enrGe 3´1025  [64] 3.92 0.270

GERDA(II) 100 kg of enrGe 2´1026  [64] 3.92 0.100

Majorana 0.5 t of enrGe 4´1027  [65] 3.92 0.023

82Se SuperNEMO 100 kg of enrSe 2´1026  [66] 3.49 0.055

100Mo MOON 3.4 t of natMo 1´1027  [67] 2.78 0.024

116Cd CAMEO 1 t of CdWO4 crystals   »1026  [67] 2.42 0.085

116Cd COBRA 420 kg of CdZnTe crystals 3´1026  [68] 2.42

130Te CUORE 750 kg of TeO2   »1027  [69] 2.95 0.023

136Xe XMASS 10 t of liq. Xe 3´1026  [67] 1.97 0.062

1.67 0.073

EXO 1 t enrXe 2´1027  [70] 1.97 0.024

1.67 0.028

In the near fu ture this limit is ex pected to be im proved in GERDA ex per i ment [64] by 1-2
or ders of mag ni tude. For the 0nbb-de cay of 100Mo and 130Te in the two run ning ex per i ments,
NEMO3 [75] and CUORICINO [56], the fol low ing sen si tiv i ties have been achieved:

T Mo1 2
0 100 2358 10/ ( ) .n ³ ´ years

T Te1 2
0 130 2430 10/ ( ) .n ³ ´ years .                                                                                                                        (21)

An ex traor di nary sen si tiv ity of dou ble beta de cay-ex per i ments makes them also a unique
lab o ra tory tool to probe phys ics be yond the stan dard model (SM) underlying the pos si ble
lep ton num ber vi o la tion (LNV).

The main aim of the ex per i ments on the search for 0nbb-de cay is the mea sure ment of
the ef fec tive Majorana neu trino mass mbb . Us ing re cently cal cu lated nu clear ma trix el e -
ments with sig nif i cantly re duced the o ret i cal un cer tain ties [58] from these data the fol low -
ing up per bounds for the ef fec tive Majorana mass can be in ferred

mbb £ 034. eV     (Hei del berg - Mos cow),

mbb £ 055. eV      (CUORICINO).                                                                            (22)

Sev eral fu ture ex per i ments on the search for 0nbb-de cay will be sen si tive to val ues of
the ef fec tive Majorana mass in the range,which cor re sponds to the in verted mass hi er ar -
chy (see Ta ble 1). There are many am bi tious pro jects in prep a ra tion, in par tic u lar,
CAMEO, CUORE, COBRA, EXO, GEM, GERDA, MAJORANA, MOON, XMASS. In

the 0nbb-de cay de tec tors a few tons of the the next gen er a tion 0nbb-de cay ma te rial will
be used.
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This is a very big im prove ment as the cur rent ex per i ments use only a few tens of ki lo -
grams for the source. The fu ture dou ble beta de cay ex per i ments stand to un cover the fun -
da men tal na ture of neu tri nos Dirac or Majorana, probe the mass pat tern, and per haps
de ter mine the ab so lute neu trino mass scale and look for pos si ble CP vi o la tion.

The cur rent claim and the sen si tiv i ties of the up com ing ex per i ments are in di cated in
the com pi la tion dis played in Figs. 4 and 5. It shows the es ti mated ef fec tive Majorana neu -

trino mass char ac ter iz ing the light neu trino ex change con tri bu tion to 0nbb-de cay ver sus
the light est neu trino mass. The cal cu la tion takes into ac count the cur rent neu trino os cil la -
tion pa ram e ters and state-of-the-art nu clear ma trix el e ments [60]. The data from neu trino
os cil la tion ex per i ments al low ranges of pos si ble val ues of the ef fec tive Majorana mass for 
dif fer ent neu trino mass spec tra to be pre dicted. Figs. 4 and 5 val ues of a few tens of units
or units of meV are ex pected in the case of the two dif fer ent or der ing of neu trino masses,
named “in verted” and “nor mal” hi er ar chy, re spec tively.

We con clude from the Fig. 4 that in the case of in verted hi er ar chy of neu trino masses a

very good po ten tial for dis cov ery of the 0nbb-de cay have the CUORE, EXO, Majorana
and MOON ex per i ments. Let us stress that it is very im por tant to achieve a high sen si tiv ity 
in sev eral ex per i ments us ing dif fer ent nu clei as a ra dio ac tive source. It will al low to ob tain 
im por tant in for ma tion about the ac cu racy of nu clear ma trix el e ments in volved and to dis -
cuss the ef fect of the CP-Majorana phases.

The ef fec tive Majorana neu trino mass, which de ter mines the half-life of the 0nbb-de -
cay, cru cially de pends on the char ac ter of the neu trino mass spec trum. All the pos si ble
phys i cal neu trino mass spec tra (hi er ar chy, in verted hi er ar chy, and quasidegenerate) are
vi a ble at pres ent. How ever, in the frame work of the see saw mech a nism, which is a plau si -
ble ex pla na tion of the small ness of neu trino masses, hi er ar chy is a fa vor able spec trum.
Ge ner i cally, the neu trino mass hi er ar chy nat u rally ap pears in GUT mod els like SO(10)
which unify quarks, lep tons, and neu tri nos. We see by glanc ing Fig. 5 that in the case of

the nor mal hi er ar chy of neu trino masses the ob ser va tion of the 0nbb-de cay is be yond the

scope of next gen er a tion of the 0nbb-de cay ex per i ments.

4. Conclusions

The re cent dis cov ery, that neu tri nos have masses, opens a wide new field of ex per i -
men ta tion. Fu ture neu trino os cil la tion ex per i ments will lead to pre ci sion mea sure ments of 
neu trino mass splittings and mixings. There fore the fla vor struc ture of the lep ton sec tor
will, at some point, be come better known than that of the quark sec tor. Ac cel er a tor-made
neu tri nos are also es sen tial in this pro gram. Ideas for fu ture fa cil i ties in clude Super-
beams, Beta-beams, or Neu trino Fac tory, each as so ci ated with one or sev eral op tions for
de tec tor sys tems.

Af ter 70 years the bril liant hy poth e sis of Ettore Majorana is still valid and is strongly
sup ported by the discovery of neu trino os cil la tions and by the con struc tion of the Grand
Uni fied The o ries. Dou ble beta de cay is currently the most pow er ful tool to clar ify if the
neu trino is a Dirac or a Majorana par ti cle. This is sue is in ti mately re lated with the or i gin of 
neu trino masses hav ing a strong im pact also on as tro phys ics and cos mol ogy.

The most am bi tious fu ture 0nbb-de cay ex per i ments aim to probe the in verted hi er ar -
chy of neu trino masses which re quires a sym me try in the neu trino mass ma trix. In a near

NEU TRINO OS CIL LA TIONS                                        19



20                               F. ŠIMKOVIC

Fig. 4. The 0nbb-de cay ver sus cur rent neu trino os cil la tions data for the case of the in verted hi er ar chy of 
neu trino masses. The best fit re sults (the re gion with solid line bound ary) and the 3s re sults (the re gion
with dashed line bound ary) for ef fec tive Majorana neu trino mass mbb as a func tion of light est neu trino
mass m

3
 are pre sented. The sen si tiv i ties of the fu ture ex per i ments on the search for the 0nbb-de cay of

dif fer ent iso topes are in di cated with hor i zon tal solid bold lines.

Fig. 5. The 0nbb-de cay ver sus cur rent neu trino os cil la tions data for the case of the nor mal hi er ar chy of
neu trino masses. The best fit re sults (the re gion with solid line bound ary) and the 3s re sults (the re gion
with dashed line bound ary) for ef fec tive Majorana neu trino mass mbb as a func tion of light est neu trino
mass m3 are pre sented. The sen si tiv i ties of the fu ture ex per i ments on the search for the 0nbb-de cay of

dif fer ent iso topes are in di cated with hor i zon tal solid bold lines.



fu ture (2009-2011) a new gen er a tion of de tec tors will start to op er ate with about 100 kg

of dif fer ent bb-ra dio ac tive iso topes. Such ex per i ments will probe the ef fec tive neu trino

mass m down to 10-50 meV. The ob ser va tion of 0nbb-de cay will al low to re veal the type
of the neu trino mass spec trum, to de ter mine the mass of the light est neu trino and, pos si bly, 
Majorana CP phases. For that pur pose nu clear ma trix el e ments need to be eval u ated with
un cer tainty of less than 30 % to es tab lish the neu trino mass spec trum and CP vi o lat ing
phases. The im prove ment of the cal cu la tion of the nu clear ma trix el e ments is a very im -
por tant and chal leng ing prob lem.

Neu trino phys ics re mains one of the most ex cit ing fields of fun da men tal phys ics to -
day. The neu trino’s position at the in ter sec tion of par ti cle phys ics, as tro phys ics, and nu -
clear phys ics en sures con tin u ing in ter est in the sub ject. Ma jor ac tiv i ties at ac cel er a tors
like Fermilab, KEK and CERN, in ad di tion to un der ground fa cil i ties like Gran Sasso,
Kamioka and Sudbury, con tinue to enhance our un der stand ing of the or i gins and prop er -
ties of neu tri nos, and their im pli ca tions for the Stan dard Model and cos mol ogy.

Appendix A: Double beta decay activities of Slovak scientists

Pavel Povinec was the first in Slovakia, who or ga nized the re search re lated to phys ics
at deep un der ground labor a to ries. The main ef fort of ex per i men tal group un der his lead er -
ship was con cen trated on prep a ra tion of the dou ble beta de cay ex per i ment. He man aged to 
es tab lish fruit ful in ter na tional col lab o ra tions with lead ing sci en tists in the field (Ettore
Fiorini, Al ex an der Pomansky). In ad di tion, he was also suc cess ful in at tract ing young sci -
en tists (J. Lác, P. Kubinec, J. Masarik, F. Šimkovic) to this sub ject.

An im por tant achieve ment was the 14th EPS Conf. on Nu clear Phys ics: Rare Nu clear
De cays and Fun da men tal Pro cesses, which was held in Bratislava in 1990. Un for tu nately,
few years later Pavel Povinec left De part ment of Nu clear Phys ics, Comenius Uni ver sity,
Bratislava due to his du ties at IAEA. This fact stopped ex per i men tal ac tiv ity in this field in 
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Fig. 6. A time pro jec tion cham ber for dou ble beta de cay ex per i ments pro posed by ex per i men tal groups
at Comenius Uni ver sity Bratislava and JINR Dubna [76, 77].



Slovakia and many of his col lab o ra tors changed for high en ergy phys ics. Af ter Pavel
Povinec came back, there is a re vived in ter est to the fun da men tal rare nu clear pro cesses
and low ac tiv i ties at the Fac ulty of Math e mat ics, Phys ics and In for ma tics in Bratislava.

Ex per i ment

The group un der the P. Povinec lead er ship par tic i pated in sev eral dou ble beta de cay
ex per i ments. The first ex per i ment in volved multielement pro por tional cham bers, which
were orig i nally de vel oped in Bratislava. P. Povinec to gether with R. Janik par tic i pated in a 
dou ble beta de cay ex per i ment of 136Xe, which was car ried out by A. Pomansky group in
the Baksan un der ground lab o ra tory [78]. A sim i lar multielement pro por tional cham ber for 
136Xe was con structed by E. Fiorini group at the Uni ver sity of Milano, and a search for
136Xe dou ble beta de cay was car ried out in the Gran Sasso lab o ra tory with par tic i pa tion of
P. Povinec and J. Szarka, who spent 2 years in Milano and Gran Sasso [79]. An other de -
vel op ment was a con struc tion of a drift cham ber for dou ble beta de cay ex per i ments with
solid sources, which was car ried out in col lab o ra tion with JINR Dubna. Sev eral col -
leagues from the Comenius Uni ver sity of Bratislava par tic i pated on these de vel op ments
(P. Povinec, B. Sitár, R. Janik, V. Hlinka, P. Kubinec, ¼. Lúèan, J. Masarik, I. Melo,
M. Pikna, J. Staníèek, P. Strmeò, I. Sýkora and P. Vojtyla [76,77]. It is worth men tion ing
that wire cham ber tech nol ogy is cur rently used suc cess fully by the NEMO col lab o ra tion,

which suc ceeded to ob serve 2nbb-de cay for dif fer ent iso topes and to es tab lish the stron -

gest con straint on the half-lives of the 0nbb-de cay of 100Mo and 82Se.

The ory

The the o ret i cal work con cern ing the dou ble beta de cay was per formed by the au thor
and his stu dents (M. Jandel, P. Domin, F. Knapp, M. Šmotlák, P. Ledòa, R. Dvornický,
P. Beneš) mainly in col lab o ra tion with phys i cists from Uni ver sity of Tuebingen, JINR
Dubna, Uni ver sity of Lublin, Uni ver sity of Ioannina, Cal i for nia In sti tute of Tech nol ogy,
Uni ver sity of Valparaiso and ICTP Trieste. The sub ject of in ter est has been the par ti cle
and nu clear phys ics as pects of the nu clear dou ble beta de cay and re lated pro cesses. The
main re sults are as fol lows:

1. Mech a nisms of the 0nbb-de cay
Var i ous lep ton num ber vi o lat ing mech a nisms of the neutrinoless dou ble beta de cay were
stud ied in details, in par tic u lar light and heavy Majorana neutrino ex change [81],
right-handed cur rents [80] and R-par ity vi o lat ing mech a nisms [49, 82, 83]. A new con tri -
bu tion of the R-par ity vi o lat ing supersymmetry to neutrinoless dou ble beta de cay via the
pion-ex change be tween de cay ing neu trons was sug gested [49, 83]. The im por tance of
gluino and neutralino ex change mech a nisms were dis cussed. A pos si bil ity to dis tin guish
be tween dif fer ent mech a nisms of the neutrinoless dou ble beta de cay was pro posed [84].

2. Dou ble beta de cay nu clear ma trix el e ments
Nu clear ma trix el e ments as so ci ated with dif fer ent mech a nisms of the 0nbb-de cay were
cal cu lated in QRPA-like ap proaches. The ef fects of pro ton-neu tron pair ing [85], Pauli ex -
clu sion prin ci ple vi o la tion and de for ma tion [62] on the NME were stud ied. It was found
that when the strength of the par ti cle-par ti cle in ter ac tion is ad justed so that the 2nbb-de cay
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rate is cor rectly re pro duced, the re sult ing val ues of the 0nbb-de cay NME be come es sen -
tially in de pend ent of the size of the ba sis, and of the form of dif fer ent re al is tic nu cleon-nu -
cleon po ten tials [58, 87]. It was also shown that the com pe ti tion be tween pair ing and the
neu tron-pro ton par ti cle-par ti cle in ter ac tion causes con tri bu tions to the 0nbb-de cay ma trix
el e ment to nearly van ish at internucleon dis tances of more than 2 or 3 fermis [60]. Cur -
rently, the ob tained 0nbb-de cay are con sid ered to be the most re li able [58, 60, 87]. In ad di -
tion, many-body ap prox i ma tion schemes were stud ied within the ex actly solv able mod els
[88]. It al lowed to pro pose a new many-body ap proach, namely “QRPA with non-lin ear
phonon op er a tor” [89].

3. Neu trino mass ma trix and re lated pro cesses to the  0nbb-de cay
The ef fec tive Majorana neu trino mass mbb was eval u ated by us ing the lat est re sults of neu -
trino os cil la tion ex per i ments. The prob lems of the neu trino mix ing pat tern, the ab so lute
mass scale of neu tri nos, and the ef fect of CP phases was ad dressed. A con nec tion to the
next gen er a tion of neutrinoless dou ble beta de cay was dis cussed [90]. Ar gu ments were
pre sented that in the frame work of the see-saw mech a nism the nor mal hi er ar chy is fa vor -
able for the neu trino mass spec trum. For this spec trum, we pre sented a de tailed cal cu la tion
of the half-lives of neutrinoless dou ble for sev eral nu clei of ex per i men tal in ter est. The de -
pend ence of the half-lives on sin 2

13q  and the light est neu trino mass was stud ied [91]. Next, 
the con nec tion be tween the en tries of neu trino mass ma trix and the tran si tional mag netic
mo ment of Majorana neu tri nos was stud ied in supersymmetry with out R-par ity in light of
neu trino os cil la tions [92]. For that pur pose the el e ments of phenomenological neu trino
mass ma trix were re con structed by us ing the neu trino os cil la tion data and the lower bound
on the 0nbb-de cay half-life. Fur ther, the first re al is tic treat ment of nu clear struc ture as -
pects of pro cesses of the muonic an a logue of the 0nbb-de cay ((µ-, µ+)) [93] and the muon
to pos i tron con ver sion ((µ-, e+)) [94] in nu clei were per formed. The cor re spond ing rates of
these pro cesses uti liz ing the ex ist ing ex per i men tal con straints on the pa ram e ters of the un -
der ly ing lep ton num ber vi o lat ing in ter ac tions were cal cu lated. It was found that the (µ-, µ+) 
and the (µ-, e+) con ver sions will hardly be de tect able in the near fu ture ex per i ments.

4. Sin gle state dom i nance hy poth e sis
The hy poth e sis of the sin gle state dom i nance (SSD) in the cal cu la tion of the (anti)neu trino
ac com pa nied dou ble beta de cays of nu clei of in ter est was tested by an ex act con sid er ation
of the en ergy de nom i na tors of the per tur ba tion the ory. Both tran si tions to the ground state
as well as to the 0+ and 2+ ex cited states of the fi nal nu cleus were con sid ered. It was dem on -
strated that, by ex per i men tal in ves ti ga tion of the sin gle elec tron en ergy dis tri bu tion and the 
an gu lar cor re la tion of the out go ing elec trons, the SSD hy poth e sis can be con firmed or
ruled out by a pre cise mea sure ments of the 2nbb-de cay of 100Mo and 116Cd as well as
b+/EC-elec tron cap ture in 106Cd, 130Ba and 136Ce [95]. The sug gested ef fect is cur rently in -
ves ti gated in the NEMO3 ex per i ment.

5. Bosonic neu trino and two-neu trino dou ble beta de cay
We as sumed that the Pauli ex clu sion prin ci ple is vi o lated for neu tri nos, and thus, neu tri nos
obey, at least partly, the Bose-Ein stein sta tis tics. The pa ram e ter sin 2 c that char ac ter izes
the bosonic (sym met ric) frac tion of the neu trino wave func tion was in tro duced. Con se -
quences of the vi o la tion of the ex clu sion prin ci ple for the two-neu trino dou ble beta de cays
were con sid ered. It was shown that this vi o la tion strongly changes the rates of the de cays
and mod i fies the en ergy and an gu lar dis tri bu tions of the emit ted elec trons. The pos si bil ity
of pure bosonic neu tri nos was ex cluded by the pres ent data. In the case of partly bosonic
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(or mixed-sta tis tics) neu tri nos the anal y sis of the ex ist ing data al lowed to put the con ser va -
tive up per bound sin 2 c < 0.6 [96].

It is worth men tion ing that the o ret i cal group from the De part ment of Nu clear Phys ics
and Bio phys ics, Comenius Uni ver sity is an in te gral part of in ter na tional col lab o ra tions

search ing for the 0nbb-de cay, in par tic u lar of NEMO Col lab o ra tion, COBRA Col lab o ra -
tion and TGV Col lab o ra tion. It is also in volved in the ILIAS (Inte-grated Large In fra struc -
tures for Astroparticle Sci ence, 6-th frame work EU pro gram) pro ject of the Eu ro pean
Un ion in volv ing 22 lead ing in sti tu tions in the field in Eu rope. It is ex pected that both ex -
per i men tal and the o ret i cal groups from Comenius Uni ver sity will play an ac tive role in
solv ing the tasks of the ILIAS-next (7th frame work EU pro gram) pro ject in prep a ra tion.
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