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The potentialities of Double Beta Decay experiments in the field of neutrino study are here discussed. Sensitivity and results are comparec
with the information coming from oscillation, cosmology and beta decay measurements.
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Se discuten las potencialidades de experimentos decaimiento doble-betares @t fsica de neutrinos. Se comparen las sensibilidades y
los resultados con la informagi de oscilaciones de neutrinos, cosm@dogmediciones de decaimiento beta.
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1. Introduction scale, Neutrinoless Double Beta Decays(0v)) appears the
more promising tool of investigation.

After 78 years since the first guess on its existence, neutrino

still escapes our insight: the mass and the true nature (Majcﬁ Neutrino absolute mass scale

rana or Dirac) of this particle is still unknown. From experi- =

mental results, we know there are three generations of neutfo gpsolute scale of neutrino masses is presently con-

nos, according to their leptonic flavor. These are the only -inaq by experimental measurements of the following
not-sterile neutrinos with masses lower than thgerzass. three parameters:

The related phenomenology [1,2] is described in the frame-

work of three distinguishable particles provided with their 1. from CosmologyX: =" m;;
leptonic number, flavor and mass eigenvalue. As it is in the

quark sector, a not diagonal matrix - the Pontecorvo-Maki- 2. from Beta Decayn,. =3 |Uei[*m3
Nakagawa-Sakata matrix (PMNS) - describes the mixing of
neutrinos. The PMNS matrix is parametrized by 3 angles
(A12, 023 andf;3) and 3 CP-violating phases for a total of 6 [(m,)| = | 3 maU2|

parameters to be added to the 3 unknown values of the neu- v tre

trino massesrf;). The results on solar [3], atmospheric [4], Either of these three parameters can be expressed in terms of
reactor [5] neutrinos and those from neutrinos beams [6] conAm?, , |Am3,| and of the lightest neutrino mass eigenstate.
strain neutrino mass differences and most of the PMNS mix€onsequently, oscillation experiments provide constraints on
ing parameters within rather narrow bands (Table I). The unthe values that these parameters can assume according to the
espected LSND [7] result was accommodated in this framepossible the neutrino hierarchy [10]. In particular in the case
work by an additionasterile neutrino. MiniBooNE [8], not  of ¥ and ofm,,. lower bounds 0~0.05 and of~0.005 eV
confirming LSND, weakened this hypothesis; even if in a twoare obtained. In the case [dfn, )| (also called neutrinéla-

sterile neutrinos scenario [9] all the oscillation experiment rejorana mas$no lower bound is present since cancellation are
sults (including LSND and MiniBooNE) can still survive. possible, yielding a null value.

The square mass difference&s(?, and|Am3,|) mea- Cosmology: the fraction of mass density stored in cos-
sured by the oscillation experiments open to the possibilitymological relic neutrinos has an influence on the Cosmic
of three different scenarios regarding mass spread: diredflicrowave Background power spectrum (CMB) and on the
hierarchy, inverted hierarchy and degenerate hierarchy (sdearge Scale Structures (LSS) formation. The recent precise
Table I).This because while in the case/®fn?, the sign of measurements of CMB, when compared with cosmological
the square mass difference is known, in the caséef3,;| it  model predictions, allows to extract upper bounds3bof
is not. To measure the sign &fm3,, itis necessary to be able the order of~2 eV [11]. The LSS matter power spectrum
to measure oscillatiomatter effects, something that hope- is traced through the galaxy luminous matter distribution or
fully will become possible in the next future. Most of the through measurements of the "forest” of absorption lines
information we have today about neutrino properties comat Ly-« frequencies (LywF) in far quasars. Once again the
from oscillation experiments. However in the case of thecomparison of recent experimental results with cosmological
neutrino Majorana/Dirac character and of the absolute mass
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TABLE |. Summary table of properties [2]. We assumezm> m;, m3 being the most split state.

NPMS elements 0.25 < sin?012 < 0.39; 0.34 < sin2a3 < 0.68; sin’013 < 0.004
mass eigenstates Mg, M3
normal hierarchy ms< me < Mg
inverted hierarchy M My < my
degenerate hierarchy me My &~ M3
Am? solar Am?2, = (m? - m3)~ (7.2-9.2) 10°° [eV?]
Am? atmospheric |[Am3s| = |m? - m3| ~(2.0-3.2) 10°® [eV?]

models predictions, provides constraintsXnWhen a com- 1
bination of CMB, LSS and Lyx data is considered the upper —
bound on3 becomes even lower than 1 eV [11]. Despite i),
their increasing sensitivity - in the next future sensitivities of Here G is the two-body phase-space factor ahtf” is
the order (or below)-0.1 eV will be reached - cosmological the 33(0v) Nuclear Matrix Element (NME), their product
bounds on neutrino mass are considered with caution sincey being callednuclear factor of merit Present experi-
they are (strongly) model dependent. mental bounds of{m, )| are of the order 0/0.5 eV. As in
Beta Decay:the study of the end point in the beta decaythe case of cosmological bounds, even here the extraction of
Kurie plot provides a straightforward and direct technique|(m, )| values from experimentally measured rates is model
to measure the electronic antineutrino mass. Present expeflependent. Indeed it implies the use of nuclear models for
mental results come from Tritium experiments providing anNME evaluation.
upper bound omn,,. of 2 eV at 95% C.L. [12]. This bound In conclusion, the three techniques appear to be - in some
will be improved in the next future by the KATRIN spec- way - complementary. Either of them is affected by a differ-
trometer [13] that aims at reaching a sensitivity of the orderent systematic, that could become however less relevant if the
of ~0.2 eV. The ultimate limit to sensitivity in spectrometers combination of their results is considered. However, a rather
comes from the correct evaluation of the apparatus responsgpecial role is played bg3(0v): the simple observation of
function and from the evaluation of the effects of final excitedthe existence of this decay will prove that - as predicted by
states. To overcome this problems and to be able to reaghost theories beyond the Standard Model - the neutrino is
a sensitivity beyond the degenerate mass scale, it has beanMajorana particle. This piece of information is so rele-
proposed the use of low temperature calorimeters (bolomevant for today-physics that justifies by itself the huge exper-
ters) [14]. These, measuring the whole energy produced ifmental efforts done in this direction. In the next section the
the decay, will have a definitely less dramatic dependencg3(0v) technique and its future experimental development
from the final state. Bolometers have not jet reached the pewill be discussed in detail.
formances required to surpass KATRIN sensitivity, but the
situation is in_ rather fast _evolution. Wh_ile for Tritium -an 3 Neutrinoless double Beta Decay present and
allowed transition - there is no problem in the analytical de- future
termination of the beta spectrum, in bolometric experiments

other nuclei are studied. Presently the attention is focused Ofine decay is detected on the basis of the two electrons signal:

beta decay of* ie, a forbidden transition for which the an- given the negligible energy of the recoiling nucleus the sum

alytical solution is not available, this is a possible source Ofinetic energy of the two electrons is equal to the Q-value of

systematic errors whose impact has to be carefully evaluate%eﬁﬁ(oy) transition. This almost monochromatic signal is
Double Beta Decay:this transition - in which a (A, Z)  the main signature used by all the experiments. Depending

nucleus decays into its (A, Z+2) isobar - is the main de-on the detector type and set-up features, other characteristic

cay channel for a group of isotopes whose single beta dénformation can be used (as it is in tracking experiments) to

cay is forbidden. Thestandarddecay channel is the one discriminate background, thus improving the sensitivity. The

in which 2 neutrinos and 2 electrons are emitted. Not stansensitivity is measured in terms of the number3gf emit-

dard decay channels are open whenever a Majorana charagrs (N3), the detection efficiency), the live-time (), the

ter for the neutrino is assumed. In this case the lepton numenergy resolution{) and the background counting ratg)

ber is not conserved and neutrinoless decay modes are pos-

sible. 33(0v) can proceed via different mechanisms but the Soups = In2 x Nag x € x [mass X T 2)

dominant one is that in which a Majorana massive neutrino I'x B

is exchanged between the two nucleons involved in the deand have to be converted intd(a, )| sensitivity by Eq. (1).

cay [15]. The half-life TIO/VQ ) is in this case proportional to Given the signature is not so strong, it is only if the de-

the square of(m, )| : cay will be observed in more than one isotope that we will be

= [(mu) PPy = [(my) PG [M™ (1)
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sure that the detected events truly belong t8580) decay  3.2. Present experiments

and are not spurious background effects. The combined ob-

servation of the decay in different nuclei could also help onSeveral experiments searching {86(0) decay of differ-

the side of the effects of uncertainty ¢, )| coming from  ent isotopes have been realized so far [15]. A comparison

NME evaluations. between experiments studying different isotopes is made dif-
The Q-value, the predicted Nuclear Factor of Merit, theficult by the uncertainty in the. NME. In the following the

natural isotopic abundance and the available detection techt’”»)| mass range corresponding to the different bounds on

niques bias the choice of tit# emitters used in experiments. T1072 will be extracted using the the NME elements listed in

High abundances (or isotopes with a viable enrichment) imTable Il of Ref. 16 for different authors.

ply high Nss. High Q-values imply low backgrounds) The use of Germanium diodes to search #g0v) de-

coming from environmental radioactive emissions. Finallycay of "°Ge was started as early as in 1967, the best results

the detection technique definesindI” and, in most cases, have been obtained by the Heidelberg-Moscow [19] (HM)

also restricts the number of isotopes that can be investigate@nd the IGEX [15] collaborations employing respectively five
(11 kg total mass) and three (6 kg total mass) isotopically

enriched (86%) HPGe diodes, and resulting in a lower limit
3.1. NME problem on Ty, ("Ge) of respectively 1.9 £0 years and 1.57 18

years (both limits are at 90% C.L.). In both experiments a
There are mainly two different approaches used for the evalpj|se Shape Discrimination (PSD) technique is used to re-
uation on the NME so far. These are Qeasi Random Par- ject multi-site events (typical of nod# interactions), that
ticle Approximation(QRPA) and theShell Mode(SM). Both  are a consistent fraction of the measured background in the
the models imply approximations and uncertainties, both arg3(0v) decay region of the spectrum. The HM result cor-
still in development and evolution. responds to &m, )| mass range of 0.2-1 eV. In year 2001 a

Most of the results reported in literature refer to QRPA part of the HM collaboration published a reanalysis of the en-

based calculations. These evaluations differ from each othaire statistics collected during more than 10 years, reporting
in the way the authors deal with approximations, correlationsa positive result om3(0v) decay of'°Ge[20]. This positive
and parameter fine tuning. In particular QRPA based modresult corresponds to a mass range between 0.14 and 1.7 eV.
els appear to be particularly sensitive to #)g parameter The analysis technique of [20] has been repeatedly criti-
(particle-particle coupling parameter). The value of this pacized[21] and the two high sensitivity experiments presently
rameter has to be fixead hocand two possible approaches running, CUORICINO and NEMO3, are investigating this
have been proposed: infer its value frdrY, (measured for ~ same mass range but with different isotopes. However, given
several3(0v) emitters) [16] or from3* data (available only  the large spread in the NME values, it is very likely that only
for few isotopes) [17]. In the two cases different results fornext generation experiments will give the final answer on this
the 55(0r) NME are obtained. SM calculation are in prin- result.
ciple much better than QRPA since they could provide infor- | ow temperature calorimeters (bolometers) are used by
mation (and comparisons) with any spectroscopic observabléghe CUORICINO experiment to search f66(0v) of 13°Te.
However, because of their higher complexity, very few calcu-The detector consists in a 62 detector array (40.7 kg of total

lation have been performed so far [18]. mass) of Te@ natural crystals operated as bolometers in a
A question arise from this picture: what is the impact of low temperature refrigerator. The bolometric technique do
NME uncertainties o 3(0v) physics? not allow any kind of discrimination between background

The impact is on two opposite sides: the NME bias theand33(0v) events from pulse shape information (as it is for
experimental choices so that if large errors on NME existGe diodes), but the segmentation of the detector allows the
some experiment could be under or overestimate, some is#ejection of background by operating the 62 devices in anti-
tope could have been erroneously rejected &#mdcandi- coincidence33(0v) decay is completely contained within a
date, loosing an important opportunity. On the other side thé&ingle detector in-85% of cases, while background events
BB(0v) result could be given, by the scientific community, a are often the result of multiples interaction in the array. The
less relevant importance because of the, )| uncertainty result OI"[T{)”2 isof 3.1 164 years at 90% C.L. corresponding
derived from the NME problem. If only recent and com- to |(m, )| mass range of 0.2-0.7 eV [23].
plete QRPA calculation are considered, the NME spread is A completely different approach is that of the NEMO3
restricted to a factor5 (for example this is what is obtained collaboration [22]. In this case the source is external to the
considering the NME values of different authors reported indetector and a device consisting in a tracking detector plus a
Table Il of Ref. 16) and if the recent SM calculations [18] are calorimeter is used. The source is introduced in the form of
compared to QRPA calculations the NME values appear to bthin foils and different isotoped ’Mo, #2Se, 13°Te, 116Cd,
consistent. This seems to indicate that results are proceedififZr, “3Ca, 1°°Nd) are studied at the same time. This tech-
in the same direction and hopefully in the long term even betnique bases its competitiveness on the high background re-
ter results and a more reliable comparison with experimentgection efficiency obtained through the events tracking, at the
data will be provided. price of a more complex apparatus. The result reported on
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BB(0v) are:Tlo/”2 (*°°Mo )> 5.8 13 years at 90% C.L and the HM and IGEX detectors (18 kg 6fGe) aiming at con-
T10/Vz (32Se)> 2.1 1@ years at 90% C.L. Once converted in firm/disclaim the reported Ge positive result with high statis-
a mass range these limits produce upper boundrap)| in  tic significance. In phase Il the mass will be increased to

the range 0.5-2.6 eV and 1.0-5.9 eV respectively. ~100 kg adding segmented HPGe and pushing therefore the
sensitivity to the 100 meV scale. This same sensitivity is
3.3. Next generation and beyond the one at which Majorana aims. CUORE [26] is a tightly

. ] packed array of 988 Tefbolometers. The project is based

The renewed interest in DBD of these years, strongly supgp the experience of CUORICINO and foresees the realiza-
ported by the recent results on neutrino physics, lead to a prqon, of the largest array ever projected to work at 10 mK. The
liferation of proposed next generation experiments. These ®esigned array, heavily shielded and mounted in a specially
periments are projected in order to reach a sensitivity of abouesigned dilution refrigerator, forms a highly segmented de-
50 meV on|(m,)| , to be capable of distinguishing between tector with a good efficiency in rejecting multicrystal events.
t_h(_a different neutrino mass hierarchies. This,)| sensi-  The total mass will be of 740 kg corresponding~@00 kg
tivity corresponds to &Y, range between 10 and 16°  f 1307¢, |ike GERDA the experiment is under construction
years for the most commonly studied isotopes. To accomsx; the LNGS. According to the preséﬁ% projections and
plish these results, huge massegigfcandidates (1 or more  onstruction time schedules, CUORE ‘will be probably the

tons) and extremely low backgrounds are required. Of coursgyst experiment entering significantly the inverted hierarchy
the choice of davorite candidate from the point of view of regijon.

the nuclear factor of merit (f) could help although within
the limits imposed by the NME uncertainties. Novel techniques, yet never used to prodgcg0r) re-

The SuperNEMO [22] project will apply the NEMO3 sults, are presently under study. The EXO [27] collaboration
technique to planar structure detectors where the energy resis-currently developing a LXe TPC that will have a quite ef-
lution and the efficiency will be improved in order to guaran- fective background rejection capability. Indeed whenever a
tee, together with the increased isotope mass, a sensitivity grandidate33(0v) event will be recorded by the TPC a laser
107, of the order of 186 y. The isotope to be investigated excitation of the daughter nucleus will be used to identify
is not yet fixed (more likely Se or Nd) and also the loca-(from the atomic de-excitation light) whether this is really
tion of the experiment is under discussion. MOON aims athe Ba atom produced by th#3(0v) of *°Xe. The BOLUX
the detection of°°Mo decay with plastic scintillators sand- project of the INFN aims at the development of composite
wiched with Mo foils. GERDA [24] and Majorana [25] are bolometers where the thermal read-out will be accomplished
the next generation Ge calorimetric experiments. Both willwith a scintillation signal read-out [28]. The double read-
use arrays of HPGe diodes, made wiftGe enriched ma- out allows to reject one of the most pernicious sources of
terial. In both cases segmented HPGe devices will be usdaackground presently observed in bolomeigi(0v) exper-
to guarantee a high efficiency to reject multi-site evenés ( iments: degraded alpha particles. Scintillating bolometers
most gamma background). The main differences betweemade of Ca, Mo and Cd composite have been already suc-
the two experiments rely in the set-up design that is mucleessfully tested.**Ca, '°°Mo and ''°Cd are double beta
more traditional in the case of Majorana (with groups of Geemitters characterized by a high Q value, far above the typi-
diodes placed together in a heavy radiopure lead shield anehl environmental gamma energies. Extremely low counting
surrounded by thick n-shield) and innovative in the case ofates are consequently expected for these devices since the
GERDA (the naked diodes will be immersed in a LAr filled alpha background can be rejected on the basis of the double
tank surrounded by a water Cerehkov muon veto). GERDAfead-out and environmental gammas are too low in energy to
presently under construction at LNGS, will use in phase Ibe a problem.
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