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The problem of the nature of the neutrino, namilyi$ a massless Dirac particle different from
its antineutrino or a Majorana particle with finiteass, is discussed. The question is related to
the recent results showing the presence of neuwsuillations clearly indicating that the
difference between the squared mass of neutrinaliffiefrent flavours is different from zero.
Neutrinoless double beta decay (DBD) is at preiemtmost powerful tool to determine the
effective value of the mass of a Majorana neutrifite results already obtained in this lepton
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discussed. The future second generation experimélhtse reviewed with special emphasis to
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searches will be stressed in their exciting aindisrover if neutrino is indeed a Majorana
particle
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Introduction

The mystery on the nature of neutrino startedtpalty in 1937 when Ettore Majorana
suggested the possibility of a certain “equalitgtween the neutrino and its antiparticle, the
antineutrino: this would obviously violate the sernvation of the lepton number. In the Dirac
hypothesis on the contrary the neutrino would hellfodifferent from its antineutrino and this
would make “unnatural” the possibility of a non-aereutrino mass. The most powerful tool to
discriminate between the hypothesis of these tveatgphysicists (Fig.1) is double beta decay
(DBD) in its neutrinoless mode. This rare decay hasn proposed in general only one year
after the Fermi theory of Enrico Fermi by Maria @pert Mayer [1](Fig.2)
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Fig.2 M.Goeppert Mayer and Enrico Fermi
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In this first fundamental paper, published in 198 author was essentially interested in
the nuclear physics aspect of the decay and claimed

“From the Fermi theory off% disintegration the probability of simultaneousission of
two electrons (and two neutrinos) has been caledlaiThe result is that this process occurs
sufficiently rarely to allow an half-life of ovel0¥ years for a nucleus, even if its isobar of
atomic number different by 2 were more stable®yirBes the electron mass”

DBD consists in the spontaneous transition fromualaus (A,Z) to its isobar (A,Z+2)
when the single beta transition to (A,Z+2) is eeéigglly forbidden (Fig.3) or at least strongly
hindered by a large change in the spin-parity stalevo electrons are emitted in three possible
channels

(AZ) =>(AZ+2)+2e+2 v, 1)
(AZ) =>(A,Z+2) + 2 e+(1,2,3X ) (2)
(AZ2) =>(AZ+2)+2 e 3
(AZ+1)
(A2)

Fig.3 : The scheme of double beta decay

In the first channel two neutrinos (in fact antitrews) are emitted . This process does not
violate the lepton number, it is allowed by thers@rd Model and has been found in ten nuclei.
We will not consider the second channel which edahe lepton number with the emission of
one or more massless Goldstone particles namedotibldj after our great Ettore. Our interest
will be concentrated on the third process whichdsmally called “neutrinoless” DBD even if
also in process (2) no neutrino is emitted. Thiscpss would strongly dominate on the two
neutrino channel if lepton number is violated ;répresents therefore the strongest tool to test
lepton number conservation. From the experimergadtmf view, in neutrinoless DBD the two
electrons would share the total transition energges the energy of the nuclear recoil is
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negligible. A peak would therefore appear in thecsium of the sum of the two electron
energies in contrast with the wide bump expectad,aready found, for the two neutrino DBD
(Fig.4). The presence of neutrinoless DBD almostinadly implies that a term <gm called the
“effective neutrino mass” is different from zero.
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Fig.4 : The spectrum of the sum energy of the two electrons in two neutrino and
neutrinoless DBD. The region of this latter process is shown in the inset.

DBD is a very rare process both in the case otweneutrino and of the neutrinoless
mode. In this second case the rate would be priopaitto a phase space term, to the square of
the nuclear matrix element and to the square ofatheve mentioned term sm While the
phase space term is easy to be calculated, thwtisue for the nuclear matrix element whose
evaluation is a source of sometime excited debatss,for which the calculated values could
vary of factors up to two. As a consequence teBeadiery of neutrinoless DBD should be made
on two or more different nuclei. From the experita¢mpoint of view there is a even more
compelling reason to do that. In a common spectnuamy peaks appear due to radioactive
contaminations and many of them can hardly to béated to a clear origin. It is not possible
therefore to exclude that a peak in the regionenitrinoless DBD could be mimicked by some
unknown radioactive event. Investigation of spectpgained from different nuclear candidates
where neutrinoless DBD peak are expected in differegions would definitely prove the
existence of this important phenomenon.

The value of <p> and therefore the rate of neutrinoless DBD isadated to properties of
oscillations [2] which have been recently discodeire experiments with solar, atmospheric ,
reactor and accelerator neutrinos [3,4]. As shawhig.5 values of a few tens or units of meV
are expected in the case of the two different imgeof neutrino masses named “inverted” and
“normal” hierarchy, respectively.
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Fig.5 : The value of <gn> from neutrino oscillations results. The upper curve refers to a
scheme of the masses of neutrinos from different flavours called “inverse
hierarchy” while the lower refers to “normal hierarchy”

1. Experimental approach

There are two different experimental approachesetrch for DBD : the indirect and the
direct one.

1.1 Indirect experiments

The most common indirect approach is tf@ochemicabne. It consists in the isotopic
analysis of a rock containing a relevant percentafyéhe nucleus (A,Z) to search for an
abnormal isotopic abundance of the nucleus (A,Zp&)duced by DBD. This method was very
successful in the first searches for DBD and lettistdiscovery in various nuclei, but could not
discriminate among the various DBD modes (two meoitor neutrinoless decay, decays to
excited levels etc.). The same is true for thdiochemicalmethods consisting in storing for
long time large masses of DBD candidates (%)) and in searching later the presence of a
radioactive product (e.g?*°Th).

1.2 Direct experiments

Direct experiments are based on two different aggiies (Fig.6). In thealorimetric one
the detector itself is made by a material contgjrthe DBD candidate nucleus (e.§Ge in a
Germanium semiconductor detector BPXe in a Xenon TPC, scintillator or ionization
detector). In thesource# detectorapproach the sheets of the DBD source are iatgztg with
suitable detectors of ionizing particles. A weakgmetic field could be present and help to
eliminate various sources of background. Thin shdegtve to be used to optimize the
resolution in the measurement of the sum of thedigotron energies.
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Fig.6 : The two ways to perform a direct double beta decay experiment: the “source =
detector” or “calorimetric” and the “sourgedetector one
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Fig.7 Scheme of a thermal detector

1.3 Thermal detectors

A new approach [5] based on the direct detection of DBD is thefusermal
or cryogenic detectors, also amply adopted in searches on Das ldaitticles and for
direct measurement of the neutrino mass in single beta decayschbee of these
detectors is shown in Fig. 7. An absorber is made by a crystal , passthiamagnetic
and dielectric type, kept at low temperature where its tegadcity is proportional to
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the cube of the ratio between the operating and the Debye tempsrafis a
consequence in a cryogenic set-up like a dilution refrigeratoh#as capacity could
become so low that the increase of temperature due to the ene@geckby a particle
in the absorber can be detected and measured by means of a shiahb sensor.
The resolution of these detectors, even if still in their infansyalready excellent. In
X-ray spectroscopy made with bolometers of a milligram ortles$-WHM resolution
can be as low as 3 eV, more than an order of magnitude betterntiay iother
detector. In the region of neutrinoless DBD the resolution with Bbs®iof masses up
to a kg is comparable or better than that of Ge diodes.

In the spectrum shown in Fig.8 , obtained with a Fe®sorber of ~ 760 grams the
FWHM resolution at 5.4 MeV is ~ 3.2 keV! .
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Fig.8: a spectroscopy with a 760 grams TLe@etector

2. Present results and future experiments

2.1 Present results

The present results [6] on neutrinoless DBD areontepl in Table | with the corresponding
limits on neutrino mass, where the large unceiitsmn nuclear matrix elements are taken into
account. It can be seen that so far no experimastifdicated the existence of neutrinoless
DBD, with the exception of a subset of the HeigefsMoscow collaboration led by
H.Klapdor-Kleingrothaus who claims the existencehi$ process in "°Ge . This evidence is
amply debated in the international arena.
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Table I: Present results on neutrinoless DBD

Nucleus |[Experiment %  |Qg [Enrich[Technique Tov (Y) <m,)
0,

“Ca Elegant IV 0.19 W4271 = scintillator >1.4x16%  [7-45
*Ge Heidelberg-Moscow{7.8  [2039 [87 [ionization >1.9x10° [12-1
Ge IGEX 7.8 [2039 [87  [lonization >1.6x10°  [14-1.2
*Ge Klapdor et al 7.8 [2039 [87 [ionization 1.2x10° 44

8Se NEMO 3 0.2 [2995 [07  [tracking >1.x107  [1.8-4.9

Mo NEMO 3 0.6 [3034 [05-99 [tracking >4.6x10°  [7-2.8

1°Cd Solotvina 7.5 [3034 [83  Iscintillator >1.7x16°  [1.7-2

1%®Te Bernatovitz 34 [2529 geochem >7.7x 1074 [1-4

" Te Cuoricino 33.8 [2529 bolometric >2x10° 2-1.

3% e DAMA 3.9 [2476 [69  Iscintillator >1.2x16%  [1.1-2.9

15Nd Irvine 56 [3367 [91  [tracking >1.2x16¢  [3-72

2.2 NEMO 3 and CUORICINO
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Two experiments are presently running with a safitsiton neutrino mass comparable to the
evidence reported by H.Klapdor Klingrothaus etldEMO 3 and CUORICINO

NEMO 3 , It is a source# detector experiment (Fig.9) presently running iaboratory
situated in the Frejus tunnel between France aalg #t a depth of ~ 3800 meters of water
equivalent (m.w.e). This experiment has yieldedesrtly good results on two neutrino DBD
of various nuclei. The limits on the neutrinolessuenel of 1*Mo and®Se (Fig.10 and Table 1)
are already approaching the value of neutrino mpessented as evidence by Klapdor et al.

The NEMO3 detector

Fréjus Underground Laboratory : 4800 m.w.e.

Source: 10 kg of Bf isotopes
eylindrical, S = 20 m?, 60 mg/cm?

Tracking detector:
drift wire chamber operating
in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H,0

Calorimeter:
1940 plastic scintillators
coupled to low radioactivity PMTs

Magnetic field: 25 Gauss

Gamma shield: Pure Iron (18 ¢cm)
Neutron shield: borated water (~30
cm)+ Wood (Top/Bottom/Gapes
between water tanks)

Fig.9 : Scheme and properties of NEMO 3
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Fig. 10: Results of NEMO 3
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CUORICINO Is at present the most sensitive running neudgssoDBD experiment . It is
mounted in the Laboratori Nazionali del Gran Saseder a overburden of rock of ~ 3500
m.w.e. (Fig.11). It consists in a column of 62 tays of natural Te® to search for neutrinoless
DBD of '*Te. Its mass of 40.7 kg is more than an orderagmitude larger than in any other
cryogenic set-up (Fig.12). No evidence is founddgeak in the region of neutrinoless DBD
(Fig.13) setting a limit that covers almost entirtie span of evidence coming from the claim

of H.Klapdor Kleingrothaus et al.

Owverburden at LNGS: 3200 m.w.g

Two dilution refrigerators:
Hall A: CUORICING
CUORE: next to Cucricing
Hall C {R&D final tests for CUORE)

ite for CUORE approved i
Work began to prepare spac

Fig. 11 : The CUORICINO and CUORE installation in the Laboratorio Nazialiedle
Gran Sasso
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[1]

18 crystals 3x3x6 cm3 + 44 crystals 5x5x5 cm3 = 40.7 kg of TeO2
Background18+.01 c /kev/ kg/ a
T12°(Te) > 2.4x 16'y <m,> .18 -.9 Klapdor 0.1 — 0.9

12: Mounting and results of CUORICINO

180 o - _ 130
anticoincidence spectrum | 287 jine MT =5.87 (kg ~"'Te) xy
i 2505 keV *Co b =0.18 + 0.02 c/keV/kgly
(Jul
2100 I DBD
ey 60 .
Co pile-up 13016 DRD
° eak ‘
40 P Q-value ‘
(0 | \ K_/}:‘__- et | I
2480 ZEW. 2580 2400 24640 ; =
Erergy Enerav

PRL. 95, 142501 (2005)

Fig.13:The CUORICINO spectrum in the region of neutrinoless

2.3 Future experiments

A list of proposed future experiments [6] is rejedrin Table Il with the techniques to be
adopted and the expected background and sensit®itly two of them have been approved
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and partially funded : Gerda and CUORE. These afelvaothers will be briefly described
here.

Table Il: Future experiments on neutrinoless DBD

Name Nucle{ % Qpg % | Back T (year) | Tech <m>
cly

CUORE | ®9e |34 | 2533|344 | 3.5 | 1.8x1G’ | Bolometric | 9-57

GERDA | “Ge | 7.8 | 2039 | 90 | 3.85| 2x10?" | lonization | 29-94

Majorana | "“Ge | 7.8 | 2039 | 90 | .6 | 4x1G*" | lonization | 21-67

GENIUS | “Ge | 7.8 | 2039| 90 | .4 | 1x1¢?® | lonization | 13-42

Supernem¢ ¥Se [ 8.7 [ 299590 [ 1 | 2x10® | Tracking | 54-

EXO 1¥xe | 8.9 | 2476 | 65 | .55 | 1.3x1G° | Tracking | 12-31
Moon-3 | **Mo| 9.6 | 3034 | 85 | 3.8 | 1.7x1G" | Tracking | 13-48
DCBA-2 | **Nd| 5.6 | 3367 | 80 Ix10® | Tracking | 16-22
Candles | “ca | .19 | 4271 | - ac 3x1¢*" | Scintillation| 29-54
CARVEL | *Ca | .19 | 4271 - 3x10F" | Scintillation| 50-94
GSO 'Gd| 22 | 1730 | - | ,0| 1x2G* | Scintillation| 65-?
COBRA | *™cd| 7.5 | 2805 lonization

SNOLAB+| 150n( | 5.6 | 3367 Scintillation

GERDA and Majorana

Both these experiments (Fig.14) are based on thessical” detection of neutrinoless
DBD of "Ge in a calorimetric approach with Germanium diod&sey are logical
continuations of the Heidelberg-Moscow and IGEXpemments, respectively. GERDA,
already approved in its preliminary version, is rgpito be mounted in the Gran Sasso
Underground Laboratory. An intense R&D activity liging carried out by the Majorana
collaboration in view of the installation of thigperiment: its underground location has not yet
been decided.
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Two new °Ge Projects:

%Majorana

u ﬁ\ I*I
L : |
=== o
“Bare' ®M3e array in liquid argen (nitrogen} vAmray{s) of #Ge housed in high-purity
*Shield: high-purity lquid Argon (M) H.O etectroformed copper cryostat
*Phase |- ~18 kg (HdM/IGEX dicdes) *Shield: electroformead copper [ lead
*Phasze |- add ~20 kg new enr. Deteciors, *Staged approach based on 60 kg
total ~40 kg arrays (B0/M120M180 kg)

L, Physics goals: degenerate mass rangs .‘J
Technology: study of bgds. and exp. techniques

L I-npen exchange of knowledge & technologies (e .g. MaGe MC)
o sconsider to merge for O(1 ton) exp. ( inv. Hierarchy)

]

Soefan 3ondnet, WP Saigeioarg | Neuinng 2005

Fig. 14. GERDA and Majorana
MOON

MOON is based on the sourg¢edetector approach to search for neutrinoless DBD o
%Mo to be installed in the Oto underground laboratarJapan. The set-up is made (Fig.15) of
thin sheets of enriched molybdenum interleavedch witanes of scintillating fibers. The
experiment is also intended to detect the low tiokes interactions of solar neutrinos dffMo
leading t0'“Rb.

Fig.15. MOON
SUPERNEMO

SUPERNEMO is also a source detector experiment mainly intended to search for
neutrinoless DBD ofSe, to be installed in a not yet decided undergidahoratory in Europe.
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The system is similar to the one adopted by NEMQ [t with a considerably different
geometry (Fig.16)

ENEENESE]
"

1§

I T TR LLLE

BI14/2005 Meutring 2008

Fig. 16. SuperNEMO

XENON

XENON is an experiment to be carried out in Japan withrge mass of enriched Xenon
based on scintillation to search for neutrinol&D of ***Xe. Due to the large mass it will be
also used to in a search for interactions of Dasktét particles (WIMPS)

EXO

EXO also intended to search for neutrinoless DBD'Ke-'**Ba, but with a totally new
approach: to search for DBD events by detecting tie help of LASER beams single Ba++
ions produced by the process (Fig.17) The optidigoid or gas Xenon and the underground
location has not yet been decided, but a kg ligpgd Xenon experiment without Ba tagging
is going to operate soon in the WIPP undergroubdrktory in USA.
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Fig. 17: Ba++ tagging in EXO
CUORE

CUORE (for Cryogenic Underground Observatory of Rarer&Esewill be consist in 988
crystals of natural TeQ arranged in 19 columns practically identical tee tone of
CUORICINO, with a total mass of about 750 kg (f).1 The experiment has already been .
approved by the Scientific Committee of the GrassBa_aboratory and by the Italian Institute
of Nuclear Physics and the basement for its iregtath has been already prepared in Gran Sasso
(Fig.19) . As shown in Table I**Te has been chosen for CUORE due to its high isotop
abundance, but the versatility of thermal detecatitevs many other interesting, but expensive,
double beta active materials.
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CUORE

Array of 988 TeO, crystals

= 18 Cuoricino-like towers

= 13 levels, 4 crystals per tower

= 5x5x5 cm?3 (750 g each)

= 130Te: 33 8% isotope abundance
= 741 kg TeO, = 200 kg '*'Te

Goal
background < 0.01 cnts/keV/kgly
Resolution = 5 keV
5 year sensitivity
F*> 2.1 x10%y
m.. <~ 19— 100 meV

Fig.18 : CUORE

Table 3: Possible thermal candidates for neutrinoless DBD

Compound Isotopic Transition energy
abundance

*CaF, 0187 % 4272 keV
“Ge 7.44 " 2038.7 "
YMoPbQ, 9.63 " 3034 "
Hcdwo, 7.49 " 2804 "
%Te0, 34 2528 "
SNdF; 564 " 3368 “
BNdGag

3. Conclusions

After 70 year the brilliant hypothesis of Ettore Majorana is stlid and is strongly
supported by the discovery of neutrino oscillations which imphes the difference
between the squared masses of two neutrinos of different flawodifferent from zero.
As a consequence at least one of the neutrinos has to be maskihe aneasurement
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of the neutrino mass becomes imperative. Double beta decay issahtptbe most
powerful tool to obtain this result and also to clarify if the riratis a Majorana
particle.

The future second generation experiments being designed , proposed and aleeady i
few case under construction will allow in a few years to hhethe sensitivity in the
neutrino mass predicted by the results of oscillations.

Due to their peculiar interdisciplinarity experiments on doldga decay involve
different fields of physics from nuclear, subnuclear and astropanibisics to
radioactivity, material sciences , geochronology etc. It could beggnin understanding
the particle-antiparticle asymmetry in the Universe.

Therefore thank you Ettore!
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