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CUORE is a ~l-ton experiment to search for Neutrinoless Double Beta Decay of 
n oTc using 988 TeC>2 bolometers. It aims at reaching a sensitivity of the order of 
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few tens of meV on the effective neutrino mass. CUORICINO, a single CUORE 
tower running since 2003 in the Gran Sasso Underground Laboratory (LNGS), 
plays an important role as a standing alone experiment and for developing the 
future CUORE setup. Present results already achieved and studies that are 
underway are presented and discussed. 
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INTRODUCTION 

Since its first appearance in the Fermi theory of the p decay, the quest for understanding 
iieiurino nature has captured the interest of many scientists all over the world. Being neutrino 
such an elusive particle, its detection is always a big challenge but also a powerful tool for 
investigating physics beyond the standard model. In the last few years, an important step has 
been done in this quest by assessing without any doubt the massive nature of neutrinos. This 
result was achieved by several independent neutrino oscillation experiments [1-6], which are 
unfortunately unable to measure the absolute neutrino mass because they are only sensible to 
the squared masses differences. The question about the neutrino mass is thus still open along 
with that concerning the mass pattern. Moreover, exciting investigation has to be performed to 
determine if neutrinos behave as Dirac or Majorana particles. 

Three different (but somehow complementary) approaches could be followed to unravel 
the mystery of neutrino mass and nature: cosmology measurements, direct measurements and 
Neutrinoless Double Beta Decay (OvDBD). All these approaches have advantages and 
disadvantages but the last one is undoubtedly the only practical way to establish the Majorana 
nature of the neutrinos. 

OvDBD is a rare nuclear process [7] where a nucleus (A,Z) decays into (A,Z+2) with the 
emission of two electrons and no neutrinos, resulting in a peak in the sum energy spectrum of 
the two electrons. Unlike the standard electroweak process, where two antineutrinos are 
emitted together with the two electrons, in this decay die neutrino does not appear explicitly 
but it is hidden as a virtual particle connecting the two electroweak vertices. This is possible 
only if the neutrino behaves as a massive Majorana particle [8], 

Moreover, the half life of the OvDBD is related to the neutrino mass by the equation: 

m, 
where G°' is the phase space term which increases steeply with the transition Q-value, 

|A/°' | describes the nuclear matrix elements (NME) of the process and <m„> is the effective 

neutrino mass given by a linear combination of the mass eigenvalues m,: 

<">. +\U^m1e<*-- + (2) 
where U a are the partially measured neutrino mixing matrix elements related to the electron 

neutrino and e'* are the Majorana CP phases (±1 for CP conservation). It must be noted that 
the calculations of the NME are still quite uncertain. As a consequence it is imperative to 
search for OvDBD in different nuclei [9], From eq. (1) it 's clear that measurements on the 
OvDBD decay time lead to the possibility of obtaining key information on the neutrino mass 
pattern and on the absolute value of the neutrino mass as shown in figure 1. 
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Figure 1. Plot of the 99% CL range for < m r > as function of the lightest neutrino mass. It is 
important to note that the next future experiments on OvDBD have good chance to reach a 

sensitivity that allows to check the region of the inverted hierarchy [10], 

Any experimental attempt to search for OvDBD needs to satisfy few requirements. In fact, 
given the extremely low probability of this process, it is important to have big quantities of 
the candidate nuclei and a very low background (which is usually obtained in underground 
laboratories and by proper detector shielding). Moreover, detectors with excellent energy 
resolution are greatly preferred, which is more easily achieved with the source=detector 
configuration. 

Even if very good and important results have been obtained with different methods, the 
experimental technique that better matches the requirements introduced above is the 
bolometric one [11,12], In a very first approach, a bolometer is composed by two elements: an 
absorber in which the energy is released and converted into phonons and a temperature sensor 
that turns the temperature variations of the absorber into an electrical signal. Usually 
bolometers are operated as perfect calorimeters, i.e. all the energy is converted into phonons 
and so, assuming a complete and instantaneous thermalization, the temperature rise is given 
by the ratio between the released energy E and the bolometer heat capacity C. The bolometer 
temperature will then recover to the heat sink value with a time constant proportional to C. 
From this considerations is clear that the heat capacity of the bolometer must be reduced by 
working at very low temperatures ( -10mK) and by using dielectric and diamagnetic materials. 
Bolometers' main advantages are the high energy resolution and the few constrains on the 
absorber material which offers the possibility to adopt substances that contain the candidate 
nuclei. 

T H E C U O R I C I N O E X P E R I M E N T 

CUORICINO is a running experiment on OvDBD of I MTe using 62 T e 0 2 bolometers, for 
a total crystal mass of 40.7 kg. l 3 0 Te is an excellent candidate for OvDBD due to its high 

99% CL (1 tj 

-503-



transition energy (2528.8*1.3 keV) [13], and especially to the large natural isotopic 
abundance (33.8%) [14] making the need for enrichment less important. Moreover, TeC>2 
crystals show very good thermal and mechanical properties. The thermal signal is measured 
by means of a Neutron Transmutations Doped (NTD) Germanium thermistor for which the 
resistance-temperature relationship follows the law given by the variable range hopping 
regime with Coulomb gap [15-16]: 

R(T) = R6exp{jTjf) (3) 
The thermistor is glued directly on the crystal by means of several spots of epoxy glue. The 
absorber crystals are kept in position in the copper frame using properly shaped picces of 
Teflon® (PTFE) which also act as thermal conductance to the heat sink. 

CUORJCINO consists of a single tower of 13 planes, operating in Hall A of the Gran 
Sasso Underground Laboratory, in a dilution refrigerator at ~10mK. The CUORICINO 
structure is as follows: the upper 10 planes and the lowest one consist of 4 natural crystals of 
5 x5 x5 cm3 (790 g each), while the 11th and 12th planes have 9 3 *3*6 cm3 crystals (330 g 
each). In these planes the central crystal is fully surrounded by the nearest neighbors. All the 
crystals are of natural tellurium except for four small ones. Two of them are enriched in ,2STe 
and two in . with isotopic abundances of 82.3% and 75%, respectively. 

Figure 2. The CUORICINO detector: scheme of the tower and internal roman lead shields 
(left), the 13 planes tower (centre >?4he 4 crystal module (top right) and the 9 crystal module 

(bottom right). 

All crystals were grown with pre-tested low radioactivity material by the Shanghai 
Institute of Ceramics and shipped to Italy by sea to minimize the activation due to cosmic 
rays. They were lapped with specially selected low contamination abrasives to reduce the 
radioactive contamination on the surface. All the copper and PTFE parts facing the detectors 
were separately treated with acids in order to reduce the surface contamination. All the 
detector mounting operations were performed in an underground clean room in a Nj 
atmosphere to avoid Rn contamination. The tower just after assembly completion and the 
details of the two different used modules are shown in fig. 2. Roman lead shields are placed 
all around the detector in order to reduce radioactivity coming from the cryostat. The tower is 
mechanically decoupled from the cryostat through a steel spring in order to avoid vibrations 
from the overall facility to reach the detectors. The dilution refrigerator is shielded against 
environmental radioactivity by two layers of lead of 10 cm minimum thickness each. The 
outer layer is of commercial low radioactivity lead, while the internal one is made with 
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special lead with a 2,0Pb contamination of 16 ± 4 Bq/kg. The external lead shields are 
surrounded by an air-tight box flushed with fresh nitrogen to avoid Rn contamination to reach 
ihe detector. A borated polyethylene neutron shield (10 cm) is also present All the structure is 
housed inside a Faraday cage in order to suppress electromagnetic interferences. 

CUOR1CINO was first cooled in spring 2003, but some read-out wires broke inside the 
cryostat, reducing the total mass under study to 26.5 kg. Before warming up to solve the 
problem some data were collected, up to 3.75 kgy statistics and the first preliminary results 
were released [17], At the end of October 2003 CUORJCINO was stopped to undergo 
substantial operations of maintenance and to recover the lost read-out channels. The stop was 
longer than expected due to some restrictions in the Gran Sasso Lab required by the Italian 
authorities for safety reasons. The second run started in March 2004, with all the crystals 
working, except for 2 big ones. 

CUOR1CINO detectors are performing very well. During the second run, the average 
pulse height obtained with the working detectors is of 167 ± 99 nV/MeV-kg for the 5*5x5 
cm' crystals and 147 ± 60 (jV/MeV-kg for the 3*3x6 cm3 crystals. The average resolution 
FWHM is 7.8 ± 2.4 keV for the bigger size and of 11.0 ± 4.7 keV for the small size crystals. 
The average resolution FWHM in the OvDBD region was evaluated on the 2615 keV 208T1 
line measured during calibration with a 232Th source. 

The results presented here refer to the data acquired during the first run and in the second 
run up to April 3, 2005 [18]. The sum of the spectra of all the crystals in the region of the 
OvDBD energy is shown in Fig. 3. One can clearly see the peaks at 2447 and 2615 keV from 
the decays of 5l4Bi and 20ST1, plus a small peak at 2505 keV due to the sum of the two y-lines 
of 60Co. The background in this region is 0.18 ± 0.02 counts/(keV kg y). 

2420 2500 2580 2660 
Energy (keV) 

Figure 3. CUOR1CINO anticoincidence background spectrum in the expected l30Te OvDBD 
region. 

The total acquired statistic is 5 kg y of ,30Te. No evidence is found for a peak at the 
expected Q-value for l30Te OvDBD. By applying a maximum likelihood procedure [19,20] 
(assuming a flat background and fitting the 2505 keV peak) to search for the maximum signal 
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compatible with ihe measured background in the 2470-2560 keV region, we obtain a 90% 
C.L. lower limit of 1.8 * 1024 y on the noTe lifetime for this decay. A 5% variation of this 
limit is seen when changing the energy region, the background shape (linear of flat) and when 
including or excluding the 2615 keV peak. The limit on the lifetime leads to a constraint on 
the electron neutrino effective mass ranging from 0.2 to 1.1 eV, depending on the NME 
considered in the computation [IS]. 

After a first claim in 2001, a report of evidence of the direct observation of the OvDBD of 
76Ge with a half-life of 1.19 * 10 y at 4.2<r C.L. was published recently [21,22,23]. Since 
much literature pro and con on this issue appeared during the last years [24,25,26], an 
experimental confirmation or confutation of the claim is strongly demanded, and 
CUORJCINO (together with the external source experiment NEM03 [27]) is at the moment 
the only running experiment that could do the job. In fact, a minimum 2a level signal should 
be seen in 3 y, if the half-life for 76Ge is the claimed one, even if the less favorable NME is 
considered. On the other hand, due to the NME uncertainties, a null experiment on l30Te will 
not invalidate the claimed evidence. However, the measurement of the OvDBD in different 
nuclei is in any case invaluable because it could reduce the NME uncertainties. 

THE CUORE PROJECT 

Even if CUORICINO is a standalone experiments which is giving good results, it is also a 
first step towards the realization of CUORE (Cryogenic Underground Observatory for Rare 
Events) [28]. The aim of CUORE is to reach a sensitivity on the effective Majorana neutrino 
mass lower than 50 meV. To reach this goal, a background level lower than 0.01 (possibly 
0.001) counts/(keV-kgy) in the energy region of interest is needed. Giving the present picture 
of neutrino properties from both theoretical and experimental consideration, CUORE will thus 
have great chances of observation in case of inverted mass hierarchy. 

Like CUORICINO, CUORE will be based on an elementary module of 4 crystals. In the 
final design of the detector, groups of 13 modules are stacked together to form a tower. The 
CUORE array will consist of 19 of these towers in a cylindrical structure, with a total active 
mass of 741 kg, corresponding to ~200 kg of 130Te. Each tower will be very similar to the 
tower tested in CUORICINO, both from the mechanical and from the thermal point of view, 
and substantially independent from the nearby towers. The close packing and the high 
granularity will help in background identification and rejection. The array will be operated 
underground at a temperature of 10-t5 mK. The experiment has been already approved by the 
Scientific Committee of Gran Sasso Lab and the special dilution refrigerator that is intended 
to house the detector has been funded. 

Since CUORICINO is running well, the most challenging part of the CUORE project is 
the reduction of the background by at least one order of magnitude. From CUORICINO and 
Montecarlo simulations [29], there are strong indication that the dominant contribution to the 
background level in the DBD region come from radioactive surface contaminations of the 
Te02 crystals and Cu holder. In fact, a and p particlc3, emitted close to the surface of the 
detectors or of the materials surrounding it release only a part of their energy in the detector 
thus contributing with a continuum spectrum which extends down to the region relevant for 
DBD. 

To get rid of this contribution, three different paths can be pursued. First the holder 
structure can be reviewed to minimize the surfaces facing the detector. A new holder, which 
improves this aspect without changing too much the overall configuration (and thus the 
thermal and mechanical couplings), was tested in July in the R&D cryostat installed in hall C 

- 5 0 6 -



at LNGS and shows good performances (data analysis is in progress). A second possibility 
that is currently subject of an intense R&D activity is the surfece cleaning optimization. New 
cleaning procedures for both crystals and copper surfaces have been tested in January 2005 in 
hall C. The detector consisted in 8 5*5*5 cm3 TeOj crystals, arranged in 2 planes of 4 
detectors each. The crystal surfaces were treated with a nitric acid solution and successively 
polished with selected high-purity Si02 lapping powders. The copper structure was subject to 
electro-erosion in an ultra-clean solution of citric acid. All the assembling procedure was 
performed in clean environment and using materials with measured low radioactive content. 
The energy spectrum obtained (fig. 4-left) with the collected data shows a reduction with 
respect to CUORICINO in the counting rate in the region above 4 MeV [30]. 
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Figure 4. (left) Energy spectrum for the test run in Hall C performed with extremely cleaned 
materials. The reduction of the background in the alpha region is evident (right) Rise time 
distribution for the pulses developed across the active layer thermistor for an SSB detector 
with one Ge shield. In the inset, a detail of the scatter plot for the same detector shows the 

event selection from the pulse risetime. 

Finally, the developing of Surface Sensitive Bolometers (SSB) able to actively 
discriminate events originated near the crystals surface is also under study with very 
promising results [31]. The basic idea of this innovative device is almost trivial: it consists in 
the active shielding of the main bolometer by means of thin foils (-500 nm) of ultra pure Ge 
or Si. Those materials are preferred for their good thermal properties, their high availability, 
and, overall, for the high achievable purity. On each of this shield, a NTD thermistor is 
attached for temperature reading: the shields are thus bolometers with Ge or Si absorber of 
proper size and shape. The original idea is that the shield Ge/Si bolometers are not 
independent from the main bolometer but are attached to it to form a single composite 
bolometer. 

It's straightforward to understand that the origin of the events could be easily determined 
by comparing the amplitude of the pulses read from the different detector elements. If an a 
particle comes from outside the bolometer, it interacts with a shield releasing there all its 
energy. As a consequence the temperature will rise and there will be a signal on both the 
shield thermistor and the TeOi one but the former will be obviously higher because of the 
small heat capacity of the shields. On the other side, an event inside the TeOi crystal will lead 
to similar pulses on both the thermistors. Moreover, also the pulse shape (e.g. the rise and 
decay times) will be different, depending on the place of die initial energy release. The 
discrimination is thus possible by means of a scatter plot of the pulse amplitudes or by means 
of Pulse Shape Analysis (PSA). 

Several experimental tests has been earned out in the Low Temperature Laboratory of the 
Insubria University (Como - Italy) on small prototypes (2*2*0.5 cm3 Te02 absorber). These 
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tests gave impressive results and confirmed the expected behavior of the SSB. The event 
discrimination could be achieved with the amplitude scatter plot but also by means of a 
selection on the rise time of the event recorded on the shields thermistors as shown in plot 4-
right. A test with full scale bolometer and full coverage was carried out in July 2005 in hall C 
at LNGS. In this case the 6 shields thermistors were acquired in parallel to avoid channel 
proliferation. Similar scatter plots were obtained and PSA on rise time is still possible. This 
time we also find out that good separation between surface and bulk event could be achieved 
also by decay time selection of the events recorder by the thermistors on the main absorber as 
shown in fig. 5. 

Figure S. (right) Plot of the decay time of the pulses seen by the main thermistor as a function 
of the pulse amplitude on the same chip, (left) A detail of the scatter plot for the same 

detector where the selected events (light grey) in the decay time plot are reported. Results are 
from preliminary analysis of the latest Hall C run. 

The preliminary results obtained with a very low statistic show an important reduction of 
the background in the alpha region. It must be noted that the background level was 
deliberately high because in this run no special surface treatment was applied to Cu or TeOj. 
It is important to stress again the fact that this test was carried out to verify the SSB detection 
principle for particle identification on full scale detectors and it was not meant to measure the 
effective background in the DBD region. 

Another test is already scheduled to investigate the possibility of using TeCh shields 
instead of Si or Ge ones. In this way no new material needs to be added in the CUORE 
detector. Moreover, all the materials will be cleaned as it was done in the first test reported 
above. The run will also help to investigate more the behavior and the performances of the 
SSB which is definitely an outstanding tool for background discrimination and reduction. 

Without any doubt, OvDBD is presently one of the most interesting tool to investigate the 
neutrino mass and nature and exciting results are foreseen in the next years. CUORICINO is 
now leading the field being, togheter with NEM03, the most sensitive experiment actually 
running. CUORICINO is in fact now operating regularly and statistics is increasing nicely. 
The expected three years of sensitivity for the full mass of CUORICINO is ~lxl(r5 years, 
corresponding to a sensitivity on the Majorana mass between 0.1 and 0.45 eV. 

The R&D on CUORE has been almost completed with good results. Understanding of the 
background sources has been improved and strategies for passive and active background 

CONCLUSIONS 
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reduction have been obtained. Deeper knowledge is expected in the next few months from the 
results of the scheduled tests. 

These considerations allow to evaluate the expected results for CUORE. The 
"straightforward" prospect can be estimated assuming a background level of 0.01 
counts/(keV kg y) and a FWHM resolution of 10 keV. This gives an half life of 21*10" y in 
10 years, which translates into an effective neutrino mass ranging between 19 and 167 meV, 
due to the NME uncertainties. The "optimistic" (but realistic) prospect (0.001 
counts/(keVkgy) for background and 5 keV resolution) is 9.2*1036 y, corresponding to 
| <mr> | = (9-79 meV). The inverted neutrino mass hierarchy will be thus scanned deeply. The 
situation can be even better if we consider the opportunity of having a partial or complete 
enrichment of CUORE. 
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