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1. Motivation

Table 5: Summary table of expected parameters and 1! background-fluctuation sensitivity in half-life and e!ective Majorana neutrino mass.
The di!erent values of m!! depend on the di!erent NME calculations; see Sec. 2.1 and Tab. 1. Zero-background sensitivities, in italics, are
also provided as an estimation of the ideal limit of the detectors’ capabilities; they are presented at 68% C.L. so that they can be considered
as approximate extrapolations of the 1! background-fluctuation sensitivities.

m!!

t b !T 0"
1/2(1!) (meV)

Setup (y) (cts/(keVkg y)) (y) QRPA-F QRPA-S ISM IBM

CUORE-0 2 0.05 9.4!1024 170–310 190–320 310–390 200
zero-bkg. case at 68% C.L.: 5 .3 ! 10 25 70–130 81–130 130–160 85

CUORE baseline 5 0.01 1.6!1026 41–77 48–78 76–95 50
zero-bkg. case at 68% C.L.: 2 .5 ! 10 27 10–19 12–19 19–24 12
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Figure 5: The Cuoricino result and the expected CUORE 1! background-fluctuation sensitivity overlaid on plots that show the bands
preferred by neutrino oscillation data (inner bands represent best-fit data; outer bands represent data allowing 3! errors) [48]. Both normal
("m2

23
> 0) and inverted ("m2

23
< 0) neutrino mass hierarchies are shown. (a) The coordinate plane represents the parameter space of

m!! and mlightest, following the plotting convention of [48]. (b) The coordinate plane represents the parameter space of m!! and #mi,
following the plotting convention of [49]. The widths of the Cuoricino and CUORE bands are determined by the maximum and minimum
values of m!! obtained from the four NME calculations considered in this work.
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Figure 1.10: Fit of the CUORICINO energy spectrum for 0⌫��. [74].
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of 10 cm minimum thickness. The refrigerator operates
inside a Plexiglass anti-radon box flushed with clean N2,
and inside a Faraday cage to reduce electromagnetic in-
terference.

Thermal pulses are recorded by means of Neutron
Transmutation Doped (NTD) Ge thermistors thermally
coupled to each crystal. Stabilization is performed by
means of voltage pulses developed across heater resistors
attached to each bolometer. The voltage pulses are gen-
erated by high stability pulse generators, designed and
developed on purpose [42]. A tagging of these stabilizing
signals is made by the acquisition system. The detec-
tor baseline is stabilized with a dedicated circuit with a
precision of better than about 0.5 KeV/day on the aver-
age [43] between the successive refilling of liquid helium
of the main reservoir.

The front-end electronics for all the 3!3!6 cm3 and
for 20 of the 5!5!5 cm3 detectors are mantained at room
temperature. In the so called cold electronics , applied to
the remaining 24 crystals, the preamplifier is located in
a box at "100 K near the detector to reduce the noise
due to microphonics [44], which would be very dangerous
when searching for WIMPS. More details on read-out
electronics and DAQ are reported in [40].

CUORICINO is operated at a temperature of "8 mK
with a spread of "1 mK. A routine energy calibration
is performed before and after each sub-run, which lasts
about two weeks, by exposing the array to two thoriated
tungsten wires inserted in immediate contact with the
refrigerator. All data, in which the average di!erence
between the initial and final calibration is larger than the
experimental error in the evaluation of the peak position
were discarded.

During the first cool down, 12 of the 5!5!5 cm3 and
one of the 3!3!6 cm3 crystals were lost, due to the
disconnections at the level of the thermalisation stages
which allow the transmission of the electric signals from
the detectors to room temperature [40]. Since the active
mass was of "30 kg, and the energy resolution was ex-
cellent, data collection was continued for a few months
before warming up the array. The problem has now been
fully solved and the detector was cooled down with only
2 of the 13 detectors still disconnected. The data pre-
sented here come from the first run and about 3 months
of the second run. The total statistics corresponds to an
e!ective exposure of 10.85 kg !year.

The sum of the spectra of the 5!5!5 cm3 and 3!3!6
cm3 crystals in the region of the neutrinoless DBD is
shown in Fig. 2. One can clearly see the peaks at 2447
and 2615 keV from the decays of 214Bi and 208Tl, plus a
small peak at 2505 keV due to the sum of the two ! lines
of 60Co. The background at the energy of neutrinoless
DBD is of 0.18 ± 0.01 counts kg!1 keV!1 y!1.

No evidence is found for a peak at 2529 keV, the en-
ergy expected for neutrinoless DBD of 130Te. By apply-
ing a maximum likelihood procedure [45, 46], we obtain
a 90% C.L. lower limit of 1.8 !1024 years on the lifetime
for this decay. The unified approach of G.I.Feldman and
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FIG. 2: Spectrum of the sum of the two electron energies in
the region of neutrinoless DBD

R.D.Cousins [47, 48] leads to a similar result. The upper
bounds on the e!ective mass of the electron neutrino that
can be extracted from our result depend strongly on the
values adopted for the nuclear matrix elements. As in our
previous paper [40] we considered all theoretical calcula-
tions [23, 24, 26, 27] apart from those based on the shell
model which is not considered as valid for heavy nuclei
[49], in particular for DBD of 130Te [27]. We have also not
considered the calculation by Rodin et al [50] based on
the evaluation of the particle-particle interaction strenght
from the corresponding two neutrino DBD lifetime. The
evaluation based on single beta decay, which could be
preferable [27, 51] is not available for 130Te. The rates
for two neutrino DBD of this nucleus based on geochem-
ical experiments are however uncertaint [24, 26, 27]. We
have therefore adopted [50] those based on a direct ex-
periment [52].

Taking into account the above mentioned uncertain-
ties, our lower limit leads to a constraint on the e!ective
mass of the electron neutrino ranging from 0.2 to 1.1 eV,
and partially covers the mass range of 0.1 to 0.9 eV in-
dicated by H.V. Klapdor-Kleingrothaus et al. [33].

CUORICINO is a first step towards the realization of
CUORE (Cryogenic Underground Observatory for Rare
Events). It would be an array made by 19 towers, each
similar to CUORICINO, with 988 cubic crystals of TeO2 ,
5 cm on a side, and a total active mass of 741 kg. The
expected sensitivity on |#m!$| of this experiment is of
the order of 30 meV, just below the above cited value
of 45 meV favoured by current oscillation experiments
for the inverted hierarchy. CUORE has already been
approved by the Gran Sasso Scientific Committee and
by the National Institute of Nuclear Physics (INFN).

Thanks are due to the Director and Sta! of the Labo-
ratori Nazionali del Gran Sasso and to the technical sta!s
of our Laboratories. This experiment has been partially
supported by the Commission of European Communities
under contract HPRN-CT-2002-00322 , by the US De-
partment of Energy under contract number DE-AC03-76
SF 98 and by the National Science Foundation.

The Cryogenic Underground Observatory for Rare Events 
(CUORE) is a 0νββ decay search experiment of 130Te utilizing 
TeO2 bolometers as a detector and source. Observation of 
0νββ decay implies that neutrinos are their own anti-particles, 
i.e. Majorana neutrinos.

1 cm

Determination of the effective neutrino mass may be possible 
with the measurement of the 0νββ lifetime. If only an upper limit 
is found, Majorana neutrinos may be ruled out when combined 
with direct measurements of the neutrino mass or determination 
of mass hierarchy. As seen on Fig. 1.

Figure 1: Effective Majorana mass vs. 
minimum neutrino mass indicating the 
three possible neutrino mass hierarchies.

be considered when evaluating the relative mer-
its of the various proposals. They emphasize the
importance of isotopic abundance of the source,
detection e!ciency, energy resolution, and back-
ground rejection. The total mass of the source is
obviously very important.

At this point it is convenient to introduce
the nuclear factor FN ! Go! |M0! |2, such that
"m!# = me/

!
FNT1/2. The average values taken

over many reported calculated values are used
in our estimates, and for convenience we define
! ! "FN # $ 1013 y!1. We will use this parameter
frequently later.

2. AVAILABLE ISOTOPES

There are more than 30 isotopes with the even-
even pairing energy level structure that forbids
weak decay to the next odd-odd nucleus because
it would not conserve energy. In Table 1, we list
the 8 that have large decay energies and for which
there are methods of isotopic enrichment. These
are the ones that are most frequently the subjects
of experimental proposals.

In the second column, values of the average nu-
clear structure factor appear. There is no real
justification for depending on the absolute value
of these as being accurate. They are the aver-
age values mainly taken from the list given by
Tretyak and Zdesenko [14], and work published
since. A few calculations that were shown later
to be incorrect were not included. Also not in-
cluded were earlier calculations of authors who
published results later using the same general ap-
proach, and in cases in which it is clear that the
authors imply that their later work should replace
their earlier one. The uncertainty quoted is the
1" mean square deviation. These values are only
meant to project the general centroid of the theo-
retical rates. Though the absolute values can not
be considered highly reliable, they do represent
the best estimates we have of the predicted decay
rates. The parameter, !, is useful in comparing
the relative merits of proposals and should be in-
cluded in the comparative analysis. While not
claimed to be highly accurate, it is clear that we
should expect the decay rate of 100Mo (! % 5.0),
for example, to be significantly larger than that

of 136Xe (! % 0.28). This fact is an important
consideration.

We should not take the value of ! (150Nd) as
seriously as the others because there are only very
few calculations. In addition the very large static
quadrupole moment of the ground-state makes
this calculation extremely di!cult. This tech-
nique of averaging many published theoretical re-
sults will su"er criticism; however, it does give us
general estimates of the relative expected decay
rates.

3. FIGURE OF MERIT FORMULAE

The general criterion for discovery can be ex-
pressed as C"" = C1

!
B + C"" , where C"" is

the number of 0#$$-decay events, B is the back-
ground in the region of interest (ROI), and C1

is related to the confidence level in units of " of
the Poisson distribution of the spectrum in the
ROI. For simplicity we can require some specific
signal-to-background ratio, for example C""/B %
1. In this case we require C"" = %

&
B where

% = C1

&
2. This choice is arbitrary, however, it

can be made the same for all experiments being
compared.

The criterion above can be written as follows:

C"" = &""Nt' = %
&

bMt(E, (5)

where &"" = )!1
"" , the decay rate, N is the

number of parent nuclei and ' is the detection
e!ciency. On the right hand side % is de-
fined above, b is the background rate in counts
kg!1keV !1y!1, t is the operating time, (E is the
optimum window of the analysis for a search for
the 0#$$-decay peak, M is the mass of the source
in kg, and (E is proportional to the energy reso-
lution. We can replace it by the full width at half
maximum (fwhm) of the experiment.

From this it is easy to show that the half-life
sensitivity can be written as follows:

T 0!
1/2 =

"
A0 $ 103

%

# $ a'

W

%&
Mt

b(E
. (6)

In equation (6) A0 is Avagadro’s number, a is
the isotopic abundance, and W is the molecular
weight of the source.
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A claim of 0νββ decay measurement in 76Ge [1] set a limit on 
the effective neutrino mass between 100-900 meV at 99.73% 
C.L. Current generation experiments aim to test this claim and 
further reach a sensitivity at ~45 meV. New detector 
technologies will be required to prove the inverted hierarchy at 
the meV scale.

In CUORICINO [2], a 40 kg-scale CUORE prototype, the 
main source of background in the Region of Interest (ROI) 
has been identified to be alpha particles originating in the 
decay chain of U/Th. Projecting the alpha backgrounds to 
CUORE, we expect 0.01-0.04 cts/(keV kg yr) and the rest of 
backgrounds from gamma and beta rays to begin at a factor 
of 10-40x lower rate [2].

In order to reach sensitivity to the inverted hierarchy, at the 
level of meV in effective Majorana mass, significant  
improvements in backgrounds (b), energy resolution (δE) 
and/or isotopic abundance ( ) must be made in the next 
generation 0νββ decay search, as shown in the figure of 
merit:
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Figure 2: Final ROI event spectrum in 
CUORICINO. The superimposed curves on 
the data are the maximum likelihood fit 
(blue), the 68% (green), and 90% (yellow) CL 
upper limits. The peak at 2.506 MeV is due to 
cosmogenic 60Co from the copper.
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We have established a cryogenic facility at UC Berkeley to support 
the bolometric detector development program. An Oxford 
Instruments Triton 400 Dilution Refrigerator has been purchased 
and commissioned. 

In order to calibrate the RuO2 thermometry below 50 mK provided 
by Oxford Cryogenics, we have installed a 60Co nuclear 
orientation thermometer. Using this thermometer we have 
confirmed a base temperature below 7 mK.

The first set of small 1cm3 TeO2 bolometers has been assembled 
and a set of CUORE-style electronics is being commissioned.

3. Cryogenic Facility on Campus

In order to perform full size, low-background bolometer 
measurements, we are exploring several underground facilities 
nearby and at the Kimballton mine in Virginia. Figure 3: The cryogen-free dilution 

refrigerator unit (Oxford Triton 400) 
on campus at UC Berkeley.

Currently, the CUORE detector technology has demonstrated an energy resolution, on average, 
of 5 keV FWHM at 2.5 MeV. Nevertheless, this value is three orders of magnitude worse than the 
theoretical lower limit. From CUORICINO and subsequent tests, we have found that energy 
resolution is correlated strongly with thermal coupling, which is limited by the mechanical stress 
put on the crystal by the thermometer while it is cooling. 

Figure 4: The sum of the energy spectra of the 5x5x5 cm3 
and 3x3x6 cm3 crystals in the ROI obtained in CUORICINO.

We will test the feasibility of alternative phonon 
sensor technology such as semiconductor 
bilayers or Transition Edge Sensors (TES) to 
improve the energy resolution while optimizing 
detector fabrication for a large scale bolometric 
array.
Thin film resistors can be fabricated to have 
lower resistances compared to 100-1000 Mohm 
in Ge Neutron Transmutation Doped (NTD) 
thermistors. Lowering the impedance may 
increase the signal bandwidth allowing for faster 
readout and sensitivity to out-of-equilibrium 
phonons which may provide Pulse Shape 
Discrimination (PSD) between surface and bulk 
events.
We are currently taking advantage of the resources and experience fabricating thin film phonon 
sensors at LBNL and the Marvel Nanofabrication Laboratory on campus to implement this 
technology to the bolometric search for neutrinoless double-beta decay.

We are investigating how the presence of superconducting films on the surface of a TeO2 crystal 
effect the pulse shape for surface events as opposed to bulk events, effectively fiducializing the 
detector while maintaining the energy resolution.  

Recent work by C. Nones et al. [3] using a 20x20x5 mm3 TeO2 crystal 
equipped with two thermistors made of NbSi films located on two opposite 
sides while having a 10 μm thick Al film on the rest of the sides 
demonstrated pulse shape discrimination between surface and bulk alpha 
particles while operating at 38 mK.

This effect can be explained by means of the difference in density of 
quasiparticles in the aluminum film created when the interaction occurs 
close to the film, within tens of microns of the surface, as opposed to the 
bulk. After ballistic phonons break Cooper pairs in the superconducting Al 
film (Δ~200 μeV for Al), the quasiparticles recombine to form again Cooper 
pairs and emit thermal phonons back to the TeO2 substrate.
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sensor on the main bolometric absorber, not present in bulk events. Therefore, just by
studying signal shapes, it will be possible to discriminate bulk vs. surface events.

2.2 The Sample

The sample is a TeO2 crystal (the nuclide 130Te is a well known 0!"" candidate [9])
of 12 g (20 ! 20 ! 5 mm3). After polishing and cleaning procedures, an under layer
of 500 Å of amorphous Ge was deposited on a large face of the crystal in order to
improve the adherence of the subsequently deposited metal films. Then two interdig-
itized combs of electrodes (400 Å of Nb protected by 40 Å of Ir) were deposited, the
distance being 1 mm between two adjacent teeth. Finally a square of 14 ! 14 mm2,
650 Å thick, 8.65 Nb atomic percentage of NbSi was deposited by co-evaporation
technique. The NbSi film was stabilized by a 60"C annealing and protected with
250 Å SiO coating [10]. The part of the NbSi film lying between the interdigitized
combs of electrodes constitutes the active part of the phonon sensor [11]. On a lat-
eral side (20 ! 5 mm3) an Aluminum layer of 10 µm was evaporated under vacuum
(5 ! 10#7 mbar) with an electron gun with a deposition rate of 4 nm/s. The distance
between the source and the sample was about 45 cm and the control of the thickness
was done looking at the time with a periodic check of the rate through a piezoelectric
quartz.

Figure 1 shows two pictures of this sample in which we can see the NbSi sensor
(on the right) and the Al film (on the left).

To test the rejection capability of surface events, we have used two kinds of ra-
dioactive source:

• a 241Am source placed in front of the Al film. The main lines of this source are: #
at 5486 keV (B.R. [Branching Ratio] 85%) and 5443 (B.R. 13%), ! at 60, 24, 18,
14 keV; it is reasonable to consider them as typical surface events since energy is
deposited in proximity of the superconductive film.

• U-loaded water drops; few drops were let evaporate on one free crystal surface. #
particles are emitted at 4.15 MeV (B.R. 21%) and 4.20 MeV (B.R. 79%). A weak
doublet coming from 234U might be observed at 4.77 MeV (B.R. 71.4%) and
4.72 MeV (B.R. 28.4%). This source has been useful to simulate bulk events, since
the energy is deposited far from the Al film.

It has to be noticed that the 241Am source, due to the geometry of the set-up, can
produce also a small population of bulk-like events when # particles hit directly the
TeO2 crystal face, which is not fully covered by the Al film, as appreciable in Fig. 1.

Fig. 1 (Color online) Pictures
of the TeO2 crystal equipped
with a NbSi sensor (right) and
an Al film (left)

Figure 5: Picture of the TeO2 
crystal equipped with NbSi 
sensor by C. Nones et al. [3].

Figure 6: Picture of a 1 cm3 
TeO2 crystal coated with 
1μm of Al at LBNL Material 
Science Division.

This process effectively delays part of the original energy release by the 
time comparable to the quasiparticle lifetime in aluminum. The quasiparticle 
lifetime in a 1 μm thick aluminum film deposited on a Al2O3 substrate was 
measured to be 1.530 +/- 0.35 msec by Shnagl et al. [4]. Recent 
measurements by Barends et al. [5] have found that quasiparticle 
recombination time increases with film thickness, depends on substrate 
type and instead of increasing by lowering the superconducting film 
temperature, it reaches a plateau for temperatures T/Tc<0.1. 

We are working on the development and optimization of the use of 
superconducting films as means to obtain pulse shape discrimination 
against surface events. This will be done both with nominal Ge NTDs  as 
well as with thin film phonon sensor technology with higher bandwidth. 

We plan to also study if there is PSD between nuclear recoils and electronic recoils at scales of 
tens of keV as an avenue to search for WIMP dark matter utilizing the same detector technology.

Figure 7: Setup for characterizing Cherenkov 
and scintillation light from a TeO2 crystal.

A promising way to obtain particle identification, and discriminate surface alpha events, is to 
additionally collect the light, by the event interaction. Observation of Cherenkov radiation in 
coincidence with the bolometer pulse would discriminate between alpha and beta particles since 
naturally occurring alpha radiation is produced far below the Cherenkov threshold (~50 keV).
Detection of the distinctive pattern resulted from the 
Cherenkov cone would unambiguously determine the 
origin of the produced light.
Postdoc Yuan Mei and undergraduate student Andrew 
Lampinen have developed a test setup at room 
temperature to directly search for Cherenkov light from a 
5x5x5 cm3 TeO2 crystal exposed by a 90Sr beta gun. 
Preliminary results show weak luminiscence from the beta 
rays. However, the signal strength and angular 
dependence is best described by the bremsstrahlung X-
rays from the primary beta rays. Cherenkov light signals 
are not currently identified from the currently observed 
data.
Mei and Lampinen have now developed a compact multiplexing 64-channel readout board. 
Interfacing this board to the 64-channel PMT is ongoing and the data acquisition/analysis software 
is under development. The high resolution measurement of light pattern should help elucidate the 
nature of the observed light emission.

Heat and Ionization
Particle discrimination between alpha and beta rays should be possible by adding the ionization 
channel in addition. The ratio of bolometric to ionization signal in semiconductor devices is a 
demonstrated technique in modern dark matter search experiments [6]. Materials such as ZnTe, 
CdTe, and alloy CdZnTe (CZT) are semiconductors with significant Te content that could provide the 
ionization measurement in addition to the bolometric one. We have acquired a small CZT crystal and 
are currently preparing a measurement of low-temperature properties (thermal conductivity and 
capacitance).
Material properties
High thermal conductivity ceramics may provide an alternative to copper for construction of the 
detector frames. Low-mass ceramics are less susceptible to cosmogenic activation. Undergraduate 
Alexey Drobizhev is exploring the possibility of replacing copper with high thermal conductivity 
ceramics as a support material. 


