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  Neutrinoless double beta decay                          

Neutrinoless double beta decay (0νββ) is a nuclear decay

that can occur only if neutrinos are identical to anti-neutrinos (i.e. if neutrinos are Majorana 
fermions).  Many decades of experimental searches have placed limits on the half-life for 
0νββ of candidate nuclei of greater than 1024 years.  Neutrinoless double beta decay 
experiments are the only practical method of establishing that neutrinos are Majorana 
fermions.  If neutrinos are Majorana, 0νββ constrains the neutrino masses because the rate of 
0νββ is proportional to the square of the effective Majorana mass, 〈mν〉 = ⎜Ue12 m1 + Ue22 m2 + 
Ue32 m3⎟ where the Uei are mixing matrix elements and mi are the neutrino masses [1].
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  CUORE                                                                
The Cryogenic Underground Observatory for Rare 
Events (CUORE) is one of several new 0νββ experiments 
that will be carried out in the next few years. 

The CUORE detector will consist of 988 crystals of 
natTeO2, each 5 × 5 × 5 cm3 and 750 g for a total 130Te 
active mass of 204 kg.  The crystals will be arranged in a 
tightly packed array inside a dilution refrigerator and 
operated as bolometers at 10 mK.  The detector will be 
located deep underground at the Gran Sasso National 
Laboratory in Italy to shield it from cosmic rays. A 
prototype for CUORE, called CUORICINO, completed 
its data taking in 2008, and the Three Towers test was 
operated in 2009. A final prototype called CUORE-0 is 
being assembled and will start collecting data very soon.
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  Experimental technique                                      
The experimental signature of 0νββ is a peak in the 
summed electron energy spectrum at the Q-value of 
the decay (2527 keV for 130Te).

CUORE features:
• Large detector mass with 988 TeO2  crystals and 204 

kg 130Te active mass.
• Excellent energy resolution: Bolometric detectors at 

low temperature with a 5 keV FWHM at 2500 keV
• High physical efficiency with the source = detector design
• Attention to materials selection to achieve the 0.01 counts/keV/kg/year background rate.

The CUORE bolometers consist of TeO2 
crystals, cooled to 10 mK by a dilution 
refrigerator, that serve as both the source 
of 130Te and the energy absorber.  The 
tiny temperature rise caused by the 
energy deposited in a nuclear decay is 
measured by neutron transmutation 
doped (NTD) Ge thermistors. 

  Results from CUORICINO                                    
The CUORICINO experiment, a predecessor to CUORE, collected data from 
2003 to 2008 at the Gran Sasso National Laboratory.  CUORICINO had 62 
TeO2 crystals and totally 11 kg of 130Te candidate isotope. No evidence for 
0νββ was observed, and a limit of

has been set, which corresponds to a limit on the effective Majorana neutrino 
mass of 0.30 to 0.71 eV depending on the value of the nuclear matrix element.  

The background level at the 0νββ 
energy was 0.18 counts/keV/kg/year.

Left: The best fit, 68% and 90% 
confidence intervals for the 
CUORICINO sum spectrum.

Right: CUORICINO setup

Energy (keV)

0 500 1000 1500 2000 2500

A
rb

it
ra

ry
 u

n
it

s

0

0.2

0.4

0.6

0.8

1

Energy (keV)

0 500 1000 1500 2000 2500

A
rb

it
ra

ry
 u

n
it

s

0

0.2

0.4

0.6

0.8

1

!!"2

!!"0

intervals centered at the Q-value of the 0mbb decay (we increased
the lower and the upper bound of an energy window starting from
2527 ± 30 keV at increasing steps of 5 keV). The results of this anal-
ysis have shown an average variation in C0m of 3 ! 10"26 y"1.

The uncertainty on the signal efficiency is reported in Table 2 to
be 1.1% for the big crystals and 1.4% for the small crystals, both of
which are negligible compared to the contributions from the en-
ergy scale and background parametrization uncertainties.

8. The CUORICINO final result

As a next step, we added the contributions from big, small and
enriched crystals from RUN I, combining their likelihoods with the
RUN II data and using a similar reconstruction for the response
function as described in Section 6.1.

The background rates are shown in Table 4 while in Fig. 9 (left
panel) we show the best fit and the corresponding 68% and 90% C.L.
limits. Fig. 9 (right panel) shows the logarithm of the combined
likelihoods of RUN I and RUN II before and after the systematic
uncertainties are included.

The resulting best fit for the 0mbb rate of 130Te is:

C0m
best # $"0:25% 1:44$stat& % 0:3$syst&& ! 10"25 y"1:

This result is compatible with zero, and the corresponding 90% C.L.
half life lower bound is:

s0m1=2 P 2:9! 1024 y:

Adding RUN I data, the limit improves more than might be naively
expected from a 5% increase in exposure, since in general the limit
scales with the square root of the exposure. However, as shown in
Fig. 8, statistical fluctuations cause a spread in 90% C.L. limits that
may be achieved by different experiments with the same exposure
and sensitivity. In our case, in RUN I there was a downward fluctu-
ation in the number of background counts in the region of interest,
which led to a more stringent limit than could otherwise be ob-
tained. However, this variation in the limit is well within the spread
predicted by Fig. 8, which is why we prefer to quote the sensitivity
of the experiment together with the limit. For the same reason, this
final result is almost identical to the one published in [12], although
the total exposure has increased by a factor of '1.6.

It should be mentioned also that, in reference [12], we used an
older value of the 130Te transition energy which had a much larger
error and a slightly higher central value than the recently mea-
sured one [17,31]. With the same data used in [12], using the
new result for the transition energy (with its smaller error) pushes
the limit toward a lower half-life.

The inclusion of the systematic error modifies the likelihood
profile for our data as shown in the right panel of Fig. 9. The profile
can be considered the v2 of our fit as a function of all the possible
C0m. Thus we will refer to it as v2

stat . If we adopt the hypothesis that
our knowledge of C0m is smeared – near the best fit values – by a

gaussian systematic uncertainty of magnitude rsyst, the total v2
tot

will be:

1
v2
tot

# 1
v2
stat

( 1
v2
syst

; $8&

where the simplest approximated form of v2
syst is:

v2
syst #

C0m " C0m
best

! "2

r2
syst

: $9&

With this modification of v2 and because the systematic uncer-
tainty is small compared to the statistical error, we obtain a slightly
weaker limit on the half life:

s0m1=2 P 2:8! 1024y:

As it is a standard approach in 0mbb literature, we also present the
95% C.L. limit on s0m1=2 including systematic uncertainties:

s0m1=2 P 2:3! 1024y:

9. Conclusion

In this paper we have presented the CUORICINO final result on
0mbb in 130Te, obtained with an exposure of 19.75 kg ) y of 130Te,
including a detailed study of systematic errors for the first time.
A half life limit of 2.8 ! 1024 y at 90% C.L. is obtained (2.9 !
1024 y if systematic errors are not included), to be compared (as
discussed in Section 6.2) with an experimental sensitivity4 of '
2.6 ! 1024 y. This limit can be used to extract an upper limit on
mee using the theoretical NME evaluation for 130Te nucleus. We re-
port here results obtained using the most recent nuclear calculations
found in literature:

* 300–570 meV using the Quasiparticle Random Phase Approxi-
mation (QRPA) evaluations of reference [5]

* 360–580 meV using the QRPA evaluations of reference [6]
* 570–710 meV using the Shell Model (SM) evaluations of refer-
ence [7]

* 350–370 meV using the Interacting Boson Model (IBM) evalua-
tions of reference [8]

Note that, for each reference, a range (and not a single value) for
mee is presented, reflecting the different results for the NME ob-
tained by the authors when varying model parameters, such as
the treatment of the short range correlations or the value of gA
(the axial-vector coupling). Then, the interval 300–710 meV can
be taken as the final range for the 90% C.L. upper bound on mee

(at 95% C.L. this becomes 340–780 meV).

Table 5
We compare the most stringent 90% C.L. half-life lower limits present in literature (column 2). For each experimental result (rows 1–4) and for each of the considered NME
evaluations (column 3–6), we report a mee range. This identifies the upper bound on the neutrino Majorana mass according to the different results reported by the same author
(when varying some of the parameters in the used nuclear model). In the two lower rows we compare the mee range obtained for the 95% C.L. half-life limit on 130Te (row 5) with
the positive signal quoted by [14] (row 6). For this last case the mee range corresponds to the 2 sigma range in the measured half-life.

Isotope s0m1=2[y] QRPA [5] mee [meV] QRPA [6] mee [meV] SM [7] mee [meV] IBM [8] mee [meV]

130Te (CUORICINO, this work) >2.8 ! 1024 < 300–570 < 360–580 < 570–710 < 350–370
76Ge (Heidelberg-Moscow collaboration [9]) > 1.9 ! 1025 < 230–400 < 280–460 < 530–640 < 270
100Mo (NEMO collaboration [11]) > 5.8 ! 1023 < 610–1270 < 810–1430 - < 830–850
136Xe (Dama/LXe [13]) >1.2 ! 1024 < 700–1640 < 800–1230 < 1020–1270 < 640–670
130Te (CUORICINO, this work, 95% C.L.) > 2.3 ! 1024 < 340–630 < 390–640 < 620–780 < 390–410
76Ge (Heidelberg-Moscow experiment [14]) # 2:23(0:88

"0:62 ! 1025 =180–430 = 220–500 = 410–700 = 210–290

4 This is the sensitivity evaluated for the total (RUN I + RUN II) statistics.
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Figure 9: Left panel: best fit, 68% and 90% confidence intervals for the total statistics (RUN I+RUN II) superimposed to the CUORICINO sum spectrum of the
three groups of crystals (each scaled by e!ciency and exposure) in the 0!"" region. (The purpose of the plot is to give a pictorial view of the result, indeed the fit is
done separately on 6 spectra whose likelihood are combined, as described in the text). Right panel: negative profile of the combined log likelihoods of RUN I and
RUN II before (blue) and after (red) the systematic uncertainty is included.

root of the exposure, i.e. we would expect an improvement of520

about a factor 1.3 which is by far smaller than the spread in521

the 90% C.L. limits that di"erent experiments (with the same522

exposure and sensitivity) can yield (figure 8). This is the rea-523

son why we prefer to quote the sensitivity of the experiment524

together with the limit. It has to be mentioned also that in paper525

[12] we used the old value of the 130Te transition energy. This526

was defined with a much larger error and a slightly higher cen-527

tral value. On the same statistics used for [12] the use of the528

new result for the transition energy (with its small error) pushes529

the limit toward a lower half-life.530

The inclusion of the systematic error modifies the likelihood
profile for our data as shown in the right panel of figure 9. The
profile can be considered the #2 of our fit as a function of all the
possible #0!. Thus we will refer to it as #2stat. If we rely on the
hypothesis that our knowledge of #0! is smeared - near the best
fit values - by a gaussian systematic uncertainty of magnitude
$stat, the total #2tot will be:

1
#2tot
=

1
#2stat

+
1
#2syst

(5)

where #2syst simplest approximated form is:

#2stat =

!

#0! ! #0!best
"2

$2syst
(6)

With this modification of our #2 and being the systematic
uncertainty small compared to the statistical error, we obtain a
slightly weaker limit on the half life:

%0!1/2 " 2.8 # 10
24y

We present also, as it is a standard approach in 0!"" literature,
the 95% confidence level limit on %0!1/2 including systematics:

%0!1/2 " 2.3 # 10
24y

9. Conclusion531

In this paper we have presented the CUORICINO final re-532

sult on 130Te 0!"" decay obtained with a statistics of 19.6533

kg (130Te ) y, including for the first time a detailed study of sys-534

tematics. A half life limit of 2.8 1024 y at 90% C.L. is obtained535

(2.9 1024 y if systematics are not included), to be compared536

(as discussed in section 6.2) with an experimental sensitivity of537

$2.6 1024 y. This number can be converted in an upper limit538

on mee using the theoretical NME evaluation for 130Te nucleus.539

We report here results obtained using the most recent nuclear540

calculation found in literature:541

• 300-570 meV using the Quasiparticle Random Phase Ap-542

proximation (QRPA) evaluations of reference [5]543

• 360-580meV using the QRPA evaluations of reference [6]544

• 570-710 meV using the Shell Model (SM) evaluations of545

reference [7]546

• 350-370 meV using the Interacting Boson Model (IBM)547

evaluations of reference [8]548

Note that, for each reference, a range (and not a single value)549

for mee is presented because of the di"erent results on the NME550

obtained by the authors when e.g. varying the treatment of the551

short range correlations or the value of gA (the axial-vector cou-552

pling). A final range for the 90% C.L. upper bound on mee can553

thus be considered the interval 300-710 meV (at 95% C.L. this554

becomes 340-780 meV).555

In table 5 we compare this result with the most stringent556

90% C.L. half-life lower limits present in literature. For each557

experimental result we report the mee range obtained with the558

NME evaluations here considered. Despite the di"erences aris-559

ing from the use of the one or the other NME, it is evident560

how CUORICINO is one of the most sensitive experiment per-561

formed so far.562
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  Outlooks                                                           
CUORE-0: Before construction of the full 19-tower CUORE detector, a single CUORE tower, 
called CUORE-0, will be constructed and operated in 2012 as a test of the CUORE assembly 
procedures. CUORE-0 will be a large, CUORICINO-scale, prototype for CUORE as well as a 
sensitive 0νββ experiment in its own right.  It is expected to have 1/3 the background level 
of CUORICINO and better resolution.
Search Sensitivities: CUORE will have a sensitivity to the 0νββ half-life of 130Te of 1.5 × 1026 
y (68% C.L.), which corresponds to an effective neutrino mass of 〈mν〉 < 41 – 95 meV, where 
the range is due to the uncertainty in nuclear matrix element calculations [2].
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Figure 1: CUORE-0 background-fluctuation sensitivity at 1! for
two di!erent values of the background rate in the region of inter-
est, 0.05 cts/(keV kg y) (solid line) and 0.11 cts/(keV kg y) (dotted
line), representing the range into which the CUORE-0 background
is expected to fall.

ground level, B(!E) ! 20 cts, meaning that the Poisson-
regime calculation is really necessary in this case because it
di!ers from the Gaussian-regime approximation by > 10%
(see Sec. 2.2).

CUORE, in addition to the new crystals and frames
already present in CUORE-0, will be assembled as a 19-
tower array in a newly-constructed cryostat. The change
in detector geometry will have two e!ects. First, signifi-
cantly improved anti-coincidence analysis, allowed by the
large closely-packed array, will further improve the reduc-
tion in crystal-related backgrounds. Second, the outward-
facing surface area of the crystals (i.e., the surfaces cov-
ered by copper shields) will constitute a much smaller
percentage of the total surface area of the crystals - a
factor of ! 3 reduction. In addition to these considera-
tions, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, resulting in a pre-
dicted gamma background approximately an order of mag-
nitude better than that in the Cuoricino cryostat. Based
on the above considerations and the Cuoricino results,
CUORE is expected to achieve its design background value
of 0.01 cts/(keVkg y). A comprehensive Monte Carlo sim-
ulation that includes the most recent background measure-
ments is currently ongoing.

An overview of the 1" background-fluctuation sensitiv-
ities of all TeO2 bolometric experiments is shown in Fig. 2.
The Cuoricino 1" sensitivity calculated in Sec. 3 is shown
for reference. A 1" half-life sensitivity close to 1025 years
is expected from 2 years’ live time of CUORE-0. Once
CUORE starts data-taking, another order of magnitude
improvement in sensitivity is expected in about another
two years.

A plot of the sensitivity for the CUORE experiment
as a function of the live time and exposure is shown in
Fig. 3. Tab. 4 provides a quantitative comparison be-
tween 1" background-fluctuation sensitivities (as shown
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Figure 2: 1! expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (8) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1! sensitivity calculation (dashed
line) is discussed in Sec. 3.
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Figure 3: Baseline expected background-fluctuation sensitivity of
the CUORE experiment at 1! (solid line). The sensitivity for an
order-of-magnitude improvement over the baseline background is also
shown (dotted line).

in Fig. 3), 1.64" background-fluctuation sensitivities, and
90% C.L. average-limit sensitivities for CUORE at several
representative live times. The anticipated total live time
of CUORE is approximately five years; for this live time at
the design goal background level, B(!E) ! 190 cts, mean-
ing that the Gaussian approximation would still be valid
in this case. The sensitivity values we show in this pa-
per nevertheless di!er from those previously reported by
the experiment [16, 17], but this ! 25% di!erence can be
attributed to the inclusion of the signal fraction f(!E),
which has not previously been considered.

As mentioned previously, estimates of the CUORE back-
ground are currently based on measured limits, not mea-
sured values. While there are promising indications that it
may perform even better than its design value of
0.01 cts/(keVkg y), it is also likely that background rates
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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 (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: Cuoricino result and CUORE 1! background-fluctuation sensitivity overlaid on plots that show the bands preferred by neutrino
oscillation data (inner region: best-fit data; outer region: at 3!) [47]. Both normal ("m2

23
> 0) and inverted ("m2

23
< 0) hierarchies are

shown. (a): The coordinate plane represents the parameter space of m!! , mlightest, following the plotting convention of [47]. (b): The
coordinate plane represents the parameter space of m!! , #mi, following the plotting convention of [48]. The ranges of the Cuoricino and
CUORE bands are given by the maximum and minimum values of m!! obtained from the four NME calculations considered in this work.
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  Nucleon transfer experiments using 130Xe                                        
Errors in Nuclear Matrix elements account for much of the error on the maximum mass of 
the neutrino predicted by 0νββ experiments. One additional benchmark for the NME model 
calculations is the the orbital occupancies of the nucleons in the valence shells, which can be 
probed by nucleon transfer reactions on the parent and daughter nuclei of 0νββ. For 
example, a neutron removing reaction 130Xe(p,d)129Xe can map out the neutron occupancies 
of 130Xe.
The problem with doing this for xenon is that it requires a uniform high density target, and 
130Xe is a gas down to 161 K.  We built a cryogenic system capable of cooling a diamond foil 
in vacuum to 20 K before directly spraying 130Xe gas onto the target. Transfer reactions on 
solid Xe target have already been carried out at Yale Tandem Accelerator facility.
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