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• Observation of 0νββ  would mean
 Lepton number violation
 Neutrinos are Majorana particles
 Rate measures (effective) electron neutrino mass

Standard Model 2νββ decay 
τ ≥ 1019 y

0νββ τ ≥ 1025 y

Neutrinoless Double-Beta Decay

The measurable quantity is the half life:
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Γ =  1/τ = GF
2Φ(Q,Z) |M0ν|2 <mββ>
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0νββ
rate

 Phase 
space∝ Q5 Nuclear 

matrix element
Effective 

neutrino mass

high Q candidates preferred

large phase space low background

238U  γ end at 2.4 MeV
232Th γ end at 2.6 MeV

[2039 keV (76Ge) ⇔ 4271 keV (48Ca)]
                         

0νββ Rate and Neutrino Mass

2νββ 
continuum

0νββ peak

sum electron energy / Q
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τ0ν~1024–1026 years: large mass and extremely low backgrounds needed (underground labs, ultra 
purity materials, active rejection of backgrounds) 
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0νββ Isotopes: Required Sensitivity 
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Two Experimental Techniques
Source external to detector Source internal to detector

+: event topology, background rejection, 
    multiple isotopes possible
–: detector mass, resolution, acceptance

Ex: NEMO, SuperNEMO, others Ex: Gerda, Majorana, EXO, CUORE, 
SNO+, KamLAND-Zen, and others

+: detector mass, resolution, acceptance
–: event topology, background rejection

Technology: typically tracking detectors
Technology: calorimeters (bolometers, 

ionization, scintillation), tracking
May prove invaluable to test models 

once 0νββ is discovered
Typically aimed at 0νββ discovery
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Cryogenic Bolometers
• Dielectric diamagnetic materials
• Low temperatures (~10mK)
• Low heat capacity 

 C~2 nJ/K = 1 MeV / 0.1 mK

5cm

   Heat sink
Cu Frame

Crystal absorber Te02
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Signal: ΔT = E/C ~ 0.1mK
Time constant  = C/G

Time (ms)

Single pulse example

Thermal coupling
Teflon

Teflon

G = 4 pW/mK

Thermometer

NTD Ge

NTD Ge

1 mV/1 MeV
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TeO2 Experiments 
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The CUORE Collaboration 



08/10/2012 Yury Kolomensky: CUORE  

9

Two locations:
Hall A (Cuoricino/CUORE)

Hall C (R&D final tests for CUORE)

Site for CUORE ready in Hall A

Gran Sasso Laboratory

Shielding: 3500 m.w.e.
Muons: ~2 x 10-8/cm2-s 
Thermal neutrons: ~1 x 10-6/cm2-s 
Epithermal neutrons: ~2 x 10-6/cm2-s 
> 2.5 MeV Neutrons: 2 x 10-7/cm2-s

See B. Plaster’s talk on facilities
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CUORE

750 kg TeO2  =>  200 kg 130Te

Array of 988 TeO2 crystals
 19 towers suspended in a cylindrical structure
 13 levels, 4 crystals each 
 5x5x5 cm3 (750g each)
 130Te: 33.8% natural isotope abundance

 New pulse tube refrigerator and cryostat
 Radio-purity techniques and high resolution 

achieve low backgrounds
 Joint venture between Italy (INFN) and US 

(DOE, NSF) 
 Under construction (expected operations by 

end of 2014)
 Inexpensive ($10M US contribution); 

opportunities to probe multiple isotopes & 
upgrade to 1 ton scale
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Total detector mass: 40.7 kg TeO2 ⇒ 11.34 kg 130Te

Cuoricino, the prototype for CUORE

11 modules, 4 detector each,
crystal dimension: 5x5x5 cm3

crystal mass: 790 g
44 x 0.79 = 34.76 kg of TeO2

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm3

crystal mass: 330 g
18 x 0.33 = 5.94 kg of TeO2

Encased in a cryostat, lead shield, nitrogen box, neutron shield, and Faraday cage

Bolometer detectors
Cooled to 10mK

11

Gran Sasso National Lab (Italy)
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Cuoricino Results (2010)
Exposure 

= 19.6 kg y 

Resolution: 
FWHM at 2615 keV ~7 keV 

Background: 
In the ββ0ν region (large crystals) 
= 0.153 ± 0.006 counts /(keV kg y)

No peak found
τ0ν1/2 > 2.8⨯1024 y at 90% C.L.

mββ  < 0.3 – 0.7 eV
Spread is due to a range of published matrix elements
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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 efficiency and exposure) in the 0νββ 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 different 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 χ2 of our fit as a function of all the
possible Γ0ν. Thus we will refer to it as χ2stat. If we rely on the
hypothesis that our knowledge of Γ0ν is smeared - near the best
fit values - by a gaussian systematic uncertainty of magnitude
σstat, the total χ2tot will be:

1
χ2tot
=

1
χ2stat

+
1
χ2syst

(5)

where χ2syst simplest approximated form is:

χ2stat =

(

Γ0ν − Γ0νbest
)2

σ2syst
(6)

With this modification of our χ2 and being the systematic
uncertainty small compared to the statistical error, we obtain a
slightly weaker limit on the half life:

τ0ν1/2 ≥ 2.8 × 10
24y

We present also, as it is a standard approach in 0νββ literature,
the 95% confidence level limit on τ0ν1/2 including systematics:

τ0ν1/2 ≥ 2.3 × 10
24y

9. Conclusion531

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

sult on 130Te 0νββ 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 different 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 differences 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

9

12

E. Andreotti et al., Astr. Phys. 34, 822 (2011)
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From Cuoricino to CUORE
Standard sensitivity for a counting analysis:

Isotopic abundance
Efficiency Detector mass (kg)

Exposure time (y)

Desired sensitivity
Atomic weight SNR

Background (c/kg/y/keV)

ROI (keV)

Cuoricino to CUORE: 
 Increase M by a factor of 19
 Decrease b by a factor of 18
 Decrease δ by 40%
 Improve livetime (increase t)
 Most improvements demonstrated in dedicated R&D
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Background model: CUORICINO
Background Reduction

CUORE strategy: 
● improve shields & material quality
● improve bulk contamination in TeO2 (SICCAS) 
● reduce surface contribution from

● TeO2 crystals
● components facing TeO2 crystals (mainly copper)

● increased coincidence efficiency to reject surface background 
events

● Overall goal: 0.01 c/y/kg/keV

• (40±10)% in ββ0ν region from 208Tl at 2615 keV
• α and β from inert material facing detector (e.g. Cu): (50±20)%
• α and β from surface contamination of crystals: (10±5)%
• Negligible contributions from neutrons and 60Co at 2505 keV
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US Contributions to CUORE
• DOE-NP + NSF
• Detector

 500 TeO2 crystals procured @ SICCAS (China)
 1200 NTD thermistors
 Detector assembly and integration

• Electronics (NSF contribution)
• Calibration system

 Internal to cryostat: careful cryogenic design
 Energy scale uncertainty goal < 0.05 keV in 

0νββ  region
• Anti-radon system
• DAQ and analysis tools, farm
• Data analysis

15

May 2-3, 2012 LNGS, IT CUORE Review Committee          
Bi-Annual  Review 

16 

Detector Calibration 
System (Uwisc) 

•  Two Day Integration meeting in February 
between US and INFN at LNGS. ~ 15 people 

•  Resolved multiple design issues 
•  New design to 10mK shield to allow its 

installation with opening clean room. Makes for 
cleaner installation.   

•  Decide to build all DCS guide tubes between 
300K and 4 K vacuum flanges and install early. 

•  Listed infrastructure needed at LNGS 
(carts,hoists, etc)  to install parts. 

•  Resolving discrepancies between US- INFN 
drawings is ongoing. 

•  Schedule issue with delivery of last 3 motion 
boxes and Cryostat assembly. 

•  Written plan for unified installation process in 
~4th Draft, small modifications continuing 

•  Major update of 3D model in mid April. 

Lead shield 

Lead shield 

40K 

300K 

4K 

0.7K 
70mK 

10mK 

guide 
tubes 

detector support 
plate 

bolometers 
@ ~10 mK 

May 2-3, 2012 LNGS, IT CUORE Review Committee          
Bi-Annual  Review 

22 

Future Tasks: WBS 1.7 
Assembly, 

 Integration and Test 

•  Installation tasks are single WBS so we can 
close out earlier numbers. 

•  Covers installation of U.S. components and 
shared U.S./Italian assembly tasks 

•  Estimated from documented CUORICINO 
experience updated to CUORE design 

•  Base cost   $1020K 
•  Contingency  401K 
•  Does not include  
    NSF portion  

May 2-3, 2012 LNGS, IT CUORE Review Committee          
Bi-Annual  Review 
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U.S. Scope Overview 

         1.2.1.2 Crystals  
                     (440+ 60 R&D)     
         1.2.2 Thermistors 

         1.3.2 Calibration 

WBS 1.4 Electronics 

WBS 1.6 Data Acquisition Tools 

WBS 1.7 Assembly Integration 
 and Test 
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          1.3.2 Calibration 
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WBS 1.7 Assembly Integration 
 and Test ( U. S. Part)                    

WBS 1.1 Hut 

WBS 1.5 DAQ 

WBS 1.3 Cryostat 

WBS 1.2 Detector 

1.1.4 Anti-Radon 1.1.4 Anti-Radon 
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CUORE-0
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Figure 1: CUORE-0 background-fluctuation sensitivity at 1σ for
two different 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.

of 0.11 cts/(keVkg y) follows from scaling the Cuoricino
background in the conservative case, described above, of a
factor of 2 improvement in crystal and copper contamina-
tion.

A plot of the expected 1σ background-fluctuation sen-
sitivity of CUORE-0 as a function of live time in these two
bounding cases is shown in Fig. 1. Tab. 3 provides a quan-
titative comparison between 1σ background-fluctuation sen-
sitivities (as shown in Fig. 1), 1.64σ background-fluctuation
sensitivities, and 90% C.L. average-limit sensitivities for
CUORE-0 at several representative live times. The antic-
ipated total live time of CUORE-0 is approximately two
years; for this live time at the 0.05 cts/(keVkg y) back-
ground level, B(δE) ∼ 20 cts, meaning that the Poisson-
regime calculation is really necessary in this case because it
differs 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 effects. First, the large,
close-packed array will enable significant improvement in
the anticoincidence analysis, further reducing crystal-related
backgrounds. Second, the fraction of the total crystal sur-
face area facing the outer copper shields will be reduced by
approximately a factor of 3. In addition to these consider-
ations, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, which should result
in a gamma background approximately an order of magni-
tude lower 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 1σ background-fluctuation sensitiv-
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Figure 2: 1σ expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (9) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1σ sensitivity calculation (dashed
line) is discussed in Sec. 3.

ities of the Cuoricino, CUORE-0, and CUORE TeO2 bolo-
metric experiments is shown in Fig. 2. The Cuoricino 1σ
sensitivity calculated in Sec. 3 is shown for reference. A
1σ 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 sensi-
tivity is expected in another two years.

A plot of the CUORE experiment’s sensitivity as a
function of the live time and exposure is shown in Fig. 3.
Tab. 4 provides a quantitative comparison between 1σ
background-fluctuation sensitivities (as shown in Fig. 3),
1.64σ background-fluctuation sensitivities, and 90% C.L.
average-limit sensitivities for CUORE at several repre-
sentative live times. The anticipated total live time of
CUORE is approximately five years; for this live time at
the design goal background level, B(δE) ∼ 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 differ from those previously reported by
the experiment [16, 17], but this ∼ 25% difference can be
attributed to the inclusion of the signal fraction f(δE),
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
of 0.001 cts/(keVkg y) or below cannot be reached with
the present technology. Even so, R&D activities are al-
ready underway pursuing ideas for further reduction of
the background in a possible future experiment. Tech-
niques for active background rejection are being investi-
gated [46, 47]) that could provide substantial reduction
of the background. Sensitivities for a scenario with 0.001
cts/(keVkg y) in a CUORE-like experiment are given in
Fig. 3 and Tab. 4.

8

• 1 full tower of CUORE (52 crystals), to be               
operated in Cuoricino cryostat starting ~now
 Final “dry run” for cleaning, assembly procedures
 Bonus: better science reach than Cuoricino
Status: assembled, installed, and cooling down 
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CUORE Status
• Dedicated site in Hall A

 Detector assembly in a clean room above 
cryostat to start in Fall 2012 

• Cryostat delivered
 Dilution unit designed in Leiden and 

meets specs, testing at LNGS in progress

• Crystal delivery on schedule
  From SICCAS (China)

• NTD production on schedule
 Irradiation complete, 1200 NTDs being 

produced 

• Electronics designed and being 
procured
 Testing at UCLA CUORE Collaboration Meeting

LNGS, 7-9 May 2012
Dilution Unit

Carlo Bucci on behalf of Luca Taffarello

 Dilution unit delivered

2

Custom dilution unit ordered to Leiden Cryogenics

minimum base temperature reached: 5.26 mK

cooling power: ~ 5 µW @ 10 mK

now LC it will start the realization of the Fast Cooling System

Dilution unit has been delivered at LNGS on April 18th

US crystal production & testing 

!"#$%&'()$*+,$%-.(-/-01$2%321$4$23567$
,+89:$,"//&;".&<"'$=--<'>$
?$=&0$@AB@$
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CUORE Discovery Potential
Assume KKDC result: T1/2=25x1023 y (also near Cuoricino limit)
Background 0.01 c/keV/kg/year, 5 keV FWHM resolution, 5 years of running
Assume conservative scaling of Co and Tl peaks
One possible outcome:
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CUORE Sensitivity

Five year sensitivity based on 
detector resolution (5 keV 

FWHM), background, and matrix 
element spread

5 year sensitivity

19

First tower (CUORE-0) to be 
operated until the start of 
CUORE. 
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ground level, B(δE) ∼ 20 cts, meaning that the Poisson-
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close-packed array will enable significant improvement in
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ations, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, which should result
in a gamma background approximately an order of magni-
tude lower 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-
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Figure 2: 1σ expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (9) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1σ sensitivity calculation (dashed
line) is discussed in Sec. 3.

ities of the Cuoricino, CUORE-0, and CUORE TeO2 bolo-
metric experiments is shown in Fig. 2. The Cuoricino 1σ
sensitivity calculated in Sec. 3 is shown for reference. A
1σ 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 sensi-
tivity is expected in another two years.

A plot of the CUORE experiment’s sensitivity as a
function of the live time and exposure is shown in Fig. 3.
Tab. 4 provides a quantitative comparison between 1σ
background-fluctuation sensitivities (as shown in Fig. 3),
1.64σ background-fluctuation sensitivities, and 90% C.L.
average-limit sensitivities for CUORE at several repre-
sentative live times. The anticipated total live time of
CUORE is approximately five years; for this live time at
the design goal background level, B(δE) ∼ 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 differ from those previously reported by
the experiment [16, 17], but this ∼ 25% difference can be
attributed to the inclusion of the signal fraction f(δE),
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
of 0.001 cts/(keVkg y) or below cannot be reached with
the present technology. Even so, R&D activities are al-
ready underway pursuing ideas for further reduction of
the background in a possible future experiment. Tech-
niques for active background rejection are being investi-
gated [46, 47]) that could provide substantial reduction
of the background. Sensitivities for a scenario with 0.001
cts/(keVkg y) in a CUORE-like experiment are given in
Fig. 3 and Tab. 4.
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Table 5: Summary table of expected parameters and 1σ background-fluctuation sensitivity in half-life and effective Majorana neutrino mass.
The different values of mββ depend on the different 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 1σ background-fluctuation sensitivities.

mββ

t b dT 0ν
1/2

(1σ) (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 1σ 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 3σ 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

mββ and mlightest, following the plotting convention of [48]. (b) The coordinate plane represents the parameter space of mββ and Σmi,
following the plotting convention of [49]. The widths of the Cuoricino and CUORE bands are determined by the maximum and minimum
values of mββ obtained from the four NME calculations considered in this work.
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Beyond CUORE

• CUORE design is scalable to O(1 ton) detector
 Relatively inexpensive isotopic enrichment of 130Te

  > 500 kg of 130Te 
  A factor of 3 increase in a  

 Other DBD isotopes can also be used bolometrically

•  Additional background suppression
  Scintillating bolometers
 Ionization measurements
 Surface-sensitive bolometers
 Pulse shape discrimination through non-equilibrium phonons 

•  Important direction for future R&D
 Efforts in the US and Italy underway
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DBD and Neutrino Mass
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The measurable quantity is the half life:
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Other Measurements with CUORE
• Reduction in the background levels, especially 

at low energy, make other physics 
measurements possible
 Dark matter search a la DAMA
 Quenching factor of O(1) for bolometers
 Look for annual modulation of detector rates
 Requires low energy threshold (10 keV) and energy 

resolution of 1 keV at low energy
 Solar axions through Bragg conversion
 Supernova watch
 Rare nuclear transitions
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0νββ: one of the top priorities in neutrino 
physics

- Probe Majorana nature of neutrinos and the absolute scale of neutrino 
mass
- CUORE: one of the leading DBD experiments in near future; to start 
operations in 2014
- Will start probing inverted hierarchy
- Upgrade path to 1 ton scale experiment to cover the inverted 
hierarchy
→ Stay tuned ! 
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Experimental Sensitivity
Standard sensitivity for a counting analysis (nonzero background):

Isotopic abundance
Efficiency Detector mass (kg)

Exposure time (y)

Desired sensitivity in σ

Atomic weight SNR (assume 0) Background (c/kg/y/keV)

ROI (keV)

Experimental challenge: 
 Increase M as high as possible (200-1000 kg for current experiments): $$, R&D
 Increase a: $$ 
 Decrease b as much as possible (to 2νββ limit): radio purity, active rejection 
 Decrease δ (highest resolution possible): technology choice
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Test Facilities
• Dedicated test facility in Hall C

  Extensive R&D on material 
characterization (bulk, surface 
contaminations) during Cuoricino

• Cuoricino cryostat in Hall A
 Final high-statistics tests of surface cleaning 

technologies

• Low-counting facilities @ LNGS and 
LBNL

• All results cross-checked against 
Cuoricino data and scaled to CUORE 
with MC
 E.g. benefits of increased coverage for 

multi-site event veto (anti-coincidence)
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Resolution Improvements

All delivered crystals so far are safely within specs. Resolution improvements 
due to improved mechanical tolerances (vibrations) and crystal quality 
(impurities)

CUORE goal: 
5 keV

<FWHM>Cuoricino=7 keV


