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These searches require:
large target masses
long measurement time
low backgrounds

The Experimental Challenge
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Long Time Scales: 
14C
40K
232Th 

The Universe 

Two Neutrino Double Beta

Neutrinoless Double Beta

Proton Decay

104 years

109 years

1010 years

1010 years

 1020 years

>1026 years

>1034 years

signal
background
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Gran Sasso National Lab

Average depth ~ 3600 m.w.e. 

μ flux: (2.58 ± 0.3)·10-8 m/s/cm2  

n flux <10 MeV: 3·10-7 n/s/cm2 

γ flux < 3 MeV: 0.73 g/s/cm2 

Backgrounds from cosmic rays 
are rare and easily removed 
from data

CUORE
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Double Beta Decay
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We can measure this energy
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Bolometers measure total heat

low baseline heat
low heat capacity: Cα T3
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First pulse! 

Need a cold environment for: 

NTD Ge Sensor
(Thermometer)

Copper Holder

Weak Thermal
Coupling

Heat Sink

Incident
Radiation

Absorber
Crystal
(TeO2)
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CUORE is an array of bolometers
“Cryogenic Underground Observatory for Rare Events” 
988 TeO2 crystals operated as bolometers
742kg TeO2,  206 kg 130Te
Copper and PTFE (teflon) support structure
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Detector Construction

Ultra-pure source materials 
Ship, don’t fly, to Gran Sasso
Apply sensors and heaters with 
a robotic arm to ensure 
consistency
Only handle crystals in N2 
environment
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Long term stability, completed March 2016 
Helium dilution cooling and 5 pulse tubes
Cooling power: 3mW @10mK

300K to 4 K ~ 2.5 weeks
4K to 10 mK ~ 1/2 week

Lots of shielding:
2.1t modern lead @50mK
4.6 t roman lead @4K
35 cm external lead
18 cm PET, 2cm H3BO3

CUORE Cryostat
“The coldest cubic meter in the known universe”
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Detector Calibration System
• For CUORE, we use:

• Constant-energy pulsers to measure 
detector stability and correct for 
variations in detector gain 

• 232Th γ-ray sources every ~month 
(239 keV to 2615 keV)

• Sources are outside cryostat during 
physics data-taking and lowered into 
cryostat and cooled to 10 mK for 
calibration

• Sources are put on strings and are 
lowered under their own weight

• A series of tubes in the cryostat guides 
the strings
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NIM A 844, 32 (2017), arXiv:1608.01607
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Generations of Bolometer Experiments
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T1/2
0ν > 4.0×1024 y (90% C.L.)  
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CUORE-0: 0νββ decay results
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Phys. Rev. C 93, 045503 (2016)  
Phys. Rev. Lett. 115, 102502 (2015)

Q-value  
(2527.5 keV)

60Co

CUORE-0 regained the Cuoricino limit in 40% of the lifetime 
Combined with Cuoricino: T1/20νββ (130Te)> 4.0 × 1024 y (90% CL) 
Effective Majorana Mass: mββ <(270-650) meV 
Validated data blinding for CUORE  
CUORE analysis testbed

Phys. Rev. C 93, 045503 (2016) 
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form two JAGS fits. In the first fit, the half-Gaussian priors
used in the case of upper limits on source activities are
changed to uniform priors with the minimum at 0 and the
maximum at 3σ above the upper limit. In the second fit,
uniform non-informative priors are used for all compo-
nents. In both cases, the global fit reconstruction is good
and the 2νββ result changes by ∼1%.

– Selection of background sources: In the reference fit there
are 14 undetermined sources whose activity is quoted as
upper limit. To check the fit stability against the removal
of these sources, we run a minimum model fit with only
43 sources. Once more, the global fit reconstruction and
the 2νββ result are not affected.

– Subset of data: We compare fit results obtained with var-
ious subsets of data.
We search for time-related systematics by dividing the
data into alternating datasets or grouping Rn-low and Rn-
high datasets. Each study is performed with at least 1/3
of the total exposure. The Rn-low and Rn-high data are
obtained by grouping the datasets in which the 214Bi lines
are more or less intense than the mean. This allows us to
study if changes in the 214Bi background influence the fit
quality. The reconstruction results are compatible with
the reference fit. The 238U contamination in the CryoExt,
which includes the air volume with the variable 222Rn
source, converges on results compatible with the different
222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by different
floors: odd and even floors, upper and lower floors, the
floors from 3 to 8 (central), and the complementary ones
(peripherals). In this way, we explore the systematics due
to model approximations. In Monte Carlo simulations
we assumed contaminants to be uniformly distributed in
each component of the experimental setup (except for the
point sources) and we modeled the average performance
of bolometers. In all studies, the reconstruction is good,
but we observe variations in the activities of the sources.
In particular, the 2νββ activity varies by about ±10%.

In the tests detailed above, the overall goodness of the fit
remains stable, while we observe variations in the activities
of the individual sources. These variations are used as an
evaluation of the systematic uncertainty on the 57 source
activities (Table 8, sixth column).

There are caveats using the reference fit results as an exact
estimation of the material contamination. Indeed, degenerate
source spectra allow us to use a single source to represent a
group of possible sources. Examples are: theHolder that also
accounts for the contribution of the Small Parts, surface con-
taminants in close components that are modeled with few
representative depths, or bulk contamination in far compo-
nents that also include surface ones.

9 130Te 2νββ decay

The background reconstruction allows us to measure the
2νββ of 130Te with high accuracy. Figure 12 shows the fit
result compared with the CUORE-0 M1. 2νββ produces
(3.27 ± 0.08) × 104 counts, corresponding to ∼10% of the
events in the M1 γ region from 118 keV to 2.7 MeV. As
shown in Fig. 13, removing the 2νββ component results in a
dramatically poorer fit in this region.

The 2νββ activity is (3.43 ± 0.09) × 105 Bq/kg, with
a statistical uncertainty that is amplified by the strong anti-
correlation to the 40K contamination in crystal bulk (but not
to other 40K sources). Indeed, this is the only case where
the β spectrum of 40K (having a shape that resembles that
of 2νββ) contributes to the detector counting rate. For all
the other 40K sources, only the EC decay (branching ratio
89%) contributes to the detector counting rate through the
1460 keV line and its Compton tail. The Posterior for the
2νββ activity as obtained from the reference fit is shown in
Fig 14. Also shown is the Posterior associated to the fit bias.
This is derived from systematic studies discussed in Sect. 8
and is represented as a flat distribution. Figure 14 also shows
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Fig. 12 CUORE-0 M1 compared to the 2νββ contribution predicted
by the reference fit and the radioactive source that has the strongest
correlation with 2νββ, 40K in Crystal bulk

Energy (keV)

Co
un

ts 
/ k

eV

−110

1

10

210

310  - Experimental1M
 - Fit reconstruction1M

Energy (keV)
1000 2000 3000 4000 5000 6000 7000

Co
un

ts 
ra

tio

0.4
0.6
0.8

1
1.2
1.4
1.6 1 σ

2 σ
3 σ

Fig. 13 CUORE-0 M1 compared to the reconstruction predicted by
the fit without the 2νββ source
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CUORE-0 backgrounds and 2νbb
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Fig. 8 Comparison between
the experimental M1 and JAGS
reconstruction (top panel). In
the bottom panel the bin-by-bin
ratios between counts in the
experimental spectrum over
counts in the reconstructed one
are shown; the corresponding
uncertainties at 1, 2, 3 σ are
shown as colored bands centered
at 1. Fit residuals distribution is
approximately Gaussian with
µ = (−0.03 ± 0.09) and
σ = (1.1 ± 0.1) Energy (keV)
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Fig. 9 Same as Fig. 8 for M2.
Fit residuals distribution is
approximately Gaussian with
µ = (−0.13 ± 0.08) and
σ = (1.00 ± 0.08)
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The priors for N j , which describe our prior knowledge about
source activities, are specified in Table 8. In the case of a
measured activity, we adopt a Gaussian prior centered at
the measured value with the measurement uncertainty as the
width of the Gaussian. For upper limits, we adopt a half
Gaussian with a width such that our 90% upper limit is the
90% value of theprior. In all the other cases, we use a uniform
non-informative prior with an activity that ranges from 0 to
an upper limit higher than the maximum activity compatible
with the CUORE-0 data. Similarly, we use uniform priors
over wide ranges for

!
CMC
i j,α

"
.

We chose a variable binning of the spectra to maximize the
information content while minimizing the effects of statisti-
cal fluctuations and detector non-ideal behavior. Therefore,
to avoid systematic uncertainties due to the lineshape, all the
counts belonging to the same γ or α peak are included in a

single bin. The minimum bin size in the continuum is 15 keV,
and bins with less than 30 counts are merged with their imme-
diate neighbor. The fit extends from 118 keV to 7 MeV. The
threshold at 118 keV is set to exclude the low-energy noise
events (contaminating few datasets) and the nuclear recoil
peak (which is mis-calibrated). In building the $2 spectrum,
we require that the energy of each event is above thresh-
old. An exception is set for events with E > 2.7 MeV in
coincidence with events below the fit threshold, to correctly
build-up the Q-value peaks in the α region of $2 spectrum.

8 Reference fit and systematics

The reference fit is the result of the fit to data from the
total 33.4 kg year TeO2 exposure. The reconstructions of the
experimental spectra are shown in Figs. 8, 9, and 10 for the
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MC-background model separates surface & bulk contamination
environmental gammas, muons, and neutrinos

Find contamination levels from material screening ICPMS, HPGe 
counter, neutron activation analysis 
Bayesian fit to CUORE-0 data with priors from screening



L. Gladstone, MIT

13 Page 16 of 18 Eur. Phys. J. C (2017) 77 :13

form two JAGS fits. In the first fit, the half-Gaussian priors
used in the case of upper limits on source activities are
changed to uniform priors with the minimum at 0 and the
maximum at 3σ above the upper limit. In the second fit,
uniform non-informative priors are used for all compo-
nents. In both cases, the global fit reconstruction is good
and the 2νββ result changes by ∼1%.

– Selection of background sources: In the reference fit there
are 14 undetermined sources whose activity is quoted as
upper limit. To check the fit stability against the removal
of these sources, we run a minimum model fit with only
43 sources. Once more, the global fit reconstruction and
the 2νββ result are not affected.

– Subset of data: We compare fit results obtained with var-
ious subsets of data.
We search for time-related systematics by dividing the
data into alternating datasets or grouping Rn-low and Rn-
high datasets. Each study is performed with at least 1/3
of the total exposure. The Rn-low and Rn-high data are
obtained by grouping the datasets in which the 214Bi lines
are more or less intense than the mean. This allows us to
study if changes in the 214Bi background influence the fit
quality. The reconstruction results are compatible with
the reference fit. The 238U contamination in the CryoExt,
which includes the air volume with the variable 222Rn
source, converges on results compatible with the different
222Rn concentrations.
Finally, we investigate the dependence of the recon-
struction on geometry by grouping the data by different
floors: odd and even floors, upper and lower floors, the
floors from 3 to 8 (central), and the complementary ones
(peripherals). In this way, we explore the systematics due
to model approximations. In Monte Carlo simulations
we assumed contaminants to be uniformly distributed in
each component of the experimental setup (except for the
point sources) and we modeled the average performance
of bolometers. In all studies, the reconstruction is good,
but we observe variations in the activities of the sources.
In particular, the 2νββ activity varies by about ±10%.

In the tests detailed above, the overall goodness of the fit
remains stable, while we observe variations in the activities
of the individual sources. These variations are used as an
evaluation of the systematic uncertainty on the 57 source
activities (Table 8, sixth column).

There are caveats using the reference fit results as an exact
estimation of the material contamination. Indeed, degenerate
source spectra allow us to use a single source to represent a
group of possible sources. Examples are: theHolder that also
accounts for the contribution of the Small Parts, surface con-
taminants in close components that are modeled with few
representative depths, or bulk contamination in far compo-
nents that also include surface ones.

9 130Te 2νββ decay

The background reconstruction allows us to measure the
2νββ of 130Te with high accuracy. Figure 12 shows the fit
result compared with the CUORE-0 M1. 2νββ produces
(3.27 ± 0.08) × 104 counts, corresponding to ∼10% of the
events in the M1 γ region from 118 keV to 2.7 MeV. As
shown in Fig. 13, removing the 2νββ component results in a
dramatically poorer fit in this region.

The 2νββ activity is (3.43 ± 0.09) × 105 Bq/kg, with
a statistical uncertainty that is amplified by the strong anti-
correlation to the 40K contamination in crystal bulk (but not
to other 40K sources). Indeed, this is the only case where
the β spectrum of 40K (having a shape that resembles that
of 2νββ) contributes to the detector counting rate. For all
the other 40K sources, only the EC decay (branching ratio
89%) contributes to the detector counting rate through the
1460 keV line and its Compton tail. The Posterior for the
2νββ activity as obtained from the reference fit is shown in
Fig 14. Also shown is the Posterior associated to the fit bias.
This is derived from systematic studies discussed in Sect. 8
and is represented as a flat distribution. Figure 14 also shows
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Fig. 12 CUORE-0 M1 compared to the 2νββ contribution predicted
by the reference fit and the radioactive source that has the strongest
correlation with 2νββ, 40K in Crystal bulk
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Fig. 13 CUORE-0 M1 compared to the reconstruction predicted by
the fit without the 2νββ source
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Fig. 8 Comparison between
the experimental M1 and JAGS
reconstruction (top panel). In
the bottom panel the bin-by-bin
ratios between counts in the
experimental spectrum over
counts in the reconstructed one
are shown; the corresponding
uncertainties at 1, 2, 3 σ are
shown as colored bands centered
at 1. Fit residuals distribution is
approximately Gaussian with
µ = (−0.03 ± 0.09) and
σ = (1.1 ± 0.1) Energy (keV)
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Fig. 9 Same as Fig. 8 for M2.
Fit residuals distribution is
approximately Gaussian with
µ = (−0.13 ± 0.08) and
σ = (1.00 ± 0.08)
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The priors for N j , which describe our prior knowledge about
source activities, are specified in Table 8. In the case of a
measured activity, we adopt a Gaussian prior centered at
the measured value with the measurement uncertainty as the
width of the Gaussian. For upper limits, we adopt a half
Gaussian with a width such that our 90% upper limit is the
90% value of theprior. In all the other cases, we use a uniform
non-informative prior with an activity that ranges from 0 to
an upper limit higher than the maximum activity compatible
with the CUORE-0 data. Similarly, we use uniform priors
over wide ranges for
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We chose a variable binning of the spectra to maximize the
information content while minimizing the effects of statisti-
cal fluctuations and detector non-ideal behavior. Therefore,
to avoid systematic uncertainties due to the lineshape, all the
counts belonging to the same γ or α peak are included in a

single bin. The minimum bin size in the continuum is 15 keV,
and bins with less than 30 counts are merged with their imme-
diate neighbor. The fit extends from 118 keV to 7 MeV. The
threshold at 118 keV is set to exclude the low-energy noise
events (contaminating few datasets) and the nuclear recoil
peak (which is mis-calibrated). In building the $2 spectrum,
we require that the energy of each event is above thresh-
old. An exception is set for events with E > 2.7 MeV in
coincidence with events below the fit threshold, to correctly
build-up the Q-value peaks in the α region of $2 spectrum.

8 Reference fit and systematics

The reference fit is the result of the fit to data from the
total 33.4 kg year TeO2 exposure. The reconstructions of the
experimental spectra are shown in Figs. 8, 9, and 10 for the
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MC-background model separates surface & bulk contamination
environmental gammas, muons, and neutrinos

Find contamination levels from material screening ICPMS, HPGe 
counter, neutron activation analysis 
Bayesian fit to CUORE-0 data with priors from screening
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Detector Installation, Aug 2016
Towers installed into the cryostat, the process took 1 month

13
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Tune the thermistor working points

PID temperature stabilisation system

Analyze and optimize the noise spectrum

Cooling and commissioning

14

Time
12/05-12:16 12/22-14:10 01/08-16:04 01/25-17:59 

T 
(K

)

10

210

Diode thermometer at 10mK plate

optimize 
cryogenics

Pump cooled exchange gas

Condense helium

Start Dec 5 Base temperature 
(~7-8 mK) on Jan 26

First pulses: Jan 27

Coming weeks: 

optimize 
electronics
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Projected Sensitivity
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CUORE:  

• △EFWHM ≤ 5 keV @ 2615 keV     

• Bg = 0.01 c/keV/kg/y 

• T1/2  (5 years, 90% C.L.)   > 9.5 x 1025 y  

• Effective Majorana mass 50-130 meV.  

CUPID to cover the Inverted hierarchy 

• Enriched TeO2 with a discrimination 

• Other isotopes - scintillating bolometers  [eV]lightestm
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 [e
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Conclusions
The detector crystals are inside the cryostat,  
the “coldest cubic meter in the known universe”
CUORE has its first pulses, and is commissioning and calibrating
CUORE is on track to achieve:  T1/2  (5 years, 90% C.L.) > 9.5 x 1025 y 
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cuore.lngs.infn.it
facebook.com/CUORECollaboration

https://cuore.lngs.infn.it
https://www.facebook.com/CUORECollaboration
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CUORE Cryostat
“The coldest cubic meter in the known universe”

1m diameter inner volume
~3 weeks to cool

Compare to a more typical 
dilution refrigerator:

20cm diameter inner volume
24 hr to cool 

6.3mK base temperature
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CUORE calibration system  

Calibration system 
• 232Th capsules on strings 
• 6 internal strings (10 mK),  

6 external strings (50 mK) 
• Lowered in and out monthly with stepper motors 
• 10 mm/min constant speed @ 10 mK stage 
• ~1 day to supply 
• 239 keV - 2615 keV (208Tl) calibration peaks  

2615 keV close to Qbb at 2527.5 keV  

300 K

600 mK

10 mK

50 mK

40 K

4 K

300 K

4 K

Lead

Inner string

Outer string
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Online Monitoring
Internal websites archives and displays all channels, plus cryostat 
environment data, with details in pop-up plots
Display summaries of each run
Tag bad intervals automatically or by hand
System sends email and phone alarms
Use mobile-friendly web libraries 

19
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CUORE-0 backgrounds 
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Result of surface cleaning procedures: 
0.016±0.001 c/keV/kg/y versus 
0.110±0.001 c/keV/kg/y with E in [2.7,3.9] MeV 

190Pt
210Po

230Th,  
234U, 226Ra

208Tl

x6 reduction of a region

-

-

External neutron
shield (B+PET)

Crystal spacer
(PTFE)

Wire trays +
Cabling tape
(Cu+PEN)

Wire pad
(Cu)

Frame
(NOSV Cu)

TeO2 crystal

Thermistor
(NTD Ge)

Roman lead shield
External lead
shield

Roman lead shield

OVC shield (Cu)

IVC shield (Cu)

Mixing chamber
(Cu)

Superinsulation
(Cu+Al+Mylar)

600 mK shield (Cu)

50 mK shield (Cu)

Box + Junction bars
(NOSV Cu)

Cryostat top plate

Roman lead shield

External lead
shield

Main bath (Cu) Anti-radon box
(Acrylic)
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CUORE-0 backgrounds
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Q-value  
(2527.5 keV)

Backgrounds origins in the  
bayesian fit

External neutron
shield (B+PET)

Crystal spacer
(PTFE)

Wire trays +
Cabling tape
(Cu+PEN)

Wire pad
(Cu)

Frame
(NOSV Cu)

TeO2 crystal

Thermistor
(NTD Ge)

Roman lead shield
External lead
shield

Roman lead shield

OVC shield (Cu)

IVC shield (Cu)

Mixing chamber
(Cu)

Superinsulation
(Cu+Al+Mylar)

600 mK shield (Cu)

50 mK shield (Cu)

Box + Junction bars
(NOSV Cu)

Cryostat top plate

Roman lead shield

External lead
shield

Main bath (Cu) Anti-radon box
(Acrylic)
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CUORE-0 to CUORE
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• 741 kg of TeO2, 206 kg of 130Te 

• new pulse tube cooled (dry) fridge 
continuous operation for many months/
years (better efficiency) 

• better material screening, e.g. better 
and less copper 

• CUORE-0 style cleaning procedures 
(surface etching,  
N2 glove boxes) 

• more shielding 

• vibration dampening systems 

IVC

Modern Lead
(16±4) Bq/Kg

Modern Lead
(150±20) Bq/Kg

Borated PET

Roman lead
< 4 mBq/Kg

Acrylic glass

Damper

Roman lead
< 4 mBq/Kg

Roman lead
< 4 mBq/Kg

Aluminum Plate

Brass Plate

OVC

Modern lead
150 Bq/Kg

Mixing Chamber

Stainless 
steel spring
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CUPID - CUORE Upgrade with Particle IDentification  

• Same cryostat 

• Enriched TeO2 (almost x3 improvement) 

• with very low threshold bolometric light detectors 
to provide a/b discrimination 

• TES, MMC, Neganov-Luke NTD type detector 
R&D started 

• Surface optimizations - TeO2 roughness, AR  
coating on bolometric light detector 

Or 

• Other isotopes - scintillating bolometers

CUPID


