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CUORE-0 is a tower of 52 TeO2 crystals operated as independent 
cryogenic bolometers to search for 0νββ decay of 130Te!
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CUORE;0'



Cuoricino CUORE CUORE-O 
2003–2008! 2013–2015! 2015–2020!
11 kg 130Te! 11 kg 130Te! 206 kg 130Te!
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CUORE'program'

COMPLETE 



19 CUORE-0-like towers to search for 0νββ decay of 130Te!
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Cryogenic Underground Observatory for Rare Events 

CUORE'



►  Observed, but rare "
    (T½ > 1019 yr) 

►  Only visible in nuclei for    "
    which single β is forbidden!

€ 

Z
AX→Z+2

AX+ 2e− + 2ν e

€ 

Z
AX→Z+1

AX+ e− +ν e

€ 

Z
AX→Z+2

AX+ 2e−

β 2νββ 0νββ 
e 

€ 

ν e

e 

€ 

ν e
e 

€ 

ν e

e 

e 

►  Even rarer than 2νββ, 
    (if it occurs at all)!

►  Only one controversial "
    claim of observation to "
    date!

►  Familiar weak process!

Beta'decay'



1.  Demonstrate that lepton number is not conserved!

2.  Establish neutrinos as Majorana particles (i.e., ν = ν )!

3.  Set constraints on the effective Majorana mass 〈mββ〉 "
and provide info on absolute ν mass scale and hierarchy!

If 0νββ decay is observed, it would!
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× 

Physics'mo@va@on'



2νββ 

0νββ 

ββ summed e− energy spectrum!

►  General approach: Detect the two final-state electrons!

►  Signature: Two simultaneous electrons with summed energy Qββ, "
                       the Q-value for ββ decay in the isotope under study!

(not to scale) 
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Detec@ng'0νββ'decay'
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Cryogenic'bolometers'

Ultracold TeO2 crystals function as highly sensitive calorimeters!

5×5×5 cm3 
750 g natTeO2 
(206 g 130Te) 
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Cryogenic'bolometers'

PTFE Holders

Copper Frames Copper Columns

Crystal Absorber
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Cryogenic'bolometers'

Copper&frame:&
10'mK'heat'sink'

PTFE&holders:''
weak'thermal'coupling'

TeO2&crystal:''
energy'absorber'

Radia:on:&&
energy'deposit'

NTD&Ge&thermistor:&'
resis@ve'thermometer'

Si&joule&heater:''
reference'pulses'
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At T=10 mK, energy deposited 
inside a TeO2 crystal by radiation 

produces a measurable rise in its 

temperature!
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Cryogenic'bolometers'

Amplitude of temperature pulse is 
proportional to deposited energy!

5 cm 



... and the signature of 0νββ of 130Te 
would be a small peak at 2527.5 keV.!

The energy spectrum of detected 
pulses is compiled...!
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Experimental'method'

60Co!

Cuoricino null result!



►  Gran Sasso, Italy!

►  1.4-km rock overburden"

    cuts muon flux by 106!

A B 
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A24 

NE 
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LNGS'underground'lab'



CUORE hut!

Cuoricino/!
CUORE-0 hut!
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CUORE'facili@es'in'Hall'A'
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The'past:'Cuoricino'

Energy (keV) 

� region!

� region!
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130Te Q-value = 2527.5 keV 



60Co 

208Tl 

− data spectrum 
− 232Th calibration spectrum (normalized) 
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There were three main sources of background in the region around the Q value:!

!  (~35%) Compton gammas from 208Tl, from 232Th-chain decays in cryostat!

!  (~55%) Degraded alphas from 238U- and 232Th-chain decays on copper surfaces!

!  (~10%) Degraded alphas from 238U- and 232Th-chain decays on crystal surfaces"
!

214Bi 
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Cuoricino'backgrounds'



19.75 kg-yr 130Te exposure (2003–2008) !

Q=2527.5 keV 
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No evidence of 0νββ decay in 130Te!

E. Andreotti et al. (CUORICINO Collaboration), Astropart. Phys. 34: 822–831 (2011) [arXiv:nucl-ex/1012.3266]. 

Cuoricino'result'

60Co 



Background:!

Lower limit, half-life:!

Upper limit, Majorana ν mass:!

0.169 ± 0.006 counts/keV/kg/y  (130Te) 

         (130Te) ≥  2.8 × 1024 y  (90% C.L.) 

�mββ� < 300 – 710 meV 

19.75 kg-yr 130Te exposure (2003–2008) !

€ 

T1 2
0νββ

Q=2527.5 keV 
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Cuoricino'result'

60Co 

E. Andreotti et al. (CUORICINO Collaboration), Astropart. Phys. 34: 822–831 (2011) [arXiv:nucl-ex/1012.3266]. 
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The'future:'CUORE'



Dilution refrigerator!

Pulse tubes (5) !

External lead shield!

Internal lead shields!

988 TeO2 crystal detectors"
(19 towers of 52 crystals)!

Copper thermal shields (6) "
(300, 40, 4, 0.6, 0.05, 0.01 K)!
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CUORE'

PET + boric acid shield!



Scale up the bolometric apparatus by 19x "
while also reducing radioactive backgrounds!
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The'challenge'



►  Larger !

►  Cleaner crystals!

►  Cleaner copper, and less of it per kg TeO2!

►  Cleaner assembly environment!

►  More robust assembly methods, better wiring!

►  Better self-shielding & anticoincidence coverage!

►  Better fit tolerances, hence less vibration!

Cuoricino CUORE-0 CUORE 
130Te mass (kg)! 11! 11! 206!

Background (c/keV/kg/y) @ 2528 keV! 0.17! 0.06! 0.01!

E resolution (keV) FWHM @ 2615 keV! 5.8! 4.9! 5!

T1/2 sensitivity (1024 yr) @ 90% C.L.! 2.6 ! 2.9! 95!
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Detector'improvements'



CUORE-0 overview!
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CUORE;0'

►  First tower from the CUORE detector assembly line!

►  52 TeO2 crystals, total mass = 39 kg TeO2 = 10.9 kg 130Te!

►  Purpose:!

1.  Commission assembly line!

2.  Run as standalone experiment while CUORE is being 

constructed, with aim of surpassing Cuoricino!
3.  Validate CUORE detector design!

4.  Provide test bed for developing DAQ & analysis 

framework for CUORE"

!
►  Operating in former Cuoricino cryostat since March 2013!
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Tower'construc@on'

Gluing!

Assembly!

Storage!
Cryostat!

Construction was carried out inside N2-flushed glove 
boxes in CUORE hut’s clean room!
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1.'Gluing'sensors'to'crystals'

Semi-automated, glovebox-enclosed system used to glue sensors to crystals"
in consistent, reproducible fashion !

3 mm

3 
m

m
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2.'Tower'assembly'

►  51/52 thermistors connected!

►  51/52 heaters connected!

Physical assembly!

Wire bonding!

Complete!
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3.'Tower'installa@on'

After"
assembly!

Attached to Cuoricino 
dilution rerigerator!

Transported from CUORE clean 
room to Cuoricino clean room!
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Experimental'setup'

IVC

Modern Lead
(16±4) Bq/Kg

Modern Lead
(150±20) Bq/Kg

Borated PET

Roman lead
< 4 Bq/Kg

Plexiglass

Damper

Roman lead
< 4 Bq/Kg

Roman lead
< 4 Bq/Kg

Aluminium Plate

Brass Plate

OVC

Modern lead
150 Bq/Kg

Mixing Chamber

Stainless 
steel spring

►  Utilizes the same (old) cryostat as Cuoricino:!

!  Inner shields of Roman lead"
 (1 cm lateral thickness)!

!  Outer shields of modern lead"
 (20 cm lateral thickness)!

!  Borated PET lateral shield!

!  Faraday cage flushed with N2 to"
 suppress Rn"
!

►  Gamma backgrounds not expected to change "
    compared to Cuoricino!



CUORE-0 performance!
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Data'taking'
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►  Tower assembled Spring 2012"
!

►  First successful cooldown March 2013"
!

►  One heater lost during cooldown:!

!  51/52 thermistors operational!

!  50/52 heaters operational "
!

►  Typically 3 days/month devoted to "
    detector calibration "
!

►  Remaining time devoted to physics "
    data taking  !
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Data'taking'

“Campaign'1”'

“Campaign'2”'

Cryostat'maintenance'
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Exposure'
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Run Time Efficiency: 84%
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Run Time Efficiency: 83%
Live Time Efficiency: 55%

March 18, 2015

Cuoricino Limit Equivalent Exposure

►  Total exposure (TeO2) = 35.2 kg-y!

►  Total exposure (130Te) = 9.8 kg-y !

CUORE-0 
Preliminary 
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Detector'uniformity'
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►  We can convert each thermistor’s resistance at 10 mK to a temperature!

►  CUORE-0 thermistor temperatures are much more uniform than in Cuoricino!

►  Demonstrates improvements in reproducibility in detector construction!

Cuoricino'RMS:'9%'

'CUORE;0'RMS:'2%'

CUORE-0 
Preliminary 
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Calibra@on'spectrum'

We calibrated the detector ~ once/month by lowering thoriated tungsten wires 
between the cryostat and the external lead shield.!
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Energy'resolu@on'

►  We evaluate the energy resolution for each bolometer and dataset by fitting the   "
    208Tl photopeak in the calibration data!

►  We achieved the 5 keV resolution goal of CUORE!!

CUORE-0 
Preliminary 

CUORE-0 
Preliminary 

Bolometer;dataset'FWHMs'@'2615'keV'

FWHM'harmonic'

mean'(keV)'

FWHM'dist'

RMS'(keV)'

Cuoricino' 5.8' 2.1'

CUORE;0' 4.9' 2.9'

Weight'FWHMs'

by'corresponding'

physics'exposure'
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Backgrounds'

Energy [keV]
1000 2000 3000 4000 5000 6000 7000

E
v

en
t 

R
at

e 
[c

o
u

n
ts

/k
eV

/k
g

/y
]

-210

-110

1

10

Cuoricino

CUORE-0

CUORE-0 
Preliminary 



Energy [keV]
1000 2000 3000 4000 5000 6000 7000

E
v

en
t 

R
at

e 
[c

o
u

n
ts

/k
eV

/k
g

/y
]

-210

-110

1

10

Cuoricino

CUORE-0

39 

Backgrounds'

Experiment! Background rate (counts/keV/kg/y)!

0νββ decay region! Alpha region (excl. peak)!

Cuoricino! 0.169 ± 0.006! 0.110 ± 0.001!

CUORE-0! 0.058 ± 0.004! 0.016 ± 0.001!

CUORE-0 
Preliminary 
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Backgrounds'

►  2.5x reduction in 238U-chain gammas (better radon control)!

►  No reduction in 232Th-chain gammas (due to cryostat materials, irreducible)!

CUORE-0 
Preliminary 
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Backgrounds'

►  6.5x reduction in alpha continuum background!!

►  Validates enhanced cleaning and assembly techniques!

►  Confirms background model developed from Cuoricino !

►  Indicates CUORE sensitivity goal is within reach!

190Pt 
208Tl 

Paper'o
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in'prep

ara@on
'

CUORE-0 Preliminary 



CUORE-0 search for 0νββ'decay!



1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

Data'analysis'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

►  Thermistor voltages are continuously sampled at 125 Hz!

►  Software threshold trigger flags 5-second intervals for study!

►  Pretrigger voltage is good proxy for initial bolometer temp!

►  Pulse is run through optimal and common-mode-noise- "
    decorrelation filters to accurately determine its amplitude "
    and characterize its shape!
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Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

►  Bolometer gain is temperature-dependent, so amplitude(E) "
    varies with drifts in temperature!

►  We “thermal gain stabilize” (TGS) using two parallel methods:!

►  Heater-TGS: Use monoenergetic heater pulses to map "
    pulse amplitude vs. bolometer baseline voltage!

►  Calibration-TGS: Use 2.6 MeV calibration line to map "
    pulse amplitude vs. bolometer working voltage. "
    This method allows us to recover data from bolometers"
    that don’t have working heaters!!

where ↵ is the thermistor logarithmic sensitivity (for CUORE NTDs ↵ ⇠
�10), so a change in temperature results in a change in the thermistor output
voltage V

bol

= I
Bias

R
bol

, being I
Bias

the constant bias current. In the standard
stabilization method applied to CUORE signals, a Joule heater attached to
each crystal produces monoenergetic pulses very similar in shape to those
produced after a particle interaction, whose amplitude is correlated to the DC
level just before the pulse evolution (baseline, or Bsl), that is proportional
to V

bol

:
A

heater

(Bsl) = q +m⇥ Bsl (2)

The slope and the y-intercept of the stabilization line are allowed to change in
time in order to account for changes in the electronics, dividing if necessary
the data run in several time intervals and fitting them independently (see
Fig. 1).

Figure 1: Example of fits performed by the standard stabilization. On the
left panel, a channel where all the points follow a linear trend and only one
time interval is needed. On the right panel, for another channel the run was
divided in four time intervals with four di↵erent stabilization lines.

Once the functional relationship between amplitude and baseline is found
for every detector in a data run, it can be applied to all the events in the data
run, correcting their amplitude A and obtaining a ”stabilized amplitude”
A

stab

given by:

Astab =
A(Bsl)

A
heater

(Bsl)
⇥ 5000 (3)

where 5000 is a convenient choice for the stabilized heater amplitude. The
resulting energy resolution in stabilized amplitude is considerably improved

3



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

►  Fit most intense Th-chain gamma lines from 228Ac and "
    208Tl to obtain quadratic function mapping stabilized "
    amplitude to energy, for each bolometer and dataset!

►  Apply function to data to convert pulse amplitudes to "
    energy!

Figure 2: A representative CUORE-0 calibration function.
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Figure 3: The distribution of first- and second-order parameters for the calibration of
Dataset 2073. The calibration function used was E(x) = ax+ bx

2, where a is the first-order
parameter and b is the second-order parameter. Note that the y-axis of the second-order
parameter is scaled by 10�6.

3 Working with a calibration function

3.1 Determining the calibration function

Once the module has obtained a set of (stabilized amplitude, energy) pairs from the primary and sec-
ondary peaks, a fit to these points is performed. The fit function is a second-degree polynomial with
y-intercept fixed to 0,

E(x) = ax+ bx

2
, (3)

where E is the known energy and x is the measured stabilized amplitude of the peak. If the fit does not
converge after several attempts, an error message is returned and the module moves to the next channel.
If the �

2/d.o.f. of the fit is greater than 20, the module throws a warning requesting manual verification
of the fit. The error bars used to calculate the �

2 value are from the uncertainty in the peak mean from
the fit to the peak line shape. In CUORE-0, we do not see many �

2/d.o.f. values near 20; the good fits
tend to be much less, and the bad fits tend to be much, much higher.

A representative CUORE-0 calibration function is shown in Figure 2. The function appears almost
linear, but does curve downwards with increasing stabilized amplitude/energy. The calibration function
parameters for a single dataset (Dataset 2073) are shown in Figure 3.
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Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

►  General data quality cuts!

►  Pulse-shape cuts to reject unphysical noise pulses!

►  Pileup rejection on each channel: no signals 3.1s before "
    or 4.0s after!

►  Tower-wide ±5 ms anticoincidence cut, as 88% of 0νββ "
    decays would be single-site events !



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

►  General data quality cuts!

►  Pulse-shape cuts to reject unphysical noise pulses!

►  Pileup rejection on each channel: no signals 3.1s before "
    or 4.0s after!

►  Tower-wide ±5 ms anticoincidence cut, as 88% of 0νββ "
    decays would be single-site events !



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

►  General data quality cuts!

►  Pulse-shape cuts to reject unphysical noise pulses!

►  Pileup rejection on each channel: no signals 3.1s before "
    or 4.0s after!

►  Tower-wide ±5 ms anticoincidence cut, as 88% of 0νββ "
    decays would be single-site events !

Accept' Veto'



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

Overall selection efficiency is (81.3 ± 0.6)% !

Efficiency&(%)& Error&(%)&

Trigger' 98.6' 0.004'

Pileup'&'shape' 93.7' 0.7''

Containment' 88.4' 0.09'

Accidental' 99.6' 0.1'



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''
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A small (and blinded) fraction of events within ±10 keV of "
208Tl photopeak are moved to within ±10 keV of the 130Te "
0νββ decay Q-value, and vice versa!



Data'analysis'

1.'Pulse'amplitude'evalua@on'

2.'Gain'stabiliza@on'

3.'Energy'calibra@on'

4.'Event'selec@on'

7.'Unblinding'of'E'spectrum''

8.'0νββ decay fit''

Energy [keV]

2470 2480 2490 2500 2510 2520 2530 2540 2550 2560 2570

E
v
en

ts
 [

/3
k
eV

]

0

5

10

15

20

25

30

Co
60

Salted Peak

DBDνNOT 0

E
v
en

t 
R

at
e 

[c
o
u
n
ts

/k
eV

/k
g
/y

]

0

0.1

0.2

0.3

0.4

0.5CUORE-0 Preliminary
yr⋅Exposure: 18.1 kg

(May 2014) !

(CUORE-0 Collaboration) EPJC 74, 2956 (2014) [arXiv:nucl-ex/1402.0922]. 

We can study and characterize the background in the "
region of interest (ROI) of the blinded spectrum without 
biasing our 0νββ decay analysis.!

5.'Blinding'of'E'spectrum'

6.'Analysis'studies''
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►  We unblinded the data in February 2015, shortly after our "
    exposure exceeded the equivalent of the Cuoricino limit !

►  Equivalent exposure is that yielding the same sensitivity "
    given the experiment’s resolution, detector efficiencies, "
    and background level in the ROI!
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Fit'to'the'unblinded'ROI'
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9.8 kg-yr 130Te exposure (2013–2015) !

60Co 

►  We perform a simultaneous unbinned extended ML fit to range [2470, 2570] keV!

►  Fit function has three components:!

!   Calibration-derived lineshape modeling posited 0νββ peak fixed at 2527.5 keV!
!   Calibration-derived lineshape modeling 60Co peak floated around 2505 keV!
!   Continuum background!

2527.5 keV CUORE-0 
Preliminary 
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Fit'to'the'unblinded'ROI'
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9.8 kg-yr 130Te exposure (2013–2015) !

2527.5 keV 

60Co 

Fitted background:!

Best-fit decay rate:!

0.058 ± 0.004 (stat.) ± 0.002 (syst.) counts/keV/kg/yr 

Γ0νββ (130Te) = 0.007 ± 0.123 (stat.) ± 0.012 (syst.) × 10–24 yr–1 

CUORE-0 
Preliminary 
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Fit'to'the'unblinded'ROI'

We find no evidence for 0νββ decay of 130Te and report the Bayesian limits: !
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9.8 kg-yr 130Te exposure (2013–2015) !

60Co 

Γ0νββ (130Te) < 0.25 × 10–24 yr–1 (90% C.L., statistics only) 

        (130Te) > 2.7 × 1024 yr (90% C.L., statistics only) 
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2527.5 keV CUORE-0 
Preliminary 
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Background'fluctua@ons'
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9.8 kg-yr 130Te exposure (2013–2015) !

60Co 

►  We evaluated the statistical likelihood of observed excess and deficits in data!

►  Kolmogorov-Smirnov test shows data are consistent with zero-rate hypothesis!

►  None of the positive or negative fluctuations have signal significance > 3σ 

▶  Probability to observe a fluctuation anywhere in the ROI as big as largest is ~ 10% "
   (i.e., accounting for trials factor)!

2527.5 keV CUORE-0 
Preliminary 



5

peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333

is constrained to follow the 60Co half-life [29] since 60Co334

was cosmogenically produced at sea level and is not re-335

plenished underground. Within the limited statistics the336

continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340

The ROI contains 233 candidate events from341

a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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FIG. 4. Profile negative log-likelihood curves for CUORE-0,
Cuoricino [16–18], and their combination.

non-zero signal. We find that our UEML analysis has373

negligible bias on �0⌫ . To estimate the systematic er-374

ror from the lineshape choice we repeat the analysis of375

each pseudo-experiment with single-gaussian and triple-376

gaussian lineshapes and study deviation of the best-fit377

decay rate from the positied decay rate as a function378

of posited decay rate. We also propagate the 5% un-379

certainty on ↵�(Q��) and the 0.12 keV energy scale un-380

certainty using this approach. Following [32], we treat381

the choice of zeroth-, first-, or second-order polynomial382

for the continuum background as a discrete nuisance pa-383

rameter in the analysis of each psuedo-experiment. The384

resultant systematic uncertainties are summarized in Ta-385

ble I.386387

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Signal normalization 0.7%

388

389

We combine our data with an existing 19.75 kg·yr ex-390

posure of 130Te from Cuoricino [18]; the ROI background391

was 0.169 ± 0.006 counts/(keV · kg · y), and the mean392

and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395

T 0⌫
1/2 > 4.1⇥ 1024 yr which is the most stringent limit to396

date on this quantity. For comparison, the 90%C.L. fre-397

quentist limits [33] are 2.9 ⇥ 1024 yr for CUORE-0 only398

and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401
61 

Systema@cs'

►  For each systematic, we run toy MC expts to evaluate bias on fitted 0νββ decay rate!

►  Bias is parameterized as p0 + p1×Γ, where p0=“additive” and p1=“scaling”!

►  Signal lineshape: Used variety of different lineshapes to model signal!

►  Energy resolution:  Apply 1.05±0.05 correction to calibration-derived resolution!

►  Fit bias: Effect of using unbinned extended ML fit to extract values!

►  Energy scale: Assign 0.12 keV uncertainty derived from peak residuals in physics spectrum!

►  Bkg function: Treated choice of 0-, 1-, 2-order polynomial as discrete nuisance parameter!
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Systema@cs'

Γ0νββ (130Te) < 0.25 × 10–24 yr–1 (90% C.L., stat.+syst.) 

        (130Te) > 2.7 × 1024 yr (90% C.L., stat. + syst.) 

€ 

T1 2
0νββ

After accounting for systematic uncertainties we report the Bayesian limits: !
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peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333
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continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340
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a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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non-zero signal. We find that our UEML analysis has373

negligible bias on �0⌫ . To estimate the systematic er-374

ror from the lineshape choice we repeat the analysis of375

each pseudo-experiment with single-gaussian and triple-376

gaussian lineshapes and study deviation of the best-fit377

decay rate from the positied decay rate as a function378

of posited decay rate. We also propagate the 5% un-379

certainty on ↵�(Q��) and the 0.12 keV energy scale un-380

certainty using this approach. Following [32], we treat381

the choice of zeroth-, first-, or second-order polynomial382

for the continuum background as a discrete nuisance pa-383

rameter in the analysis of each psuedo-experiment. The384

resultant systematic uncertainties are summarized in Ta-385
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TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Signal normalization 0.7%
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We combine our data with an existing 19.75 kg·yr ex-390

posure of 130Te from Cuoricino [18]; the ROI background391

was 0.169 ± 0.006 counts/(keV · kg · y), and the mean392

and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395

T 0⌫
1/2 > 4.1⇥ 1024 yr which is the most stringent limit to396

date on this quantity. For comparison, the 90%C.L. fre-397

quentist limits [33] are 2.9 ⇥ 1024 yr for CUORE-0 only398

and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401
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Combining'Cuoricino'&'CUORE;0'

Combining the CUORE-0 result with the Cuoricino result from 
19.75 kg-yr of 130Te exposure yields the Bayesian lower limit:!

(130Te) >  4.0 × 1024 yr  (90% C.L.) 
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0νββ

CUORE-0 
Preliminary 
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CUORE;0'experimental'reach'

�mββ� < 270 – 650 meV 
 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) ISM (NPA 818, 139 (2009)) 
 5) EDF (PRL 105, 252503 (2010)) 

CUORE-0 
Preliminary 

 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) Shell Model (PRC 91, 024309 (2015)) 
 5) ISM (NPA 818, 139 (2009)) 
 6) EDF (PRL 105, 252503 (2010)) 

�mββ� < 270 – 760 meV 

Including additional Shell-
Model NME!
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Summary'

►  TeO2 bolometers offer a well-established, competitive technique in the "
    search for 0νββ decay!

►  CUORE-0 and CUORE experiments are improvements on Cuoricino "
    (2003–2008), which did not find evidence of 0νββ decay of 130Te!

►  CUORE-0!
!  Achieved energy resolution and background reduction goals!
!  Indicated CUORE sensitivity goal is within reach!
!  Surpassed Cuoricino in sensitivity in ~ half the time!
!  Did not find evidence of 0νββ decay!
!  We posted paper to arXiv today and will submit it soon to PRL!
!  We are preparing additional technical papers (re: detector, backgrounds) "
!

►  CUORE:!
!  Assembly of the 19 CUORE towers is complete!
!  Commissioning of the cryogenic system and experimental "

 infrastructure is in progress!
!  Plan to start operations by end of 2015!
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We report the result of a search for neutrinoless double-beta decay based on a 9.8 kg·yr61

exposure of 130Te using a bolometric detector, CUORE-0. The detector energy resolution62

and background level in the region of interest are 4.9 keV FWHM and 0.058 ± 0.004 (stat.) ±63

0.002 (syst.) counts/(keV·kg·yr), respectively. We find no evidence for neutrinoless double-beta de-64

cay of 130Te and place a lower bound on the decay half-life, T 0⌫
1/2(

130Te) > 2.7⇥ 1024 yr at 90% C.L.65

The median 90% C.L. lower limit sensitivity of the experiment is 2.9 ⇥ 1024 yr and surpasses the66

sensitivity of previous searches. Combining this limit with existing 130Te exposures we obtain67

T 0⌫
1/2(

130Te) >4.1⇥ 1024 yr at 90% C.L., this is the most stringent limit to date on this half-life. Us-68

ing a range of nuclear matrix element estimates we interpret this as a limit on the e↵ective Majorana69

neutrino mass, m�� < 240 – 640meV.70

PACS numbers:71

Structure:72

PACS numbers: Valid PACS appear here73

Neutrinoless double-beta (0⌫��) decay is a hypothe-74

sized lepton-number-violating process [1] that has never75

been decisively observed. Its discovery would demon-76

strate that lepton number is not a symmetry of nature,77

establish that neutrinos are Majorana fermions, possibly78

constrain the absolute neutrino mass scale, and provide79

corroborating evidence for theories that leptons played a80

role in creating the matter-antimatter asymmetry in the81

universe [2]. The clear potential for fundamental impact82

has motivated intense experimental e↵ort to search for83

this decay [3–6].84

The Cryogenic Underground Observatory for Rare85

Events (CUORE) [7, 8], now in the final stages of86

construction at the Laboratori Nazionali del Gran87

Sasso (LNGS), promises to be one of the most sensitive88

upcoming 0⌫�� decay searches. The detector exploits89

the bolometric technique [9, 10] in 5⇥5⇥5 cm3 natTeO290

crystals, whereby the tiny heat capacity attained by a91

crystal at ⇠10 mK results in a measurable increase of its92

temperature when it absorbs energy. The sought-after93

signature of 0⌫�� decay is a peak in the measured en-94

ergy spectrum at the transition energy (Q��), which for95

130Te is 2527.518± 0.013 keV [11].96

CUORE will consist of 19 towers each containing 5297

crystals; CUORE-0 is a single such tower built using98

the low-background assembly techniques developed for99

CUORE [12]. The 52 TeO2 crystals [13] are held in100

an ultra-pure copper frame by Teflon supports and ar-101

ranged in 13 floors, with 4 crystals per floor. Each crys-102

tal is instrumented with a neutron-transmutation-doped103

Ge thermistor [14] to record thermal pulses and a silicon104

resistor (“heater”) to generate reference pulses [15]. The105

tower is deployed in Hall A of LNGS and exploits the106

cryogenic system, shielding configuration, and front-end107

electronics from a predecessor experiment, Cuoricino [16–108

18]. Of the 52 bolometers, one is not read out due to a109

⇤
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failed thermistor wire-bond during construction, and two110

others have non-functioning heaters.111

CUORE-0 represents the state of the art for large-112

mass, low-background, ultra-low-temperature bolometer113

arrays. As well as being a competitive 0⌫�� decay search114

it has also validated the ultraclean assembly techniques115

and radiopurity of materials for the upcoming CUORE116

experiment; technical details can be found in [12, 13, 19–117

21]. We focus here on the first physics results from the118

CUORE-0 data.119

The data were collected in two campaigns which ran120

from March 2013 to August 2013 and from Novem-121

ber 2013 to March 2015, for a total TeO2 exposure of122

35.2 kg·yr or 9.8 kg·yr of 130Te considering the isotopic123

abundance, 34.167% [22]. Data-taking was divided into124

month long blocks called datasets. For approximately125

three days at the beginning and end of each dataset, we126

calibrated the detector by placing thoriated wires next127

to the outer vessel of the cryostat. The data collected128

between calibrations, denoted physics data, are used for129

the 0⌫�� decay search.130

Each thermistor voltage is continuously acquired at a131

rate of 125Hz; events are identified using a software trig-132

ger with a threshold of between 15 keV and 50 keV, de-133

pending on the channel. Typical radiation-induced pulses134

have rise and decay times of 0.04 s and 0.3 s respectively,135

and amplitudes in the range 0.7 – 1.0mV/keV after am-136

plification. Once triggered, we analyse a 5-s-long window137

— 1s before and 4 s after the trigger. The pre-trigger138

voltage establishes the bolometer temperature before the139

event; the pulse amplitude, determined from the remain-140

ing waveform, establishes the energy. Every 300 s, each141

heater is excited with a stable current to generate ref-142

erence pulses which are flagged in the data. In addi-143

tion, noise waveforms are collected on all bolometers ev-144

ery 200 s.145

In this analysis we have applied two parallel pulse-146

filtering techniques, denoted optimal filter (OF) and147

decorrelated optimal filter (DOF), as well as two thermal148

gain stabilization (TGS) techniques, denoted heater-TGS149

and calibration-TGS. The filters exploit the distinct fre-150


