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DOUBLE BETA DECAY
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➤ SM 2nd order weak transition 

➤ even-even nuclei 

➤ half lives 1018 - 1024 yr
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NEUTRINO-LESS DOUBLE BETA DECAY
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Γ0ν = G0ν |M0ν |2 ⟨mββ⟩2
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➤ Beyond Standard Model process 
accommodating for Majorana neutrinos 

➤ Lepton Number Violation (ΔL = 2) 

➤ Constraints on neutrino mass hierarchy and 
scale 

➤ Hints on origin of matter/anti-matter 
asymmetry 

➤ Experimental signature: peak at 2νββ endpoint
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THE CUORE EXPERIMENT 

5

➤ Cryogenic Underground Observatory for Rare Events 

➤ 988 natTeO2 crystals at ~10 mK  

➤ 742 kg TeO2 , 206 kg 130Te (34% natural isotopic abundance)

Artusa, D.R. (CUORE Collaboration), Adv. High Energy Phys., 879871, 2015 
https://doi.org/10.1155/2015/879871

CUORE

https://doi.org/10.1155/2015/879871


THE CUORE EXPERIMENT

➤ Custom made dilution refrigerator  
~ 10 mK base temperature 

➤ 5 pulse tube cryocoolers (no helium bath) 

➤ Nested copper vessels at decreasing 
temperatures 

➤ Low temperature lead shielding (top) 

➤ Low temperature roman lead shielding  
(side, bottom)
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CRYOGENIC BOLOMETERS
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ΔT

1s

➤ NTD Ge thermistors biased 
with constant current 

➤ Si heaters 

➤ weak thermal link to heat 
bath 

➤ particle interactions heat 
crystals up 

➤ voltage pulses induced in 
NTDs

Alduino, C. et al. (CUORE Collaboration), J. Inst. 11(07), P07009, 2016 
https://doi.org/10.1088/1748-0221/11/07/p07009

Vignati, M., J. Appl. Phys. 108, 084903, 2010 
https://doi.org/10.1063/1.3498808

ΔT ∼
ΔE
C

τ ∼
C
G
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CUORE DATA TAKING

8

Jul-2017 Dec-2017 Jul-2018 Dec-2018 Jul-2019 Jan-2020 Jul-2020 Dec-2020

yr
)

⋅
Ex

po
su

re
 (k

g

0

200

400

600

800

1000

1200 yr
)

⋅
Te

 E
xp

os
ur

e 
(k

g
13

0

0

50

100

150

200

250

300

350
Exposure Accumulation - Feb 2021

Phys. Rev. Lett. 124, 122501

Adams, D.Q.  et al. (CUORE Collaboration), Phys. Rev. Lett. 124, 122501, 2020 
https://doi.org/10.1103/PhysRevLett.124.122501

➤ data taking started in 2017 

➤ optimization campaigns improved 
understanding and stability of the 
experiment 

➤ since march 2019 steady data taking 
with >90% uptime 

➤ reached 1 ton  yr raw exposure 

➤ steadily collecting data at an average 
rate of ~ 50 kg  yr / month

×

×data taking starts (2017)

optimization campaigns (2017-18)

steady data taking (2019-now)

Alduino, C. et al. (CUORE Collaboration), Phys. Rev. Lett. 120, 132501, 2018 
https://doi.org/10.1103/PhysRevLett.120.132501
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CUORE DATA TAKING
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➤ CUORE “data set”: 1 month of 
background (physics) data taking, 
few days of calibration before and 
after
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Background Calibration
Down Time NPulses
Setup Test

CUORE Run Time Breakdown

➤ Voltage output continuously sampled 
(1 kHz) and stored on disk 

➤ Unstable data taking conditions 
excluded (e.g. earthquakes)



CUORE DATA ANALYSIS
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CUORE DATA ANALYSIS
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Optimum Filter

Gain Correction

Energy Calibration

Coincidences

Pulse Shape

Trigger

Blinding

Blinding procedure

Convert amplitude to energies

multi-site 

single site 

Reject spurious events
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NEUTRINOLESS DOUBLE BETA DECAY SEARCH

2540 2560 2580 2600 2620 2640 2660 2680 2700 2720
 Reconstructed Energy (keV) 

10

210

310

410

 C
ou

nt
s/

 (2
 k

eV
) 

2540 2560 2580 2600 2620 2640 2660 2680 2700 27200
0.5

1
1.5

2

 R
at

io

Combined Calibration Fit (DS 2) 

Energy [keV]
500 1000 1500 2000 2500

E
f
f
e
c
t
i
v
e
 
r
e
s
o
l
u
t
i
o
n
 
[
k
e
V
]

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1
 fits (ds3564)σBackground resolution vs. energy, 2-

 / ndf 2χ  2.308 / 3

Prob   0.511

p0        0.1631± 0.2784 

p1        0.0001934± 0.0003765 

p2       08− 5.444e±08 −4.205e− 

 / ndf 2χ  2.308 / 3

Prob   0.511

p0        0.1631± 0.2784 

p1        0.0001934± 0.0003765 

p2       08− 5.444e±08 −4.205e− 

 fits (ds3564)σBackground resolution vs. energy, 2-

R
e
s
o
l
u
t
i
o
n
 
s
c
a
l
i
n
g
 
f
a
c
t
o
r

➤ Total exposure (PRL2020): 372.5 kg  yr natTeO2 

➤ Model detector response on calibration data for 
each channel and dataset (sum of 3 gaussians) 

➤ Extrapolate resolution (and energy bias) from 
physics data  

➤ Containment efficiency from MC simulations 
 

➤ Selection efficiency (evaluated from data): 
trigger, energy reconstruction, pile-up rejection, 
coincidences, pulse shape 

×

P(single − site |0νββ) = (88.35 ± 0.09) %

ε = (87.5 ± 0.2) %
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NEUTRINOLESS DOUBLE BETA DECAY (GROUND STATE)
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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FIG. 5. Posterior on �0⌫ with all systematics included for the
fit on the physical range (�0⌫> 0) and on the full range. The
90% CI is shown in blue.

and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
the energy scale, energy resolution, analysis and contain-
ment e�ciencies, the value of Q�� , and the 130Te natural
isotopic abundance. We implement all systematics as ad-
ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.
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FIG. 4. ROI spectrum with the best-fit curve (solid red) and
the best fit-curve with the 0⌫�� decay component fixed to
the 90% CI limit (dashed blue).
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and flat background components, and divided into 7
datasets with the same exposure and BI of the ac-
tual datasets as obtained from fitting the data with the
background-only model. We fit each pseudo-experiment
with the standard signal-plus-background model and ob-
tain a median 90% CI exclusion sensitivity of 1.7 ·1025 yr.
The probability of obtaining a stronger limit than 3.2 ·

1025 yr is 3%.
We consider the following systematic e↵ects. The dom-

inant one is the systematic error on the PSA e�ciency.
Subdominant e↵ects are induced by the uncertainties on
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ditional nuisance parameters in the fit, which can be acti-
vated independently, with the priors reported in Tab. II.
We evaluate the bias induced by each nuisance parame-
ter by looking at the e↵ect on �0⌫ at the posterior global
mode, �̂0⌫ ; for this, we artificially release the �0⌫� 0 con-
straint, allowing �0⌫ to be negative. The best fit with the

artificially extended range is �̂0⌫=(�3.5+2.2
�1.1)·10

�26 yr�1,
with a ⇠ 1.6� background under-fluctuation compatible
with the p-value quoted above. The inclusion of the ad-
ditional nuisance parameters a↵ects the global mode on
�0⌫ by  0.04% (see also Tab. II), and yields a 0.4%
weaker limit.
Assuming 0⌫�� decay is mediated by light neutrino ex-

change, and using the phase space factor from Ref. [56],
the result above corresponds to a set of upper limits
on the e↵ective Majorana mass ranging between 75 and
350meV, where the spread reflects the di↵erent nuclear
matrix element calculations available in literature [57–
67]. The results reported in this paper represent the
most stringent limit on 0⌫�� decay in 130Te, and our
limit on m�� is competitive with the leading ones in the
field [15–19].

TABLE II. Systematics a↵ecting the 0⌫�� decay analysis. To-
tal analysis e�ciency I corresponds to the product of all e�-
ciency terms reported in Tab I, while total analysis e�ciency
II corresponds to the additional systematic on the PSA ef-
ficiency. We report the systematic on the �0⌫ global mode
obtained leaving �0⌫ free to assume negative (nonphysical)
values.

Fit parameter systematics

Systematic Prior E↵ect on �̂0⌫

Total analysis e�ciency I Gaussian 0.01%
Total analysis e�ciency II Uniform 0.04%

Containment e�ciency Gaussian 0.01%
Energy and resolution scaling Multivariate 0.02%

Q�� Gaussian 0.02%
Isotopic fraction Gaussian 0.02%

After a period of detector maintenance and opti-
mization, CUORE is stably collecting data at a rate
of 50 kg·yr/month. The experiment is a proof of the
power and scalability of the bolometric technique to the
ton scale. Recent developments in scintillating crystals
demonstrate the technology for a future zero-background
search [19, 53, 54, 68, 69]. These advances will be ex-
ploited in the next generation bolometric experiment,
CUPID [69], which will reuse the CUORE cryostat and
infrastructure.

ACKNOWLEDGMENTS

The CUORE Collaboration thanks the directors and
sta↵ of the Laboratori Nazionali del Gran Sasso and
the technical sta↵ of our laboratories. This work
was supported by the Istituto Nazionale di Fisica
Nucleare (INFN); the National Science Foundation
under Grant Nos. NSF-PHY-0605119, NSF-PHY-
0500337, NSF-PHY-0855314, NSF-PHY-0902171, NSF-
PHY-0969852, NSF-PHY-1307204, NSF-PHY-1314881,
NSF-PHY-1401832, and NSF-PHY-1404205; the Alfred

Posterior for 𝝘0v

m�� < 75� 350meV
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• No evidence for 0νββ decay

• Interpretation in context of light 
Majorana neutrino exchange

T 0⌫
1/2 > 3.2⇥ 1025 yr (90%C.I.)
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Background Index

Characteristic FWHM ∆E at Qββ

Detector Performance Parameters

Adams, D.Q.  et al. (CUORE Collaboration), Phys. Rev. Lett. 124, 122501, 2020 
https://doi.org/10.1103/PhysRevLett.124.122501

• Unbinned Bayesian fit (BAT) 

• Model: flat continuum (BI), 
posited signal peak (rate),  
60Co sum peak (rate, 
position) 

• Uniform prior on physical 
range (positive rate) 

• Systematics: repeat fits with 
more nuisance parameter, 
allow negative rates  
(< 0.4% impact on limit) 

• Median 90% C.I. limit 
setting sensitivity: 
1.7 × 1025 yr
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7.0 ± 0.4 keV

(1.38 ± 0.07) × 10−2 cnts/(keV ⋅ kg ⋅ yr)

https://doi.org/10.1103/PhysRevLett.124.122501
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BACKGROUND MODEL
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STANDARD MODEL DOUBLE BETA DECAY (GROUND STATE)
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➤ GEANT4 simulation + detector 
response to produce expected 
spectra 

➤ 62 simulated sources  
(bulk, surface, muons) 

➤ use coincidences to constrain 
source location 

➤ MCMC binned Bayesian fit  

➤ uniform priors (except muons)

Adams, D.Q.  et al. (CUORE Collaboration) 
https://arxiv.org/abs/2012.11749

G. FANTINI - XIX INTERNATIONAL WORKSHOP ON NEUTRINO TELESCOPES - 23/02/2021

https://arxiv.org/abs/2012.11749


STANDARD MODEL DOUBLE BETA DECAY (GROUND STATE)
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Systematic uncertainties 

➤ 2νββ model (SSD-HSD) 

➤ energy threshold (300-800 keV) 

➤ geometrical splitting 

➤ 90Sr removal / source list

T2ν
1/2 = 7.71+0.08

−0.06(stat.)+0.12
−0.15(syst.) × 1020 yr

Adams, D.Q.  et al. (CUORE Collaboration) 
https://arxiv.org/abs/2012.11749

https://arxiv.org/abs/2012.11749


DOUBLE BETA DECAY TO EXCITED STATES
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➤ Fully contained events 
only (ββ and de-excitation 
γs all detected) 

➤ Coincident events up to 3 
crystals 

➤ Only most sensitive 
experimental signatures

Adams, D.Q.  et al. (CUORE Collaboration) 
https://arxiv.org/abs/2101.10702
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https://arxiv.org/abs/2101.10702


CONCLUSION

➤ CUORE demonstrates feasibility of tonne-scale cryogenic 
calorimeter based experiments 

➤ Physics results about 130Te 0νββ and 2νββ decay to both 
ground and excited states released 

➤ Raw exposure of > 1 tonne yr achieved 

➤ Updated results on 0νββ and other analyses will be 
released shortly 

➤ CUORE data taking smoothly underway to collect 5 years 
live time 

➤ Important feedback for the future CUPID project 
(CUORE Upgrade with Particle IDentification)
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Celi, E. “Double beta decay results from the 
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Dell’Oro, S. “A novel technique for the study of 
pile-up events in cryogenic 
bolometers” (today, room 1)

Giuliani, A, “CUPID: a next generation 
bolometric neutrino less double beta decay 
experiment” (24/02, room 1)
Loaiza, P. “The CUPID-Mo experiment for the 
search of 0νββ” (24/02, room 1)
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BACKUP



EFFICIENCY EVALUATION
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➤ Selection efficiency evaluated on data 

➤ Trigger, energy reconstruction, pile-up 
rejection, M1, PSA 

➤ Analysis efficiency dominated by PSA

ϵ = (87.54 ± 0.17) %
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NEUTRINOLESS DOUBLE BETA DECAY (GROUND STATE)
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CUORE Preliminary
Exposure: 372.5 kg yr

S0ν
1/2 = 1.7 × 1025 yr (90 % C . I.)

Adams, D.Q.  et al. (CUORE Collaboration), Phys. Rev. Lett. 124, 122501, 2020 
https://doi.org/10.1103/PhysRevLett.124.122501

104 Toy Monte Carlo 
pseudo-experiments are 
generated and fit to 
ex t rac t the med ian 
sensitivity


The probability of setting 
a stronger limit is 3%
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https://doi.org/10.1103/PhysRevLett.124.122501


M2 SPECTRUM FIT (JAGS)
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M2-SUM SPECTRUM FIT (JAGS)
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EFFECT OF 90SR REMOVAL
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