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Double beta decay:

• Rare second order Fermi weak nuclear transition


• Candidates: even-even nuclei, when single β decay 
energetically forbidden

Standard Model allowed, 
observed in 11 nuclei

Beyond Standard Model, 
not yet observed

• Lepton number violating process: ∆ L = 2 , would demonstrate that L is not a 
symmetry of nature


• Only possible if neutrinos have a Majorana component ( ): new possible 
mechanism giving rise to ν mass


• Possible explanation of matter-antimatter asymmetry origin via Leptogenesis
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• Main Physics goal: search for 0νββ decay of 130Te            
(Qββ ~ 2528 keV)


• Located at the underground Laboratori Nazionali del Gran 
Sasso of INFN: 3650 m.w.e. of rock coverage to suppress 
the cosmic radiation 


• 988 natural TeO2 crystals (742 kg of TeO2, 206 kg of 130Te) 
arranged in 19 towers


• 130Te embedded in the detector itself: ~90% detection 
efficiency


• Crystals operated as calorimeters at ~10 mK

CUORE: Cryogenic Underground Observatory for Rare Events
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The CUORE experimental technique

ΔT =
ΔE
C heat capacity: CTeO2 ∝ T3 

T0 = 300 K:    ∆E = 1 MeV        ∆T ~ 10-18 - 10-15 K 


T0 = 10 mK:  ∆E = 1 MeV        ∆T ~ 0.1 mKEnergy release (∆E)

Absorber 
CrystalHeat Bath (T )0

Thermal Sensor
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Thermal Sensor

Absorber
Crystal

Energy Release

NTD 
Ge

Heath bath 
(~10 mK Cu)

• Crystal: solid state detector working as calorimeter


• TeO2 absorber where the particle energy is deposited


• The temperature variation is measured by the thermal sensor (NTD Ge)


• Si heater periodically injecting a fixed energy for the thermal gain stabilization

Si 
heater

Thermal coupling (PTFE)
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• Ton-scale infrastructure cooled down by a custom built cryogen-free structure: 
5 pulse tubes + 3He/4He Dilution Refrigerator


• Operational T ~ 10 mK stable over years


• Background level goal of 10-2 counts/(keV • kg • yr):


• Energy resolution < 8 keV FWHM at 130Te Qββ:

The CUORE Challenges

➡  low-radioactivity materials choice, strict cleaning and assembling protocols
➡ Roman 210Pb-depleted + modern lead shields 

➡ Neutrons shield: external polyethylene layer with boric acid panels

➡ Minimization of vibrational noise: external support structure mechanically 
decouples the detectors from the cryostat

800
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• Data taking organization: runs (physics, calibration, test,…)


• 1 Dataset (40 - 60 days) = initial calibration runs + physics runs + 
final calibration runs


• CUORE data taking started in Spring 2017


• 2017 - beginning of 2019: mostly devoted to cryogenic 
interventions and detector optimizations


• From 2019 on: duty cycle improved from 36.1% to 92.4% 
(65.3% of physics data)


• CUORE data taking is proceeding smoothly (~69 kg • yr/month 
since spring 2019)


• 5 years live time is foreseen

The CUORE data collection

65.3 %

12.2 % 11.7 %

7.7 %

2.3 %0.9 %

Background Calibration
Down Time NPulses
Setup Test

CUORE Run Time BreakdownCUORE duty cycle: March 2019 - now

Physics
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• Total collected raw exposure: 1409.28 kg • yr


• Total analyzed exposure: 1038.4 kg • yr
2021: 1-ton • yr analyzed exposure milestone!
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arXiv:2104.06906

Exposure Accumulation - Aug 2021

Unblinded Exposure (arXiv:2104.06906)

372.5 kg • yr exposure - PRL 124.122501 (2020) 

86.3 kg • yr exposure - 
PRL 120.132501 (2018) 

1038.4 kg • yr exposure - arXiv:2104.06906 (2021)
NEW DATA RELEASE!

The CUORE data collection
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CoincidencesPulse Shape 
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optimization

M1 (0νββ 
expected 
signature)

M≥2 
(background 
events)

Time/space-based 
coincidences calculation and 
event multiplicity assignment

Principal Component Analysis: waveforms deviating 
from the average pulse (leading principal component) 
are poorly reconstructed and rejected 
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• TeO2 detectors exhibit a slightly non-gaussian response function


• Lineshape evaluated on the 2615 keV line in calibration: fit with 3 
Gaussian for each detector-dataset


• Energy resolution in calibration is extracted (7.8(5) keV)

• Lineshape in physics data: most prominent 
peaks fitted


• Resolution appears energy dependent, small 
bias on energy reconstruction


• 2nd order polynomial fit to extract the resolution 
and bias energy dependence
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Data cuts and efficiencies

• Base cuts: periods of time with high noise level, 
processing failures, poor resolution detectors are excluded


• Anti-coincidence cut (AC): events within ± 5ms from 
another triggered event at > 40 keV in a distinct crystal are 
excluded 


• Pulse shape discrimination cut (PSD): abnormal pulse 
shape events (pile-up, non-physical pulses) are excluded
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Containment 
efficiency Single-hit event probability for 130Te 0νββ 88.35(9)%

Reconstruction 
efficiency

Probability that a signal event is triggered 
and not rejected by base cuts, the energy 

is properly reconstructed
96.418(2)%

AC efficiency
Probability that a signal event is not cut 

due to an accidental coincidence with an 
unrelated event

99.3(1)%

PSD efficiency Probability of a physical event to survive 
the PSD cut 96.4(2)%
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• Unbinned Bayesian fit simultaneously performed for each detector-
dataset with BAT         samples from the posterior distribution of all the 
parameters of the model with a Markov Chain Monte Carlo


• Uniform prior on the signal rate Γ0ν


• ROI: [2490 - 2575] keV


• Total TeO2 exposure: 1038.4 kg • yr (15 datasets)             


• No evidence of 130Te 0νββ decay is observed


• Systematics effects as nuisance parameters in the Bayesian fit         
(0.8% total effect on the Γ0ν limit):
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FIG. 7. Top: 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), as well as the fit
without the 0⌫�� component (dashed green). Bottom: The
corresponding marginalized posterior probability distribution
of �0⌫ with all the systematics included. The shaded region
corresponds to the 90% credibility interval.

ROI associated with both the threefold increase in the
exposure and di↵erences in the analysis procedure. Nev-
ertheless, this result establishes CUORE as the most sen-
sitive experiment to 0⌫�� decay in 130Te to date. The
0⌫�� sensitivity and exposure that CUORE has attained
demonstrate that the cryogenic calorimetric technique is
scalable to the tonne-scale detector masses and multi-
year live times necessary to be competitive in the current
international 0⌫�� decay search program. The large ac-
cumulated exposure paired with the low energy thresh-
olds of CUORE’s calorimeters will also enable searches
for other new physics in the low energy regime [49].

Looking to the future, CUORE remains in stable op-
eration and will continue to take data until the next-

generation experiment CUPID (CUORE Upgrade with
Particle IDentification) [50] begins its commissioning.
CUPID will utilize the same cryogenic infrastructure as
CUORE, replacing the TeO2 calorimeters with lithium
molybdate (Li2MoO4) to search for the 0⌫�� decay of
100Mo. Most notably, CUPID will double the number
of readout channels by instrumenting a cryogenic light
detector next to each calorimeter to measure light sig-
nals in coincidence with heat signals. This will allow for
active rejection of ↵ backgrounds, a method that has al-
ready been successfully demonstrated by CUPID-0 [51]
and CUPID-Mo [52]. This advancement in combination
with the higher Q-value of 100Mo is expected to reduce
the background index in the 0⌫�� region of interest by
at least two orders of magnitude compared to CUORE,
thereby providing a major improvement in the exper-
imental sensitivity. CUPID is being designed to ulti-
mately reach a discovery sensitivity of more than 1027

years in the half-life of the 0⌫�� decay process.
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APPENDIX A: Optimum trigger and analysis
threshold

In order to study low energy events, we digitally trig-
ger our raw data waveforms Each pulse transfer function
is matched to the signal shape so that frequency compo-
nents with low SNR are suppressed. A trigger is fired if
the amplitude of a signal exceeds a fixed multiple of the
filtered noise RMS of each calorimeter in each dataset.

ROI fit: new results on 0νββ decay of 130Te

Best fit: Γ0ν = (0.9 ± 1.4) • 10-26 yr-1


90% C.I. Bayesian limit: T1/2 > 2.2 • 1025 yr

Background Index: BI = (1.49 ± 0.04) • 10-2 cts/keV/kg/yr 

NEW RESULTS!
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APPENDIX A: Optimum trigger and analysis
threshold

In order to study low energy events, we digitally trig-
ger our raw data waveforms Each pulse transfer function
is matched to the signal shape so that frequency compo-
nents with low SNR are suppressed. A trigger is fired if
the amplitude of a signal exceeds a fixed multiple of the
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0νββ decay signal rate Γ0ν  marginalized posterior

- Efficiencies             
(reconstruction, anti-coincidence, 
PSD, containment) 


- 130Te isotopic abundance 

- Qᵦᵦ

- Lineshape parameters       

(energy bias and resolution scaling)

arXiv:2104.06906 (2021) 

https://arxiv.org/abs/2104.06906
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0νββ ROI fit: limit on effective Majorana mass (mᵦᵦ)
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In the assumption that the 0νββ decay is mediated by 
the exchange of a light Majorana neutrino:

mᵦᵦ < 90 - 305 meV (90% C.I.)

arXiv:2104.06906 (2021) 

https://arxiv.org/abs/2104.06906
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Exclusion sensitivity on 130Te 0νββ half-life
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• 104 toyMC with background components only (no signal), floating the parameters extracted from the fit on data


• Bayesian fit with signal + background components independently run on each toyMC

• Extraction of the 90% C.I. half-life limit from each of the 104 Bayesian fits

• Exclusion Sensitivity = median of the half-life limits distribution

T1/2 =  2.8 • 1025 yr

Median expected T1/2 90% C.I. limit

72% probability to get a more stringent limit 
given the obtained sensitivity distribution

90% C.I. T1/2 from the fit on CUORE data: 
T1/2 > 2.2 • 1025 yr

arXiv:2104.06906 (2021) 

https://arxiv.org/abs/2104.06906


 V. Dompè - Latest results from the CUORE experiment - PANIC2021, Sep 8th 2021

CUORE

16

• Detailed GEANT4 MC simulation of the background sources


• Bayesian fit on experimental data with a linear combination 
of the MC simulations


• Fit on 350 keV - 2.8 MeV energy region (dominated by 2νββ 
decay of 130Te)


• Fit parameters: a normalization factor for each source is 
extracted and used to obtain the activity of the contaminants 
and half-lives of processes (e.g. 2νββ decay T1/2)
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FIG. 3. Top: The measured M1 spectrum (blue) and its reconstruction (red). The spectra are binned with an adaptive
binning to contain peaks into a single bin (to avoid dependence on the peak shape), while also achieving good resolution of the
continuum shape. Bottom: The ratio of the data to the reconstructed model with 1�, 2� and 3� error bars. It is clear from
the data that we are able to faithfully reconstruct the continuum and peaks from sources.
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FIG. 4. The M2 spectrum provides an indication of the localization of sources as they are populated by coincident events
from neighboring crystals. Top: The measured M2 spectrum (blue) and its reconstruction (red). The spectra are binned with
an adaptive binning to contain peaks into a single bin (to avoid dependence on the peak shape), while also achieving good
resolution of the continuum shape. Bottom: The ratio of the data to the reconstructed model with 1�, 2� and 3� error bars.

The CUORE Background Model: 2νββ decay of 130Te
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FIG. 1. The observed M1 spectrum (black) compared with its reconstruction as obtained by the background model (blue). The
reconstructed 2⌫�� decay component is shown in yellow for comparison. We observe that from 900 to 2000 keV more than 50%
of the M1 spectrum counts originate from the 2⌫�� decay process. The experimental data and the spectra reconstructed by the
fit have been converted back to 1 keV binning for illustrative purposes. Selected gamma lines from background contaminants
are labeled.

low trigger rate of CUORE bolometers (⇠1 mHz) and the
distance requirement, multiplets with i > 1 contain prac-
tically no accidental coincidence events and are mainly
induced by particles depositing energy in multiple crys-
tals.

We split the data into three types of spectra: a mul-
tiplicity 1 (M1) spectrum comprised of events where
energy was deposited into a single bolometer, a mul-
tiplicity 2 (M2) spectrum comprised of the single en-
ergies detected by each of the two bolometers simulta-
neously triggered, and a ⌃2 spectrum comprised of the
sum energy of the M2 events. The energy of a 2⌫��
decay event is deposited into a single bolometer with a
probability obtained from Monte Carlo simulations of ⇠
90%. The majority of backgrounds deposit energy across
two or more bolometers (such as �’s that scatter from one
crystal into another or ↵ decays that occur on a surface
between two crystals), making the M2 and ⌃2 spectra
useful for understanding backgrounds. Events with mul-
tiplicity higher than 2 are not considered in this analysis
since they do not add new information.

SPECTRAL FIT

We analyze the events with energies from a thresh-
old of 350 keV to 2.8 MeV, where the M1 spectrum is
dominated by 2⌫�� decay (between 900 to 2000 keV the
contribution exceeds 50% of total M1 events) along with
�/� emissions from radioactive contaminants. To disen-
tangle the 2⌫�� decay signal we construct a background
model (BM) that describes the data via a comprehen-
sive list of possible sources. Guidelines for this work are
taken from the CUORE-0 BM [39] and the CUORE back-
ground budget [41]. The background sources are radioac-
tive contaminations located both in the bulk of the detec-
tor and cryostat components, on the surfaces of crystals,
and materials with a line of sight to them. We also in-
clude cosmogenic muons.

We developed a Geant4 [42] Monte Carlo (MC) sim-
ulation [39, 41] which outputs the spectra produced by
each source in the detector, reproducing all relevant fea-
tures of the experimental data (e.g., multiplicity, time
resolution, energy dependent trigger e�ciencies, etc.).
The elements of the CUORE experiment, including the
cryostat, are grouped into 9 geometric entities used in
the model as background source positions: the crystals,
the copper structure holding the towers, the copper ves-

T2ν
1/2 = 7.71+0.08

−0.06 (stat)+0.12
−0.15(syst) ⋅ 1020 yr

Most precise measurement of 
130Te 2νββ decay half-life to date

The CUORE Background Model: 2νββ decay of 130Te

Phys. Rev. Lett., 126:171801, 2021 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.171801
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Summary & Conclusions

• CUORE is the first ton-scale experiment for double beta decay search operating cryogenic detectors


• 1 ton • yr analyzed data milestone achieved, stable operation for ton-scale cryogenic detector is possible


• Data taking is smoothly ongoing aiming at 5 years live time


• New results on 130Te 0νββ decay (1038.4 kg • yr exposure): most stringent half-life limit to date         
arXiv:2104.06906 (2021) 

• New results on 130Te 2νββ decay (300.7 kg • yr exposure): most precise half-life measurement to date        
Phys. Rev. Lett., 126:171801, 2021 

• Other rare decay searches in CUORE: 130Te 0ν and 2ν to excited states (Eur. Phys. J. C, (2021) 81:567 ), 
128Te and 120Te 0ν/2ν, 130Te 0ν in M2 spectrum, low energy studies, …

https://arxiv.org/abs/2104.06906
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.171801
https://link.springer.com/article/10.1140/epjc/s10052-021-09317-z
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