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Neutrinoless double beta decay (0νββ)
Why to search for 0νββ?

• Would establish Lepton Number Violation  
(ΔL = 2) not conserving the B-L 
symmetry of the SM

• Important to understand the origin of 
neutrino masses

• It is the only practical way to probe if 
neutrinos are Majorana particles

• If YES: would provide limits on neutrinos 
absolute mass scale
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14 1. New Physics searches in neutrino sector

to its average value me+Q/2, the half-life can be written in a much simpler way:
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G2‹ is the lepton phase-space integral, which depends on the Q-value of the decay
and on the charge of the final state nucleus. This term can be calculated very
precisely, provided that the description of the nuclear Coulomb e�ect on the emitted
electron is accurate enough.

M2‹ is the nuclear matrix element (NME), containing all the nuclear structure
e�ects. As explained in the next section, several methods based on di�erent ap-
proximations have been developed for the calculation of the NME. However, these
methods are characterized by a large error and the comparison between them is still
a delicate issue.

1.4.2 The 0-neutrino mode

The most interesting decay mode for DBD processes was discussed by Furry in 1937
in the form of [29]:

(Z, A) æ (Z + 2, A) + 2e
≠ (0‹DBD)

This decay, which does not conserve the lepton number (�L = 2), is not allowed by
the SM and, up to now, has never been observed.

In order to compare this decay with the 2‹DBD, we report their Feynman graphs
in Figure 1.4.

−ν

ν

n

n p

p

e

e

−

W

W

(a) 2‹DBD

νΜ

n

n p

p

e

e
W

W

x

(b) 0‹DBD

Figure 1.4. Feynman graph for 2-neurinos (a) and neutrinoless (b) double beta decay.

Assuming that no right-handed current is present in the weak interaction, we can
describe the 0‹DBD as two subsequent steps (called “Racah Sequence”) in which a
right-handed anti-neutrino is emitted at the first vertex and a left-handed neutrino
is absorbed at the second one:

(Z, A) æ (Z + 1, A) + e
≠ + ‹e
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Phase Space Factor, 
needs to be high

G0ν ∝ Q5
ββ

Neutrinoless double beta decay - half life

(T0ν
1/2)

−1 = G0ν(Q, Z) M0ν
2

(
mββ

me )
2

Nuclear Matrix Element 
depends on nuclear 
models. 

Effective Majorana Mass, 
our parameter of interest
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FIG. 8 Nuclear matrix elements M
0⌫ for light-neutrino ex-

change from di↵erent many-body methods. NSM: black
(Menéndez, 2018), grey (Horoi and Neacsu, 2016b), light-
grey (Iwata et al., 2016) bars and grey stars (Coraggio
et al., 2020)); QRPA: deformed in violet bars (Fang et al.,
2018)), and spherical in magenta (Mustonen and Engel, 2013)
and purple (Terasaki, 2015, 2020; Terasaki and Iwata, 2019)
crosses, red circles (Šimkovic et al., 2018b), and orange multi-
plication signs (Hyvarinen and Suhonen, 2015)); IBM: brown
bars (Barea et al., 2015a; Deppisch et al., 2020a)); EDF
theory: nonrelativistic in blue diamonds (Rodriguez and
Martinez-Pinedo, 2010) and blue up-triangles (López Vaquero
et al., 2013)), and relativistic in light-blue down-triangles
(Song et al., 2017)); IMSRG: IM-GCM in the light green 48Ca
bar (Yao et al., 2020)), and valence space in green bars (Belley
et al., 2021); and CC theory: dark green 48Ca bar (Novario
et al., 2021).

tion of the theoretical uncertainties. The error bars in
the ab initio results in Fig. 8 are dominated by the un-
certainty from the nuclear Hamiltonians used, except for
CC theory, where the dominant error stems from the
many-body method, which had to be extended to deal
with 0⌫�� decay, see Sec. IV.C.6. Nonetheless, even the
ab initio NME uncertainties in Fig. 8 are underestimated,
because a relevant ingredient, two-body currents at finite
momentum transfers, is not yet included in the calcula-
tions.

An additional uncertainty not immediately apparent
in Fig. 8 concerns the possible reduction of the NMEs,
usually known as “gA quenching”. This e↵ect was pro-
posed to compensate the finding that calculated GT �
matrix elements tend to overpredict measured values
by a roughly uniform factor. This introduces a poten-
tially large uncertainty, because a typical “gA quench-
ing” ge↵A = 0.7gA would reduce the 0⌫��-decay NMEs by
(0.7)2 ⇠ 1/2, and decay rates by (0.7)4 ⇠ 1/4. The “gA
quenching” evidences deficiencies in the nuclear theory
calculations, but it is not clear how to scale them from �
to 0⌫�� decays. For this reason, Fig. 8 assumes the un-
quenched gA = 1.27. Recent ab initio calculations that
reproduce � decays without any “gA quenching” pave
the way to solve this puzzle (Gysbers et al., 2019). We
address this issue in detail in Sec. IV.D.
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FIG. 9 Short-range light-neutrino exchange nuclear matrix
elements M

0⌫
short without the coupling g

NN

⌫ . Results from the
NSM: black (Menéndez, 2018), grey (Neacsu and Horoi, 2015;
Sen’kov and Horoi, 2016; Sen’kov et al., 2014), and light grey
(Jokiniemi et al., 2021b) bars; the QRPA: deformed in violet
bars (Fang et al., 2018) and spherical in orange mulitplication
signs (Hyvarinen and Suhonen, 2015) and red bars (Jokiniemi
et al., 2021b)); the IBM: brown bars (Barea et al., 2015a;
Deppisch et al., 2020a); and the IM-GCM: light green bars
(Wirth et al., 2021).
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FIG. 10 Nuclear matrix elements M
0⌫
heavy for the heavy-

neutrino exchange 0⌫�� decay. Results from the NSM: black
(Menéndez, 2018) and grey (Horoi and Neacsu, 2016b) bars;
the QRPA: deformed in violet bars (Fang et al., 2018) and
spherical in orange multiplication signs (Hyvarinen and Suho-
nen, 2015); the IBM: brown bars (Barea et al., 2015a; Dep-
pisch et al., 2020a); and relativistic EDF theory: light-blue
down-triangles (Song et al., 2017). Note that M0⌫

heavy includes
an additional factor (mN me)

2
/m

2

⇡ with respect to the stan-
dard definition.

In addition to the nuclear structure of the initial and
final nuclei, the range of the 0⌫��-decay operator is key
to determine the behavior of the NMEs. Figures 9 and
10 compare M0⌫

short/(g
NN
⌫ m2

⇡) and M0⌫
heavy, corresponding

to the short-range light-neutrino exchange term (with-
out coupling) and the exchange of heavy neutrinos, dis-
cussed in Secs. IV.B.2 and IV.B.1, respectively. Except
for the QRPA, short-range and heavy-neutrino NMEs are
close. This suggests that di↵erences in M0⌫

long are due to
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Large exposure would 
allow to reach high 

sensitivities

Neutrinoless double beta decay - sensitivity

T0ν
1/2(nσ) =

ln 2
nσ

NAiϵ
A

Mt
BΔE

High energy resolution 
to reject the continuum 
spectrum of 2ν from the 

ROI 

Low background: at the 
zero-counts limit the 

sensitivity starts scaling 
linearly with the 

exposure

208Tl line

T0ν > ln 2
xηϵNA

A
Mt
nL



Extended Data Fig. 1 | Working principle of the cryogenic calorimeter. Left, 
simplified calorimeter thermal model. The detector is modelled as a single 
object with heat capacity C coupled to the heat bath (with constant 
temperature T0) through the thermal conductance G. The NTD thermistor for 

signal readout is glued to the absorber. Right, example of a CUORE pulse from 
the 2,615-keV calibration line: T0 corresponds to the baseline height, the pulse 
amplitude is proportional to the deposited energy, and the decay time depends 
on the value of C/G.

Cryogenic calorimeters
Highly sensitive calorimeters operated at 
cryogenic temperature (~10 mK)

  where  ΔT(t) =
ΔE
C

exp (−
t
τ ) τ =

C
G

5

 at 10mK
C = 10−9J/K

ΔT = 0.1
mK

MeV

 = heat capacity
 = thermal conductance

C
G

• Excellent energy resolution (<1%)

• High detection efficiency, the emitting isotope 
is embedded in the detector

• Possibility to build ton-scale experiments

• Radio-pure materials
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also other background radiation, for example, γ and α particles from 
residual radioactive contaminants or cosmic ray muons.

CUORE is protected by several means against backgrounds that can 
mimic a 0νββ decay. It is located underground at the Laboratori Nazionali 
del Gran Sasso (LNGS) of INFN, Italy, under a rock overburden equivalent 
to approximately 3,600 m of water, which shields from hadronic cosmic 
rays and reduces the muon flux by six orders of magnitude. Environmen-
tal γ backgrounds are suppressed by a 30-cm layer of low-radioactivity 
lead above the detector (Fig. 1), a 6-cm-thick lateral and bottom shield 
of 210Pb-depleted ancient lead recovered from a Roman shipwreck20 
(Extended Data Fig. 2), and a 25-cm-thick lead shield outside the cryostat. 
Environmental neutrons are suppressed by a 20-cm layer of polyethylene 
and a thin layer of boric acid outside the external lead shield. Finally, 
radioactive contaminants in the crystals and in the adjacent structures 
are minimized by careful screening of material for radio-purity and use 
of high-efficiency cleaning procedures and manipulation protocols21.

Cryogenic innovation and performance
Dilution refrigerator technology was originally proposed in the 1950s22 
and underwent considerable development in the 1980s driven also by 
the application of cryogenic calorimeters for single-particle detec-
tion23. Gradually, experimental volumes of the order of tens of litres 
capable of hosting cold masses of up to 60 kg at 10 mK temperature24 
were achieved. Ultimately, detectors were limited by the capacity, duty 
cycle and radio-purity of commercial or near-commercial cryogenic 
systems. In the context of this history, the CUORE cryostat represents 
a major advance in cryogenic technology, reaching an experimen-
tal volume of approximately 1 m3 and a cold mass of 1.5 t (detectors, 

holders, shields) at 10 mK, which corresponds to a 20-fold improvement 
in experimental volume and target mass compared to the previous 
state of the art at this temperature scale. Prior to CUORE, the ultimate 
temperature for comparable target masses was in the resonant-mass 
gravitational antenna community at 65 mK23.

The CUORE detector is hosted in a multistage cryogen-free cry-
ostat25 (Fig. 1), equipped with five pulse tube cryocoolers that avoid 
pre-cooling with a liquid helium bath, thus enabling a high duty cycle.  
A custom-designed dilution unit with a double condensing line for 
redundancy provides more than 4 µW cooling power at 10 mK. The cry-
ostat is uniquely designed to provide the necessary i) cooling power and 
temperature stability over a time scale of years, ii) very low radioactivity 
environment, and iii) extremely low-vibration conditions. As shown in 
Fig. 2a, b, CUORE became operational in 2017, with the initial period 
mostly devoted to characterization and optimization campaigns. Since 
2019, the data-taking has proceeded smoothly with a duty cycle of 
approximately 90%. Figure 2d shows that the temperature stability 
achieved is at the level of 0.2% (±3σ range) over a period in excess of 
one year. Such a stability is important to achieve a uniform response 
of all detectors over time. The CUORE calorimeters are sensitive to 
thermal signals and feature an intrinsic thermal fluctuation limit of 
approximately 0.5 keV, so any process inducing heat dissipation equal 
to or greater than 0.5 keV degrades the energy resolution. Mechanical 
vibrations can be transferred to the inner components and produce 
heat through friction. To minimize the impact of vibrational noise, 
the calorimeter array is mechanically decoupled from the cryostat by 
a custom suspension system. Vibrations induced by the pulse tubes 
at the 1.4-Hz operational frequency and its harmonics are particularly 
relevant. In CUORE, we actively tune the pulse tube relative phases for 
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Fig. 1 | The CUORE detector. a, Rendering of the six-stage cryostat, with the 
pulse tubes and dilution unit, the internal low-radioactivity modern and Roman 
lead shields, and the array of 988 TeO2 crystals (light blue). b, The detector after 
installation. The plastic ring was used during assembly for radon protection.  
c, One of the calorimeters instrumented with an NTD Ge thermistor which 

measures the temperature increase induced by absorbed radiation. The Si 
heater is used to inject pulses for thermal gain stabilization. The 
polytetrafluoroethylene (PTFE) supports and the gold wires instrumenting the 
NTD and the heater provide the thermal link between the crystal and the heat 
bath, that is, the Cu frames24.



The CUORE detector
• 988 TeO2 crystals (5×5×5 cm3)

• 19 towers of 52 crystals each

• 742 kg of TeO2

• Active mass ~ 206 kg

6



Laboratori Nazionali del Gran Sasso

• 3600 m.w.e of rock to shield from cosmic rays

• Largest underground laboratory in the world

7

External lab

CUORE at the Laboratori Nazionali del Gran Sasso

• LNGS! ideal place to search for �νββ

• ����mw. e. overburden
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The incredible cryostat
• 6 stages and nested vessels

• Cooling through pulse tubes and dilution unit 

• ~10 mK working temperature

• 15 tonnes of materials below 4 K and 3 tonnes 
below 50 mK

• Material selection with radio-purity 
constraints

• Vibration isolation and noise cancellation

8

WORLD LEADING CRYOSTAT IN SIZE AND POWER 
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Timeline
• Stable after optimization since 2019 ➝ duty cycle from 35.8% to 93%

• 984 / 988 active channels

9

Calibration ~ 1 week Dataset ~ 1-2 months

Tests, maintenance, …
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vibration cancellation26 (Fig. 3). This solution is transferable to any 
cryogenic application involving signals in the same bandwidth of the 
pulse-tube-induced noise.

CUORE now collects sensitive exposure with 984 out of 988 calorim-
eters, at a rate that is, to our knowledge, unprecedented for cryogenic 
particle detectors. Below, we describe the data treatment and 0νββ 
decay search with greater than 1 t yr of TeO2 exposure.

Data analysis and results
CUORE data are subdivided into datasets of 1–2 months of physics data, 
separated by a few days of calibration data collected with the detector 
exposed to 232Th and/or 60Co sources.

The voltage across each NTD is amplified, passed through an 
anti-aliasing filter, and continuously digitized with a 1-kHz sampling 
frequency27,28. We identify thermal pulses in the data stream and com-
pute the pulse amplitudes, applying optimum filters that maximize the 
frequency-dependent signal-to-noise ratio29. To monitor and correct 
for possible drifts of the thermal gain of the detectors we exploit two 
‘standard candles’: monoenergetic heater pulses for the calorimeters 
with functioning and stable heaters (>95% of the total), and events from 
the 2,615-keV 208Tl calibration line for the remainder. Drift-stabilized 
pulse amplitudes are converted to energy using the regularly acquired 
source calibration data30. We blind the 0νββ search via a data-salting 
procedure that produces an artificial peak at Qββ

30. Once the full analysis 
procedure is finalized and frozen, we reverse the salting.

To simplify the analysis, we eliminate data from periods affected 
by high noise or failed data processing, which amounts to 5% of the 

exposure. Furthermore, calorimeters with greater than 19-keV full 
width at half maximum (FWHM) energy resolution at the 2,615-keV 
calibration line are discarded, adding 3% loss in exposure. In addition 
to these so-called base cuts, the following second-level cuts are then 
applied to suppress single background-like or low-quality events. 
Monte Carlo simulations show that approximately 88% of 0νββ decay 
events release their full energy in a single crystal31. Hence, we apply an 
anti-coincidence cut that excludes events depositing energy in more 
than one crystal. Finally, we use pulse shape discrimination to elimi-
nate pulses that are consistent with more than one energy deposit in 
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Fig. 2 | Cryogenic performance. a, The exposure accumulated by CUORE 
(teal), along with the exposure used for this analysis (orange). Parts of 2017 and 
2018 were dedicated to maintenance and optimization of the cryogenic set-up. 
b, Since then, CUORE has been operating stably with a 90% duty cycle (March 
2019–October 2020). c, Examples of temperature instabilities induced by 
external causes. From left to right: blackout (June 2019), earthquake in Albania 

of magnitude 6.4, 520 km away (November 2019), regular maintenance (July 
2020), and insertion of calibration sources (September 2020). d, The 
temperature stability of CUORE over ~1 yr of continuous operation, shown by a 
plot of relative temperature fluctuation versus time, and a histogram of the 
same data. (1 t yr = 1,000 kg yr.).

Table 1 | Main parameters for the 0νββ analysis

Parameter Value

Number of datasets 15

TeO2 exposure 1,038.4 kg yr
130Te exposure 288.8 kg yr

FWHM at 2,615 keV in calibration data 7.78(3) keV

FWHM at Qββ in physics data 7.8(5) keV

Total analysis efficiency (data) 92.4(2)%

Reconstruction efficiency 96.418(2)%

Anticoincidence efficiency 99.3(1)%

PSD efficiency 96.4(2)%

Containment efficiency (Monte Carlo) 88.35(9)%30

The resolution and efficiencies are exposure-weighted average values.

1038.4 kg ∙ y exposure



Analysis workflow
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Energy calibration and resolution
• Model of detector response on calibration data

• Fit of the 2615 keV line and extrapolation of the resolution to the ROI ➝ (7.8±0.5) keV 
at  Qββ
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Coincidences and pulse shape discrimination

• Containment efficiency from MC: 
~88% of  events in one crystal (M1)

• M2 mostly from γ events and muons

0νββ

12

• Principal component analysis used for 
pulse shape discrimination

• Cut on the reconstructed error between 
single pulses and principal components of 
average pulse in each channel-dataset

M1

M2

💥

💥



Analysis workflow

coincidences 

Pulse shape 
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• Blinding through salting

• Random fraction of events 
from 208Tl peak shifted 
around the 

• Unblinding after all steps 
of the analysis are fixed

Qββ
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The background

90% OF THE 
BACKGROUND IN THE 
ROI COMES FROM 
DEGRADED ALPHAS

• Base cuts: trigger, reconstruction, pileup, external noise (earthquakes) ➝ 96.4% efficiency

• Accidental-Coincidence ➝ 99.3% efficiency

• PCA-based PSD ➝ 96.4% efficiency
14
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the pulse time window, pulses with a non-physical shape, and exces-
sively noisy pulses that survived the previous selections (Extended 
Data Fig. 3). The selection efficiencies are summarized in Table 1, with 
details provided in Methods.

The detector response to a monoenergetic energy deposition is an 
important input to the 0νββ decay search. We empirically model the 
response function of each calorimeter as a sum of three equal-width 
Gaussians and determine the function parameters from a fit to the 
2,615-keV calibration line3. As a characteristic indicator of the overall 
energy resolution of the calorimeters we quote the exposure-weighted 
harmonic mean FWHM of the detectors at this calibration line, 
7.78 ± 0.03 keV. All values are reported as mean ± s.d.

We quantify the scaling of energy resolution with energy and investi-
gate energy reconstruction bias—that is, the deviation of reconstructed 
γ-line positions from the literature values—by fitting the calorimeter 
response functions to prominent γ lines in the physics data, allowing the 
peak means and widths to vary in the fit. The bias is allowed to scale as a 
quadratic function of energy, as done in our previous result32, whereas 
the resolution scaling has been changed to a linear function of energy, 
following studies showing that it was overparameterized by a quadratic 
scaling. The results, extrapolated to Qββ, are an exposure-weighted 
harmonic mean FWHM energy resolution of 7.8 ± 0.5 keV and an energy 
bias of less than 0.7 keV. We summarize all the relevant analysis quanti-
ties in Table 1.
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Fig. 3 | Pulse tube phase optimization. a, Frequency spectrum of the noise for 
a random combination of the pulse tube phases (orange) and after the active 
phase tuning (teal). For reference, the frequency spectrum of physical signals is 

also reported. b, Integral of the power spectrum at the pulse tube frequency 
(1.4 Hz) and its harmonics before and after active noise cancellation.
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Fig. 4 | Physics spectrum for 1,038.4 kg yr of TeO2 exposure. We separately 
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spectrum are highlighted. Inset, the region of interest after all selection cuts, 
with the best-fit curve (solid red), the best-fit curve with the 0νββ rate fixed to 
the 90% CI limit (blue), and background-only fit (black) superimposed.



1ton-year analysis - ROI background & fit

• Bayesian analysis with BAT (Bayesian 
Analysis Toolkit)

• Limit on the half-life at 90% C.I.: 
T0ν

1/2 > 2.2 × 1025 yr
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Extended Data Fig. 4 | Optimum trigger and statistical analysis. Top left, 
distribution of energy thresholds at 90% trigger efficiency for the optimum 
trigger algorithm in a single dataset. The 40-keV analysis threshold is indicated 
by the vertical line. Top right, 90% CI exclusion limits on T ν

1/2
0  from an ensemble 

of 104 toy experiments generated with the background-only model, with 
background rates obtained from the background-only fit to the data.  

The median exclusion sensitivity is indicated by the orange line. Bottom left, 
posterior probability distribution for Γ0ν obtained from the Bayesian fit, with 
the 90% CI highlighted. Bottom right, ∆χ2 values obtained from the profile 
likelihood of Γ0ν, with ∆χ2 = 0 being the most-favoured value. The frequentist 
limit at 90% confidence level (CL) is indicated.

Reconstructed 
posterior pdf

Nature 604 (2022) 7904, 53-58



1ton-year analysis - Sensitivity

• Median 90% exclusion sensitivity 

• Limit on the effective Majorana 
mass:  eV (90% C.I.)

T0ν
1/2 > 2.8 × 1025 yr

mββ < 90 − 305

16

104 toy experiments

Results on the search for �νββ

• no peak found at Q�� of ���Te

• ����.� kg yr of TeO� / ��� kg yr of
���Te

• bkg index in line with expectations:
(�.��± �.��) · ���� counts keV�� kg�� yr��

• limit on decay half-life:
�best�⌫ = (�.�± �.�)⇥ ����� yr��

t�⌫�/� > �.�⇥ ���� yr @ ���C. I.

• bound on e�ective Majorana mass:

m�� > (��� ���)meV

ROI spectrum
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Nature 604 (2022) 7904, 53-58



Background model 
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Reproduce the CUORE 
background considering 

geometry and materials with 
a Geant4 based software (62 

contaminants) 

Smear the detector response 
feature with the Geant4 

output

MCMC binned Bayesian fit of 
the generated simulations to 

data with JAGS

2νββ measurement

• CUORE background model: 
combination of Monte Carlo 
simulations to match the 
observed spectra

• 62 simulation sources
(combination of source volume 
and radioisotope)

• Processed to match detector 
response: resolution, efficiency, 
threshold, timing, …

• Binned MCMC Bayesian fit

S.Pozzi - IPA2022 - Wien, Sep 05-09 2022 10

Adams, D.Q. et al. (CUORE Collaboration) Phys. Rev. Lett. 126, 171801 (2021) 

https://doi.org/10.1103/PhysRevLett.126.171801 

Final results are coming soon!
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Most precise 130Te  half-life to date ➝  2νββ T2ν
1/2 = 7.71+0.08

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

Two neutrino double beta decay

• 300.7 kg.yr of TeO2

• 350 keV analysis threshold

• Data-MonteCarlo fit

• Assuming Single State 
Dominance

• Will be updated with more 
exposure

Phys. Rev. Lett. 126, 171801
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• Three possible patterns with betas and 
de-excitations gammas

• Analysis on fully contained decays with 
coincident M2 or M3

• 372.5 kg.yr of TeO2

• Improved previous result by factor 5

Double beta decay of 130Te to 0+ states of 130Xe

 at 90% C.I.

 at 90% C.I.

T0ν
1/2 > 5.9 × 1024 yr

T2ν
1/2 > 1.3 × 1024 yr

Eur.Phys.J.C 81 (2021) 7, 567
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• Second most abundant isotope: 
31.75% ➝ 188 kg of 128Te

• Low  of 866.7 keV ➝ two 
neutrino from 130Te and  
background

• 309.33 kg.yr of TeO2 ➝ 78.56 kg.yr 
of 128Te

• M1 events in the [820-890] keV 
region of interest

• 30 times better than previous direct 
limit

Qββ
γβ

Neutrinoless double beta decay of 128Te

T0ν
1/2 > 3.6 × 1024 yr (at 90 %  C.I.)

arXiv:2205.03132
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Neutrinoless  decay of 120Teβ+EC
• Clear signature: 

• 0.09% abundance: 355.7 kg·yr of TeO2 
➝ 0.24 kg.yr of 120Te

• Multiple signatures in M1, M2 and M3

• One order of magnitude better the 
previous result

120Te + e− →120 Sn + X + 2γ511

Phys. Rev. C. 105, 065504 (2022)

T0ν
1/2 > 2.9 × 1022 yr (at 90% C.I.)

4

TABLE I. Selected experimental signatures of 120Te 0⌫�+EC decay in CUORE. For each signature we list the final state
particles detected, the expected energy of the 0⌫�+EC signal, the multiplicity, and the fit range(s) �Ei, with i = 0, ..., M � 1.
As outlined in Sec. III B, the last column shows the containment e�ciency "mc with the uncertainty reported in round brackets.

Particles Signal Peak Energy range [keV] Containment e�ciency

Signature Detected Position [keV] Multiplicity �E0 �E1 �E2 "mc [%]

(a) �+ +X + �511 1203.8 1 [1150,1250] 12.8(5)

(b) �+ +X + 2�511 1714.8 1 [1703,1775] 13.1(5)

(c)
�
�+ +X, �511

�
(692.8, 511) 2 [650,750] [460,560] 4.10(20)

(d)
�
�+ +X + �511, �511

�
(1203.8, 511) 2 [1150,1250] [460,560] 13.8(6)

(e)
�
�+ +X, �511, �511

�
(692.8, 511, 511) 3 [650,750] [460,560] [460,560] 2.15(9)

2. the product X of 120Sn de-excitation, i.e. an X-ray
or Auger electron, is fully absorbed by the source
0⌫�+EC crystal;

3. the positron deposits its kinetic energy and annihi-
lates in the source 0⌫�+EC crystal;

4. each 511 keV � is either fully absorbed by a single
crystal (either originating or neighboring) or fully
escapes the active part of the detector.

In practice, we are selecting events where each final state
particle fully releases its energy in no more than one crys-
tal. We therefore ignore events in which a Compton scat-
tering splits the energy of a single gamma among two or
more detectors. This requirement greatly simplifies the
experimental signatures at a cost to the signal e�ciency,
especially due to requirement 4.

These conditions limit to three the maximum number
of crystals simultaneously involved in a 0⌫�+EC event.
Six experimental signatures are possible: three with M1

events, two withM2 events and one includingM3 events;
however, as discussed below, we exclude one of the M1

signatures. The M1 signatures are those in which all
the energy is deposited in a single crystal or in passive
materials. If both gammas escape the crystal, we expect
a peak at K + Eb = 692.8 keV; if only one gamma es-
capes, we have Q�mec2 = 1203 keV; if none of them es-
capes, we expect a peak at Q = 1714.8 keV. For the M2

signatures, we expect 511 keV in one crystal and 692.8
or 1203.8 keV in the other one, depending on whether
the second 511 keV gamma escapes or not. The M3 sig-
nature includes events in which one crystal absorbs the
positron and the 120Sn de-excitation products, while two
neighboring crystals see one 511 keV � each. In order to
minimize the contribution from background we impose a
topological requirement on 0⌫�+EC candidates in M3:
the crystals with the two 511 keV �s must be on opposite
sides of the originating crystal, because the annihilation
�s are produced back-to-back.

We decided to exclude the M1 signature centered at
692.8 keV since we expect this signature to add only a
negligible contribution to the overall sensitivity of our
study: the sensitivity scales as "/

p
b in the case of non-

negligible background and here the signal e�ciency is
1.4%, i.e. the smallest if compared with Table I, and the

background index is ⇠2 counts/(keV · kg · yr), i.e. the
highest considering Tab. III. The selected signatures of
120Te 0⌫�+EC decay in CUORE are illustrated in Fig. 1.
Their properties are summarized in Table I. We label
them with alphabetical letters: (a) and (b) include M1

events, (c) and (d) are M2 signatures and (e) features
M3 events. For each signature we select the widest pos-
sible fit ranges that allow us to constrain the background
rate without introducing unnecessary peaks or structures
into the analysis. In this respect, the range of signature
(b) is narrower than the other ones to avoid including a
potential 214Bi peak at 1693 keV.

B. Decay simulations and containment e�ciency

We evaluate the containment e�ciencies, i.e. the prob-
ability that any given 0⌫�+EC decay matches one of the
signature requirements, by means of a Monte Carlo simu-
lation using the standard CUOREMC framework [25, 32]
based on GEANT4 [33].
We simulate 0⌫�+EC by generating the particles emit-

ted in the decay as primaries. In the 0⌫�+EC process the
nucleus captures one atomic shell electron, most likely
from the K-shell, and simultaneously converts two pro-
tons to neutrons and emits a positron. The initial elec-
tron capture can occur from a variety of electron shells
and then emit either an X-ray or Auger electron. For
an atomic shell with binding energy Eb, the kinetic en-
ergy of the emitted positron is given by Eq. 2. The way
di↵erent electron shells contribute to the transition is
fixed by the atomic properties of the material as stated
in Sec. I. This leads to a complex list of scenarios that
must be simulated and combined with correct weights.
Instead, we take a simplified and overly-conservative ap-
proach and consider the worst case scenario in which all
the final state particles have the maximum chance of es-
cape, i.e. the positron is ejected with maximal kinetic
energy (K = Q� 2mec2 = 692.8 keV, corresponding to a
negligible binding energy) and in the atomic relaxation a
K-shell X-ray of energy Eb = 29.2 keV is emitted, even if
these situations are clearly mutually exclusive. With this
approach we can extract a lower limit to the real contain-
ment e�ciency. We find that the e↵ect on the final result



Future plans
• Data reprocessing for the 2-ton analysis with the de-noising, an algorithm 

developed to de-correlate the vibrational noise in the bolometers using diagnostic 
devices (accelerometers, antennas etc…)

• Keep taking data still ~2024

• Many other analyses:

- Tri proton Decay

- Axion searches 

- 2νββ spectral shape studies

- Etc…

22

ANPS of Run 304109 Ch 40

9

● When accelerometers are 
added into the denoising, 
the ANPS is greatly 
improved

● This does not confirm 
that the ANPS will be 
reduced to such a degree 
at the dataset level, but it 
suggests that this will be 
the case CUORE preliminary

Stay tuned!!



Thanks for 
the attetion 



Backup
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A long path…

• 30 years of technical 
development for crystal 
growing, low temperature 
cryogenic, material handling, 
computing resources,…

• CUORE is the last of a long 
series of experiments, from few 
grams to 741 kg of detector 
material

• First ton-scale bolometric 
experiment in the world

25

CUORE at the Laboratori Nazionali del Gran Sasso

• LNGS! ideal place to search for �νββ

• ����mw. e. overburden

• �: � · ���� cm�� s�� / n: � · ���� cm�� s��

• dedicated facilities to run bolometric detectors

• Hall A dilution refrigerator (����)

• crystals (���� – ����)

• MiDBD (���� – ����)

• Cuoricino (���� – ����)

• CUORE-� (���� – ����)

• CUORE cryostat (����)

• CUORE (from ����)

��-year-long history
of measurements

Running period
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Rev. Sci. Instrum. ��, ������ (����)

S. Dell’Oro Latest results from the CUORE experiment Bologna – July �, ���� � / ��



Analysis workflow
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Analysis workflow
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Analysis workflow
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