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Neutrinoless double beta decay (0"##)
• 2"##: Standard Model allowed, 2nd order weak transition
• Possible even-even nuclides when beta decay is forbidden or suppressed
• 35 possible nuclei, 11 observed with half-life $!" ~ 1018 − 1024 yr

• 0"## can occur if neutrinos are Majorana particles
• No experimental evidence so far, extremely rare $#" > 1024 − 1026 yr
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Implications of 0"##
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• Lepton number violation (∆L = 2), beyond SM

• Majorana nature of neutrinos

• Neutrino mass hierarchy

• Absolute neutrino mass scale

• Hints to origin of matter/anti-matter asymmetry
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Observable

It is also useful to express the parametermββ as a function
of a directly observable parameter, rather than as a function
of the lightest neutrino mass. A natural choice is the
cosmological mass Σ, defined as the sum of the three active
neutrino masses (Σ≡m1 þm2 þm3). The close connec-
tion between the neutrino masses’measurements obtained in
the laboratory and those probed by cosmological observa-
tions was outlined long ago [6]. Furthermore, the measure-
ments of Σ have recently reached important sensitivities, as
discussed below. For these reasons, we also update the plot
of the dependence of the Majorana effective massmββ on the
cosmological mass Σ, using the representation originally
introduced in [7].
From the definition of Σ, we can write

Σ ¼ ml þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ a2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ b2
q

; ð4Þ

whereml is the mass of the lightest neutrino and a and b are
different constants depending on the neutrino mass hier-
archy. Through Eq. (4) one can establish a direct relation
between Σ andml and thus, it is straightforward to plotmββ
as a function of Σ. Concerning the treatment of the
uncertainties, we use again the assumption of Gaussian
fluctuations and the prescription reported in the Appendix.
The result of the plotting in this case is shown in the right
panel of Fig. 1.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A. Experimental bounds

Recently, several experiments have obtained bounds on
t1=2ðexpÞ above 1025 yr. The results are summarized in the
upper part of Table I. They were achieved thanks to the
study of two nuclei: 76Ge and 136Xe. The 90% C.L. bound
from 76Ge, obtained by combining GERDA-I, Heidelberg-
Moscow, and IGEX via the recipe of Eq. (A1), 3.2 · 1025 yr,

is almost identical to the one quoted by the GERDA
Collaboration, 3.0 · 1025 yr [11]. By combining the first
KamLAND-Zen results on 0νββ (namely, KamLAND-
Zen-I [12]), and the new ones obtained after the scintillator
purification (KamLAND-Zen-II [13]), the same procedure
gives2.3 · 1025 yr,whichdiffers a little bit from the combined
limit quoted by the Collaboration [13], 2.6 · 1025 yr. When
we combine the two results of KamLAND-Zen and the one
fromEXO-200 using again the procedure of Eq. (A1), we get
2.6 · 1025 yr, which is equal to the KamLAND-Zen limit
alone. In view of the above discussion and in order to
be as conservative as possible, we will adopt as combined
90% C.L. bounds the following values:

t1=2Ge > 3.0 · 1025 yr and t1=2Xe > 2.6 · 1025 yr: ð5Þ

More experiments are also expected to produce important
new results in the coming years. A few selected ones are also
reported in the lower part of Table I.

B. Nuclear physics and 0νββ

Assuming that the transition is dominated by the
exchange of ordinary neutrinos with Majorana mass, the
theoretical expression of the half-life in an ith experiment
based on a certain nucleus is

t1=2i ðthÞ ¼ m2
e

G0ν;iM2
i m

2
ββ

; ð6Þ

where me is the electron mass, G0ν;i the phase space factor
(usually given in inverse years), andMi the nuclear matrix
element, an adimensional quantity of enormous impor-
tance. In recent works, this last term is written emphasizing
the axial coupling gA:

Mi ¼ g2A ·M0ν;i: ð7Þ
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FIG. 1 (color online). Updated predictions on mββ from oscillations as a function of the lightest neutrino mass (left) and of the
cosmological mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3σ regions due to error propagation of
the uncertainties on the oscillation parameters.

DELL’ORO, MARCOCCI, AND VISSANI PHYSICAL REVIEW D 90, 033005 (2014)

033005-2

Disfavored by 0"## experiments

32

Inverted Hierarchy 

Normal Hierarchy32

Stefano Dell’Oro, et al.
Phys. Rev. D 90, 033005, 2014

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.033005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.033005


0"## detection challenges
• Experimental signature: two-electron sum-energy spectrum
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Sensitivity

• Optimized detector performance
• Good energy resolution
• High detection efficiency

• Maximized exposure
• large detector mass & long livetime

• Minimized background 
• Underground Lab & extensive shield
• PID, tracking, fiducialization…

Compatible detection technique required!



The CUORE collaboration

Pranava Teja Surukuchi, Rencontres du Vietnam, July 2024



CUORE
CUORE experiment

• Largest cryogenic bolometric detector ever built
• 19 towers of 13 floors of 4 crystals
• 988 TeO2 crystals in total
• natural abundance, ~206 kg of 130Te

• Goal: search for 0"## decay of 130Te
• Q-value of ~2527.5 keV
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1.4 km rock,~3600 m.w.e. : flux reduced by 10-6

Cryogenic Underground Observatory for Rare Events

Absorber Crystal 
(TeO2) 

Thermistor
(NTD-Ge)

Thermal coupling 
(PTFE)

Heat bath ~10 mK 
(Copper)

Energy 
release Gran Sasso National Laboratory (LNGS)

• Phonon mediated
• Source = Detector
• Slow detectors
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CUORE
CUORE status
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• Data taking started in 2017, with first 2 years for 
cryostat and detector optimization

• Stable data collection since 2019, with ≳ 85% uptime
• > 2.9 ton∙yr of raw TeO2 exposure accumulated
• Demonstrated stability over years of data taking
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Science 390,1029-1032 (2025)

Alduino ,  C .  et a l .  (CUORE Col laborat ion) ,
Phys .  Rev .  Lett . 120 ,  132501  (2018)

Adams ,  D .Q .  et a l .  (CUORE Col laborat ion) ,
Phys .  Rev .  Lett . 124 ,  122501  (2020)

Adams ,  D .Q .  et a l .  (CUORE Co l l aborat ion ) ,
Nature 604 ,  53-58  (2022)③

②

①

arX iv :2404.04453 (CUORE Co l l aborat ion )④
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Nature 604, 53-58 (2022)

https://doi.org/10.1103/PhysRevLett.120.132501
https://doi.org/10.1103/PhysRevLett.120.132501
https://doi.org/10.1103/PhysRevLett.124.122501
https://doi.org/10.1103/PhysRevLett.124.122501
https://doi.org/10.1038/s41586-022-04497-4
https://doi.org/10.1038/s41586-022-04497-4
https://doi.org/10.48550/arXiv.2404.04453


CUORE
CUORE Spectrum
• Total analysis cut efficiency 93.4(18) %

• Base cuts (trigger, energy reconstruction, pile-up)
• Anti-coincidence (AC): only single-crystal events
• Pulse shape discrimination (PSD): only signal-like events
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2039.0 kg·yr TeO2
(567.0 kg·yr 130Te)

CUORE Co l l aborat ion ,  Sc ience
390,1029-1032(2025 )

average resolution of 7.54 keV FWHM at 2615 keV



CUORE
Search for 0"##

• Unbinned Bayesian fit with 7#" > 0
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Fig. 5. Limits on mωω. The allowed parameter space as a function of the lightest neutrino mass in the
case of inverted (normal) ordering is shown in green (purple). The lighter shaded areas correspond to the
3ω uncertainties on the oscillation parameters [11]. The yellow band corresponds to the limit obtained
from this analysis. Limits obtained from 76Ge [59], 82Se [16], 100Mo [17], 136Xe [60] are also shown.

Impact

CUORE has demonstrated over 5 years stable operation of an array of 988 cryogenic calorimeters and

will continue taking data until reaching 3 tonne·yr (→1 tonne·yr) analyzed TeO2
(130Te

)
exposure. With

our current analyzed exposure of 2039.0 kg·yr, we have demonstrated an efficient analysis framework

for processing the continuous data stream of →1000 cryogenic calorimeters reaching →4 years total

livetime. Furthermore, the limit we extracted is the most stringent on the 0εϑϑ decay half-life of 130Te.

The instrumentation and the analysis infrastructure developed in this work not only enables a world-

leading 0εϑϑ decay search, but also establishes large-volume cryogenic calorimetry as a unique path for

a future multi-isotope 0εϑϑ decay search program.

After CUORE reaches its target exposure, the experiment will begin phase II and pivot its primary

focus to low-energy processes. This phase is motivated by the knowledge gained from our new denoising
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• Assuming light Majorana neutrino exchange
-&& < 70− 250 meV

• No evidence, new limit on 130Te 0"## half-life
$(/!#" > 3.5 ⋅ 1025 yr (90% C. I. )

• Frequentist: $(/!#" > 3.4 ⋅ 1025 yr (90% C. L. )

to extract the median 0ωεε decay discovery sensitivity of T 0ω
1/2 > 2.7 → 1025 yr (3ϑ C.L.)—a value 1.8

times weaker than the frequentist exclusion sensitivity.
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Fig. 12. Bayesian exclusion sensitivity. The distribution of the 0ωεε decay half-life limits generated
using 104 background-only toy Monte-Carlo simulations and fit to a signal+background model with
Bayesian approach. Also shown in the figure is the median (dashed green line) of the sensitivity in
comparison to the 0ωεε decay half-life limit (purple line) set by CUORE.

30

Exclusion sensitivity
90% CI limit

P (0 > 0!") = 74 %

CUORE Co l l aborat ion ,  Sc ience
390,1029-1032(2025 )



CUORE
2"## decay measurement

• Exposure: 1038.4 kg·yr of TeO2

• Spectral fit to the single-crystal-event energy 
spectrum

$(/!!" = 9.32$#.#+,#.#- stat. $#.#.,#.#. syst. ×10!# yr

• Most precise measurement of (/#Te 2"##
decay half-life to date
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D.Q. Adams, et al. (CUORE Collaboration)
Phys. Rev. Lett. 135, 082501 (2025)

single-crystal event

https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l
https://journals.aps.org/prl/abstract/10.1103/jdhf-hn4l


CUORE
CUORE Towards CUPID
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Data

∞/Ø component

Æ component

µ component

• Provided important feedback in term of both the 
cryogenics and background budget

• CUORE is background limited (1.42±0.02)×10-2
counts / (keV⋅kg⋅yr)

• Dominated by (F/# and degraded H) < 2615 keV
• ; continuum + < peaks up to 2.7 MeV
• = region from 4 MeV
• degraded = extend to </; region

• Heat detection is sensitive to all kinds of energy
events, additional different channel needed to
reject H from F/# D.Q. Adams, et al. (CUORE Collaboration)

Phys. Rev. D 110, 052003 (2024)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.052003


CUORE
CUORE Upgrade with Particle Identification (CUPID)



CUORE
CUPID concept
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4&& greater than 2615 keV: most #/F backgrounds reduced
Measure both heat and light simultaneously
Particle ID to actively discriminate H particles

Jorge Torres, 2024 Lake Louise Winter Institute

Summary

14

• CUPID will be an 
upgrade to the 

successful CUORE 
experiment. 

• CUPID will build upon 
previous experiments 

knowledge/
infrastructure.

•   Adding particle ID + 
other techniques to 

reduce B.I.

Heat signal
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2615 keV
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CUORE 130Te ROI

Light readout in addition to heat detection

CUPID ROI

CUPID pre-CDR arXiv:1907.09376

https://arxiv.org/abs/1907.09376


CUPID demonstrators

• ZnSe crystals, 95% 82Se enrichment
• (5.17 kg 82Se) at LNGS (Italy)
• α-rejection efficiency > 99.9%
• Background index: 3.5×10−3 c/kky
• I2= 21.8 keV @ (4&&=2998 keV)
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• Li2MoO4 crystals, 97% 100Mo enrichment
• (2.26 kg 100Mo) at Modane (France)
• α-rejection efficiency > 99.9%
• Background index: 2.7 × 10−3 c/kky
• I2 = 7.4 keV @ (4&&=3034 keV)

CUPID-Mo

CUPID-Mo: Eur. Phys. J. C 82, 1033 (2022)CUPID-0: Phys. Rev. Lett. 129, 111801 (2022)

LD: SiO coating
Ge wafer

Reflecting foils
surrounded

https://link.springer.com/article/10.1140/epjc/s10052-022-10942-5
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.111801


Light detector
• NTL Light Detector technology now well established:

• Ge wafer with anti-reflective SiO coating and NTD-Ge readout 
• Establish an electric field via a set of Al electrodes
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• NTL effect for signal amplification
• Electron-hole pairs created by light absorption drift in 

the field and produce additional heat
• SNR is increased by an order of magnitude allows for 

efficient 2?;; pile-up rejection

32

Neganov-Trofimov-Luke light detectors 
NIMA 940, 320 (2019)

32

Neganov-Trofimov-Luke light detectors 
NIMA 940, 320 (2019)

Eur. Phys. J. C 85, 737 (2025). 

Neganov-Trofimov-Luke (NTL) effect assisted

https://doi.org/10.1140/epjc/s10052-025-14352-1


CUPID Baseline Design
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45 x 45 x 45 mm3 Li2100MoO4 crystals
● Crystal mass: 280 g 

1596 total crystals 
● 450 kg of Li2100MoO4

● 95% enrichment in 100Mo: 240 kg of 100Mo

● 57 towers of 28 crystals. 14-floors of 2x1 crystal pairs

Ge light detectors with SiO anti-reflective coating
● Each crystal has top and bottom light detectors

● No reflective foils

Energy resolution: 5 keV FWHM @ Q''

Muon veto for muon-induced background
suppression
Planned to use the CUORE’s cryostat and
infrastructure 

CUPID Collaboration. 
Eur. Phys. J. C 85, 737 (2025). 
arXiv:2503.0448

https://doi.org/10.1140/epjc/s10052-025-14352-1
https://doi.org/10.1140/epjc/s10052-025-14352-1


Progress on CUPID prototype towers
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GDPT (Gravity Detector Prototype Tower) (2022)
• Innovative assembly design, easy for production,

cleaning, and detector construction 

• Conceptual test of the new mechanical assembly
• Successful but limited SNR and correlated noise with LDs

• ~6.6 keV FWHM at 2615 keV, light yield: 0.36 keV/MeV

VSTT (Vertical Slice Test Tower) 2025
• Upgraded tower design and assembly-line
• NTL light detectors
• Optical fibers along the tower
• New electronics and DAQ
• Data taking and detectors performance assessment

ongoing

CUPID HallA facility @LNGS

CUPID Collaboration. Eur. Phys. J. C 85, 935 (2025).

GDPT tower VSTT tower



Enriched crystal production

• Crystal growth: inclusions and cracks are largely under control
• Inclusions, colored impurities, and precipitates ß Incomplete reaction between Li2CO3 and MoO3,
• Cracks formationà mostly eliminated by annealing at the end of the growth (before extracting crucibles) 

• Working on the optimization of radiopurity and fixing the complete crystal production chain
Kangkang Zhao Latest results from CUORE and progress towards CUPID 17

The path to a CUPID crystal
From isotope enrichment to the final crystal

3

Preparation 
Li2MoO4

Isotope enrichment, transformation and purification of compounds

Natural  
MoF6

Enriched 
100MoF6

Enriched 
100MoO3

Product transformation, purification, 
crystal growth, cutting, polishing

Li2MoO4 
crystals CUPID

CUPID Crystal production, M. Sisti - CUPID collaboration meeting, 22 October 2025



CUPID crystal test
• First CUPID full-size enriched LMO crystal, 45×45×45 mm3

• Before the optimization of cracks formation
• Some visible internal cracks and colored impurities

• Cryogenic bolometric test at Hall C, LNGS
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FWHM at 2615 keV: 7.5 ± 1.7 keV

Good resolution after optimized cuts

Light yield for beta: ~0.45 keV/MeV

Good scintillating properties



Cryostat upgrades
• Pulse Tubes system is an important source of vibrational noise

• New Pulse Tubes with more cooling power, less PTs required makes better PT phase scan
• New linear drives for motor head control, refined PT phase scan for noise cancellation
• New thermalizations: high purity 6N Al, increase thermal link, while reducing mechanical coupling
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F. Agresti, at al Cryogenics 154 (2026) 104276

Motor-head flexline
(2 feet, remote option)

Electric insulator
Remote-Motor-head
with rotary valve

High/low
pressure inlet

Buffer volumes
Flexible Cu-braid thermalizations

2nd stage
(4 K 3.5 K)

1st stage
(40 K 35 K)

PUR ring

PT head
(300 K)

After CUORE’s end



CUPID timeline
• CUPID Stage-I: 1/3 of the crystals & 3 year data-taking
• CUPID full array: Add the remaining 2/3 of the crystals & full data-taking
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CUPID (Stage I) 

CUPID

2025 2027 2029 2031 2033

★ Li2MoO4 Production - Stage I

2035

Stage II

Construction - Stage I Data Stage I

Construction - Stage II
Data full

experiment

2030

Early data taking
(~80 kg 100Mo)

2034

Full detector data taking
(~240 kg 100Mo)

Mid 2026

Cryostat upgrade



CUPID background
• A robust background model built using knowledge acquired with CUORE, CUPID-0 and CUPID-

Mo experiments, pile-up events play a critical role
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BI Goal: 1.0×10-4 c/kky

From CUPID-Mo

From CUORE/CUPID-0/CUPID-Mo

From CUORE

Figure from Pía Loaiza, TAUP 2025 conference



CUPID sensitivity
• CUPID Stage I has world-leading science reach
• Staged deployment enables first science data by 2030 with CUPID Stage I 
• Fully explore Inverted Hierarchy and part of Normal Hierarchy region
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Sensitivity goal:
B(/#!" = 1 × 1027 yr
m## = 12-20 meV

CUORE, arXiv:2404.04453 (2024)
CUPID-0, PRL 129,111801 (2022),
CUPID-Mo, EPJC 82,1033 (2022),
MJD, arXiv:2207.07638 (2022)
GERDA-II, PRL 125,252502 (2020),
LEGEND-200, Proc. Neutrino2024,
EXO-200, PRL 123,161802 (2019),
KLZ-800, arXiv:2406.11438 (2024),
LEGEND-1000, arXiv:2107.11462
(2021),90% CL exclusion sensitivity,
NEXT-HD, arXiv:2005.06467
(2021),90% exclusion sensitivity.
nEXO, JPG: Nucl.Part.Phys. 49,015104 
(2022),90% CL exclusion sensitivity

with 10 years livetime

https://doi.org/10.1103/PhysRevLett.129.111801
https://link.springer.com/article/10.1140/epjc/s10052-022-10942-5
https://arxiv.org/abs/2009.06079
https://agenda.infn.it/event/37867/contributions/233912/attachments/121891/177847/202406-Neutrino24_edited.pdf
https://arxiv.org/abs/1906.02723
https://arxiv.org/pdf/2406.11438
https://arxiv.org/pdf/2107.11462
https://arxiv.org/pdf/2005.06467
https://arxiv.org/pdf/2106.16243


CUORE
Summary
• CUORE demonstrated the feasibility of the cryogenic bolometric technique to ton-scale 

detectors for 0"## searching

• Found no evidence of 0"## decay with 2039.0 kg ⋅ yr TeO2 exposure 
• Set a new limit on the half life of 130Te $(/!#" > 3.8 ⋅ 1025 yr (90 % C . I.)
• Data collection is ongoing towards our goal of a final 3 ton⋅yr TeO2 exposure 

(corresponding to 1 ton ⋅ yr 130Te)

• Multifaceted efforts are underway for the staged deployment of CUPID
• Leveraging CUORE’s expertise, CUPID will play a central role in the 0"## search with 

discovery potential in the world
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• Phonon：quasiparticles, elementary excitation in the quantum mechanical treatment of vibrations in 
a crystal lattice

• Athermal/Non-thermal phonon: ~meV，localized，non-equilibrium
• Thermal phonon: ~JeV (K0 1 $ at 10 mK)，heat equilibrium, equivalent to temperature



CUORE
Cryogenic bolometric technique

• Phonon mediated detection, measure higher portion of the deposited energy
• Operating at a temperature of ∼10 mK, phonon sensor: NTD-Ge, TES, MMC, KID…
• Good energy resolution, ~5-10 keV at 2.5 MeV
• Large flexibility in material choice
• Source = detector, high efficiency
• Slow detectors suitable only for experiments working at low rates

Kangkang Zhao Latest results from CUORE and progress towards CUPID 26
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Figure 4.3: Photographs of fresh glue spots deposited on an NTD (left) and Si heater (right),
from the CUORE assembly line. Image from [57].

electronics. NTDs at ⇠10 mK can have a resistance of O(100 M⌦) or even more, and our
electronics bias the NTDs through O(10 G⌦) load resistors to perform a conventional voltage
measurement. The signal is passed through an analog Bessel filter [62], amplified [63, 64,
65], and then digitized continuously at a rate of 1 kHz [66, 67, 68].
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Figure 4.4: An example of a CUORE pulse. The red marker indicates the trigger. Typical
rise time is ⇠100 ms (10% to 90% of amplitude), fall time—⇠400 ms (90% to 30%).

In Section 4.2, we discuss an idealized version of a bolometric detector. In that model,
we work under the assumption that the thermistor is ideally coupled to the crystal—that is,
that their temperatures are always equal. In practice, the connection is via nine epoxy glue

C ~ EF
[1ms, 1s]
depending on sensor and
absorber mass

Bolometer matches well with 09:: search!

E(B) ∝ B*

ΔB = ΔK
E(B)

18 2. TeO2 bolometric detectors for 0‹DBD search

heat sink

weak thermal

coupling

absorber

energy

release

sensor

Figure 2.1. Schematic rep-
resentation of a bolomet-
ric detector: an absorber
is connected to a heat sink
through a weak thermal cou-
pling and a sensor for signal
readout is attached to the
absorber.

2.1.1 The energy absorber

The absorber can be roughly sketched as a capacitance C connected to an heat bath
through a conductance K. Therefore the temperature variation induced by a deposit
of energy E, assuming that C does not depend on temperature, is:

�T = E
C
. (2.1)

The absorbed heat then flows trough the conductance until an equilibrium condition
with the heat sink is reached:

�T (t) = E
C

exp
3
≠ t
·

4
(2.2)

where · = C/K is the time constant of the bolometer. With these simple con-
siderations, it is clear that to obtain big and fast signals the capacitance of the
absorber must be small. This requirement can be fulfilled only operating at cryogenic
temperatures, between 10 and 100 mK.
The specific heat of a material at low temperatures is the sum of the lattice and the
electron specific heats:

c(T ) = cl(T ) + ce(T ) (2.3)

The lattice specific heat is described by the Debye law:

cl(T ) = 12
5 fi

4NakB

3
T

�D

4
T < �D (2.4)

where Na, kB and �D are the Avogadro number, the Boltzmann constant and the
Debye temperature respectively. In metals the specific heat of the electrons is:

ce(T ) = ZR�D
fi2 T

�F
(2.5)

where Z, R and �F are the number of conduction electrons, the gas constant and
the Fermi temperature respectively. Given the di�erent temperature dependence of
cl and ce, the electron specific heat dominates at low temperatures. Dielectric and
diamagnetic materials, lacking in electron contribution, have then low capacitance
and are preferred.

Particles can interact with the absorber by scattering on nuclei or on electrons, in
both cases the energy is finally converted into phonons. When particles interact with

JeV~meV
@ ~10 mK



Light heat double readout
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ZnSe  crystals and α discrimination 

The α-induced background is recognized through two independent measurements: 1) the decay time of the 
scintillating signal 2) the different scintillation yield between α and γ/β particles (the “usual” light Vs Heat 
scatter plot)     

ZnSe crystals shows an “inverse” QF, i.e. α-particles scintillate more than β/γ’s 

β/γ scintillation 

α-scintilaltion 

Direct ionization 

(1) Decay time of the scintillation light (2) Light Vs Heat scatter Plot 
“Ionization coincidences” between  
Ge light detector and ZnSe 

JW Beeman et al., JINST 8  (2013) P05021 

(C. Arnaboldi et al.,   Astrop. Phys. 34(2011) 

DR Artusa et al. Eur. Phys. J. C (2016) 76 
27 

CUPID-0 ZnSe CUPID-Mo LMO



Pileup rejection

Jorge Torres, 2024 Lake Louise Winter Institute 27

TES

NTL
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Sensitivity calculation
• Method: Frequentist and Bayesian analysis based on likelihood

• Generate pseudo-experiments: Background & Signal

• We have two hypothesis. H0 : decay rate Γ = 0 and H1: Γ > 0

• Define the test statistic comparing the likelihoods

• Generate pseudo-experiments for different values of M and 
compute the background-only p-value. A discovery can be 
claimed if p is smaller than some cutoff.
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Fig. 1 Expected background of CUPID in the region of interest based
on GEANT4 simulations.

where 𝐿 is the number of predicted background counts, 𝑀
is the number of signal counts, 𝑁𝐿 (𝑂; →𝑃) and 𝑁𝑀 (𝑂; →𝑄) are
the predicted shapes of the background and signal, depend-
ing on some nuisance parameters →𝑃 and →𝑄, respectively. The
0𝑅𝑆𝑆 signal is a monochromatic peak, broadened only by
the detector’s response. We assume that the signal shape is
given by a Gaussian function centered at Q𝑁𝑁 , with a stan-
dard deviation given by the detector energy resolution. The
background can be very well approximated by an analytic
function locally around the 0𝑅𝑆𝑆 peak. In this work we con-
sider a constant background. We tested the e!ect of a full
background shape obtained from Monte Carlo (MC) simula-
tions, shown in Fig. 1. We parametrise the background shape
with an exponential function plus four Gaussians for 214Bi
peaks at 2978.9, 3000, 3053.9 and 3081.7 keV. The study
performed for the case of the discovery and exclusion sensi-
tivity in a Frequentist framework showed that the di!erence
in the results between a constant background and a back-
ground shape from simulations is negligible (see sections
4.1 and 4.2).

Throughout our analysis pseudo-experiments are required
to generate distributions of test statistics, limits or discovery
probabilities. These pseudo-experiments, or toy-MC experi-
ments, are generated from Eq. 3 for a given value of 𝐿 and
𝑀. Specifically, we sample from a Poisson distribution to
obtain a number of background and signal events to gener-
ate in each experiment. The energies are then sampled from
the probability distributions of the signal and background
components. We generated pseudo-experiments with a back-
ground index of 1.5↑ 10↓4, 1↑ 10↓4, 6↑ 10↓5 and 2↑ 10↓5

counts/keV/kg/yr and with ω in the range [0, 5↑ 10↓27] yr↓1

in 100 steps. Examples of generated pseudo-experiments for
the baseline background index of 1↑10↓4 counts/keV/kg/yr,
and a signal rate of ω = 0 and 1 ↑ 10↓27 yr↓1 are shown in
Fig. 2.

To study the bias in our procedure we generate and fit
pseudo-experiments. Fig. 3 shows the best fit versus the in-
jected signal rate, ω for the background index of 1.0 ↑ 10↓4
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Fig. 2 Example of two pseudo-experiments for the baseline background
index of 1 ↑ 10↓4 counts/keV/kg/yr. Top: with zero signal. Bottom: with
signal rate ω = 1 ↑ 10↓27 yr↓1. The best fit to Eq. 3 is also shown.

counts/keV/kg/yr. We fit these distributions to a linear func-
tion to extract:

ω̂fit = 0.022(18) + 0.992(6)ωinj, (4)

which confirms there is no significant bias in our fitting
procedure.
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Fig. 3 Decay rate obtained from the fit versus the injected decay rate,
showing the bias in the reconstructed ω value. The background index
is assumed to be 1 ↑ 10↓4 counts/keV/kg/yr.

Example of toy with 0 signal

Example of toy with T1/2 = 1027 yr

• ;7 discovery if p < 0.14%
• <1/2 = =.> × =>27 y



Sensitivity
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• Discovery probability for the CUPID
baseline design

Discovery: Probability = 50%
Τ1/2 = 1.0 × 1027 y
m'' = 12.2 − 20.6 meV

• Probability of 90% exclusion limits for 
CUPID obtained with a Bayesian analysis

Τ1/2 > 1.6 × 1027 y (90% C. I.)
m'' < 9.6 − 16.3 meV
m'' < 9.6 − 28.2 meV (including shell model)

arXiv:2504.14369
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CUORE detector module
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Copper frame:
~10 mK heat sink

PTFE holders:
weak thermal coupling

NTD-Ge thermistor
3.0×2.9×0.9 mm*

Working impedance:
N+,-. ~ 100 MΩ – 1 GΩ
Comparative easy readout

Si Joule heater
Inject reference pulses for 
stabilization of baseline temperature

Radiopure TeO2 crystals
Absorber = source
5.0×5.0×5.0 cm*

750 g mass
E(B) ~ 2.3×10-9 J/K (@ 10 mK)
∆B ~ 100 :K/MeV, C ~ 1s

observes an average resolution of 
7.54 keV FWHM at 2615 keV

CUORE Co l l aborat ion ,  Sc ience390,1029-1032(2025)
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CUORE subsystems
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210Po < 4 mBq/kg

Detector
Towers

Top Lead
Shield

Side Lead
Shield

300 K

40 K

4 K

600 mK
50 mK

10 mK

Bo�om Lead
Shield

Plates:

Coldest 1 m3

on earth

• Customized dry dilution refrigerator 

• Extensive shields
• External PE & borated PE shield
• External 25 cm-thick lead shield
• Internal ancient Roman lead

• Vibration damping system

Alduino C, et al. 
Cryogenics, 2019, 102: 9-21.
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ture is more common in calibration data due to incoming
radiation from external 232Th - 60Co source, which inter-
acts primarily with Te atoms of the crystal’s surfaces.
The subsequent de-excitation of Te atoms produces X-
rays that can travel to a neighboring crystal and be ob-
served as an M2 event, making this the most prominent
signature. These events were also observed in CUORE-
0 and used to verify energy calibrations at low energy
[9, 32].

CUORE’s energy resolution does not allow for distin-
guishing between all of the eight most intense Te X-ray
lines [9, 33]. So, they are modeled as two Gaussian dis-
tributions with the same width but di!erent mean value
and with a floating amplitude ratio to account for an en-
ergy dependent attenuation length, as shown in Fig. 3.
Te X-rays are used as a source of reliable events while de-
veloping and validating multiple data analysis methods
in this paper.
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FIG. 3. Data and model of Te X-rays peaks in a 20 keV
width window. The events here reported belong to a sam-
ple calibration dataset of CUORE and they are selected to
have multiplicity equal to 2 in order to enhance the signal-
to-background ratio. The model consists of two Gaussian
functions and a linear background. The fit to data resulted
into a ω2/ε = 101/93, where ε is the number of degrees of
freedom. The result in all of the other datasets is consistent
with the example reported here.

A. Tagging of multi-site events

In most of the physics cases of interest, from 0ωεε to
dark matter, we search for an energy release in a sin-
gle CUORE crystal. Therefore, an anti-coincidence cut
among CUORE detectors is applied. To identify groups
of correlated events, called multiplets, we start by select-
ing events that occur within a specified time window and
spatial radius of a main event. The algorithm then ex-
pands the multiplet by searching for additional events,
using the same time-space criteria, starting from each

event initially included. Finally, it repeats the procedure
on all of the events, playing in turn the role of main.
Eventually it ensures that multiplets have been built co-
herently. The algorithm runs on events satisfying basic
quality cuts such as requiring a single pulse in the window
and having an energy above a given threshold.
The time window, spatial radius, and energy threshold

of the coincidence algorithm can be optimized for di!er-
ent physics searches. First, the energy threshold of the
algorithm was set to the trigger threshold for each de-
tector. As a comparison, this is uniformly set to 40 keV
for the 0ωεε search. To determine the optimal time win-
dow for tagging keV-scale multi-site events, we study the
signal-to-noise ratio of the M2 Te X-ray peaks while vary-
ing the time window across a range of values. We adopt
the time window that maximizes the signal-to-noise ra-
tio, namely ± 15 ms. This window is larger than the
one used for higher energy studies in CUORE, namely
± 5ms [34], in order to account for the larger spread in
the estimate of pulse’s peak position in time, due to the
lower signal-to-noise ratio at lower energies.
The spatial radius dictates how far apart two crystals

can be when building multiplets. In particular, a cut of
150 mm is chosen to ensure only nearby crystals, belong-
ing to the same tower or di!erent ones, are considered to
build multiplets of coincident events. In other words, the
algorithm searches for coincident events in the eight crys-
tals nearest to the one where the main event occurred.
This cut minimizes random coincidences, which are ex-
pected to increase at the keV-scale because of a larger
rate.

B. Spurious events discrimination

Approaching the threshold of a detector, we find un-
wanted features in the energy spectrum. These features
are caused by spurious events which mimic physics pulses
and can be produced by several e!ects such as vibrations
of detector components, and environmental noise sources
such as seismic waves. Although it is not trivial to iden-
tify and characterize such spurious sources, we employ
dedicated analysis methods to minimize their contribu-
tion.
For this purpose, we define two energy intervals, the

Region Of Interest (ROI) and the Region Of Reference
(ROR): the first determines the lowest energy threshold
we aim to analyze, while the second is a higher energy
interval to be used as a performance comparison. While
ROI and ROR are free variables of the algorithm, their
specific values for this analysis will be defined in Sec. V.
In the following, as a first selection, we use only de-

tectors having trigger threshold lower than the ROI. An
e”cient way to reject spurious pulses is to look at their
shape, which presents di!erent features than signal wave-
forms. We explore the performance of several pulse shape
variables to find the best one for this discrimination. At
first, we study their energy dependence, to make sure
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128Te 0R;; decay to the ground state Search for fractionally charged particles

Reconstruction of muon events

with CUORE
Jorge Torres (jorge.torresespinosa@yale.edu), Daniel Mayer for the CUORE
Collaboration

Contribution ID:
269

The Cryogenic Underground Observatory for Rare Events (CUORE) experiment

•Tonne-scale experiment searching for neutrinoless
double beta (0ωεε) decay in 130Te using
cryogenic calorimeters [1].

•Located at the Laboratori Nazionali del Gran
Sasso, with about 3600 m.w.e. overburden to
shield cosmic-ray byproducts.

•Detector segmentation into 988 cubic-crystals
(5 cm side) aids event selection via coincidences.

•Segmentation also enables observation of
track-like particles such as muons and searches
for exotics (see D. Mayer, Contribution #417). Credits: The CUORE Collaboration (modified)

Reconstruction of muon events (validation dataset)
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Methods

•Data divided into 1-month long datasets. Reconstruction done at
the dataset level.

•Event selection to maximize muon-sample purity:
• Energy deposition > 9 MeV/crystal or saturated.
• Multiplicity > 5.
• Basic cuts to reject unphysical, spurious, and calibration events.

•Expect → 12, 000 muon events with analyzed exposure of
2-tonne·yr.

•Events that pass cuts have their track fitted by a multi-objective
optimization-based algorithm [2].

•Tuning simulation to match real-detector e!ects:
• Correlated dead-time via mock-time technique.
• Saturation e!ects via data-driven approach.

•High-level observables used to evaluate the performance of the
algorithm and compare MC/data.

Next steps and conclusions

Next steps:

•Shifting from validation to measurement.
•Tuning of cuts to be performed on a fraction of all the datasets of

2-tonne·yr TeO2 analyzed exposure, before full measurement.
•Di!erential and integral flux of through-going muons to be

extracted.

Conclusions:

•This work demonstrates that CUORE, a 0ωεε decay experiment,
can do 3D reconstruction of track-like particles to study
muon-backgrounds and search for exotic phenomena.

•Validation of simulations of muons to be useful for next-generation
experiment CUPID [3].
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Multiplicity selection

13

Target spectra

Multiplicity 1 Multiplicity 2

Single spectrum
Identical to the 0νββ

Study correlation 
between coincident 
energy depositions

Bands associated to 
single total energy

Phys. Rev. D 110, 052003 
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Phys. Rev. D 110, 052003

Slide from Mattia Beretta, MEDEX 2025 conference



CUORE
Background
• Full detector geometry and particle interaction implemented in Geant4
• Geant4 output post-processed to include detector response
• Comprehensive simulated sources (bulk, surface, muons) 
• Multiparametric Bayesian fit of 39 spectra encompassing M1 and M2 events across (0.2, 6.8) MeV
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Cryogenic thermal sensors
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Neutron Transmutation
Doped Germanium,
NTD-Ge

• High sensitivity A~1-10
• Large dynamic range
• Relatively easy readout
• Massive production

• Slow response

CUORE
(0233)

EDELWEISS
(Dark Matter)

Transition Edge Sensor,
TES

• Very high sensitivity
A~100-1000

• Multiplex readout
• Fast rising signal 

• SQUID readout
• Narrow dynamic range

SuperCDMS
(Dark Matter)

CRESST
(Dark Matter)

Variable Range Hopping

Phonon-Cooper pair
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The CUORE experiment

10

CUORE
CUORE data processing
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