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The Standard Model of Particle Physics

Image from Quanta Magazine

Neutrinos have a lot of 
interesting quirks

× Neutrinos are massive 
(despite prediction they 
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smaller than their peers

× Might be their own anti -
particle

× They rarely interact 
with matter, thus 
measurements are often 
sparse
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× Beta decay (as it was then understood) posed a grave 
threat to the Conservation of Energy

Electron



Expected Mono-energetic Electrons



Found a Continuum!



Implies the Existence of a Neutrino

A Neutrino!



Neutrinos Discovered

Neutrino discovered at a nuclear 
reactor at Savannah River by 
Reines and Cowan in 1957



Two Neutrino Beta Decay



Neutrino -less Double Beta Decay (0ʉɼɼ)

Required the violation of lepton number 
conservation

Second order weak transition 

Beyond the Standard Model process

Ultra rare 

Can only happen in neutrinos are Majorana



Neutrino -less Double Beta Decay (0ʉɼɼ)



Isotope Selection

Parent Nucleus

Daughter Nucleus

Energy Threshold?



Daughter Nucleus

?
Parent Nucleus

Isotope Selection



130Te

130Xe

130I

2.53 MeV

Our signal is a 

total energy 

deposition around 

the Q-value, 2.53 

MeV

Isotope Selection



The Detector: Tellurium

34.1% of 

natural Te is 

the 130 

isotope



Source = Detector

TeO2

A bulk material is well poised for high 
exposures needed
Of this search
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TeO2

Make a Bolometer



TeO2

~ 10 mK
Make a Bolometer



TeO2

Make a Bolometer
~ 10 mK

NTD-Ge Thermistor



TeO2

Make a Bolometer
~ 10 mK

NTD-Ge Thermistor



TeO2

NTD-Ge Thermistor

Make a Bolometer
~ 10 mK



TeO2

NTD-Ge Thermistor

Thermal 

Bath

Make a Bolometer



TeO2

NTD-Ge Thermistor

ɝT ~ 10-20 ʈK/MeV
Thermal 

Bath



NTD-Ge Thermistor

Thermal 

Bath

Heater



CUORE
Cryogenic Underground Observatory 
for Rare Events





CUORE Detector 

ÅCryogenic Underground 
Observatory for Rare Events

ÅComposed of 988 TeO2 
crystals organized in 19 
towers

Å742 kg TeO2, 206 kg 130Te

ÅQ-value of 2527.5 keV



CUORE Crystal Configuration TeO 2 crystal
Detector/absorber
750 grams 
ɝT ~100 ʈK/MeV
ʐ ~1 second

Weak thermal links to the 
PTFE supports

Copper Frame
 ~10 mK heat sink

Ge NTD sensor

Si Joule Heater
Inject reference pulses for 
stabilization of baseline 
temperature

Gold wires providing electrical 
connection from sensors

https:// www.nature.com/articles/s41586-022-04497-4



Detector Infrastructure

ÅLarge cryostat 

ÅPulse Tube cooled

ÅVibration 
Damping System



Shielding

Å18 cm of polyethylene

Å2 cm of Borated Poly

Å>35 cm modern lead shielding

ÅCopper cryostat vessels

ÅInternal ancient lead



CUORE @ Gran Sasso
ÅUnder ~3,600 m.w.e rock overburden

Å6 orders of magnitude reduction in muon f lux 

ÅMuons: 3 x 10-8 /sec/cm2

ÅNeutrons: 4 x 10-6 /sec/cm2 (below 10 MeV)

ÅDesign background goal: 10-2 ckkyr



Analysis: Noise Reduction & Filtering

Denoising using auxiliary devices 
(microphones, seismometers, 
accelerometers) 

Optimal Filter





Experimental Sensitivity

ὓɇὝ

Large Exposure

B
Low Background 

in ROI

E
High Energy 

Resolution



Exposure

Stable data collection since 
2019, with ṃ 85% uptime

Data collection to continue 
into the summer of 2026



Anti -coincidence Cut

Å88% of signal events 
are contained within 
one crystal



Pulse Shape



Final Spectrum

From Science Paper

Exposure: 2039.0 kg yr TeO2, 567.0 kg yr 130Te
Total Analysis Cut Efficiency is 93.4(18)%



Detector Response, Lineshape

From Science Paper



Fitting Procedure

Bayesian Analysis Frequentist Analysis



Fit Result 2TY

Science Paper



Mɼɼ Limit

Science Paper

Contours illustrating the 3sigma regions given
By neutrino oscillation measurements



Background Model



2ʉɼɼ  Rate



CUPID
CUORE Upgrade with Particle IDentification




