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Double Beta Decay
(A,Z) → (A,Z+2) + 2e-+ 2ν


‣ 2nd order weak process in SM, 


‣ Measured at a few % precision   


‣ t2ν1/2 ≳1018 yr 


(A,Z) → (A,Z+2) + 2e-

‣ Forbidden in SM, L and B-L violated

‣ Matter creation in LAB (could explain                                                                   

barion asymmetry in the universe)

‣ Many non SM diagrams can contribute

‣ Simplest and plausible model foresees exchange light-mass Majorana 

neutrinos  →mν≠0 and Ψ≡ΨC  


‣ t0ν1/2 ≳1025-26yr 
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0ν Double Beta Decay
    Experimental signature


Ke-+Ke-: line at Qββ (~2-3 MeV)

3

Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �3

beta decay

e-

p

e-
p

n
n

double-Neutrinoless

0νββ

e-

e-

n p

n p
W-

W-

νM

Only if ν=ν:̄ Majorana neutrino

Lepton number 
violated 
Δ L = 2

T1/2 > 1024  - 1026 years

�3

: the smoking gun for Majorana

Matter CREATED!

Wendell Furry

  2

(A , Z )→ (A , Z+2 )+2 e
-+2 ν̄

(A , Z )→ (A , Z+2 )+2 e
-

● 2νbb decay - observed, rare decay, 
● allowed by the Standard Model

● measured T
1/2

 > 1018 y

● 0νbb decay – DL=2 process, 
● forbidden in Standard Model

2ν2b - 0ν2b  

CSN2 - 10 Aprile 2018 !17

Double Beta Decay

(A,Z) ! (A,Z + 2) + 2e� + 2�

(A,Z) ! (A,Z + 2) + 2e�

- 2nd order process allowed in the SM 
- observed in several nuclei with  τ2ν ~ 1019 - 1021 y

- lepton number violating process 
- τ0ν > 1025 - 1026 y 
- exists if neutrino is a Majorana particle and mν≠0

2νββ 

0νββ 

ββ summed e� energy spectrum 
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Single Beta decay must be forbidden

48Ca,76Ge,82Se,100Mo,116Cd,130Te,136Xe,150Nd 

   One Irreducible background    



0νββ ⇔ ν mass
The measurable quantity is the half life T0ν1/2:


Assume exchange of light Majorana ν
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0ν2b HALF-LIFE      

Standard (dominant) Mechanism:

 exchange of a Majorana ν 

(T 1/2
0 ν )
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 0ν-ββ and Majorana mass
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Current limits lie in the 
range 50-120 meV 
across the leading 
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(136Xe,130Te,76Ge)
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Bolometric detectors
Solid state detectors operating at low temperatures ~10 mK


Readout with sensitive low temp. semicon. NTD-Ge thermistor 


Isotope of interest embedded in the source 


Flexible choice of Isotopes (Mo,Cd,Se,Te)


Resolution @0νββ energy: ~0.2% FWHM


Detector response independent of particle types 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E      ΔT 

ΔT~ 100 μK/MeV

Vivek Singh, UC Berkeley                                                                                  WIN 2019, Bari

DETECTOR PRINCIPLE
‣ 750 g (5x5x5 cm3) crystal 

‣ �T ~ 100 %K for 1 MeV energy deposit 

‣ NTD-Ge thermistor read out  

R(T) ~ R0 exp [ (T0/T)1/2 ] 
(large sensitivity at low T) 

‣ Energy response calibrated using known gamma 
sources 

‣ Note: 

Signal ➛ thermal channel only 

No active background rejection
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CUORE: a ton scale detector
• 988 natTeO2 bolometers


• 742 kg of TeO2,  206 kg 130Te.


• Larger bolometric detector ever built


• Operating in the CUORE cryostat


• Most powerful dilution refrigerator in the world


• Stable data taking since 2019  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CUPID builds on years of experience and success with 
CUORE at LNGS



CUPID 
CUPID: CUORE Upgrade with Particle Identification
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Goal: fully probe the Inverted Hierarchy region


‣ discovery sensitivity in the 12-20 meV range


‣ improve the sensitivity to m0𝜈ββ by a factor of ~10



CUPID Strategy

Enough to take a leap forward in sensitivity because we 
reduce dramatically ~(150) the background in the 0𝜈ββ


‣ the new ββ candidate 100Mo has a higher transition 
energy than the 130Te CUORE candidate:  less γ-
induced background in ROI, more favourable 
phase space and matrix elements 

‣ the new detector has a very efficient α particle 
rejection capability: remove the dominant 
background source seen in CUORE
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Re-use CUORE Infrastructure and replace the CUORE TeO2 detector with a new array, 
based on 95% enriched Li2100MoO4



CUPID Concept
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CUPID Concept

10

with light detection



CUPID Concept
Technology demonstrated on CUPID-0 and CUPIDMo prototypes
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Measure heat and light from energy deposition


Heat is particle independent, but light yield 
depends on particle type


Actively discriminate α using measured light yield
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CUPID Concept
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CUPID Infrastructure
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CUPID will utilize existing infrastructure (CUORE cryostat, experimental site)

CUORE cryostat

• Multistage cryogen-free 

cryostat

• Cooling systems: fast 

cooling system, Pulse 
Tubes (PTs), and


• Dilution Unit (DU)

∼15 tons @ < 4 K

∼ 3 tons @ < 50 mK


• anti-vibration system

• Active noise cancelling


CUORE (passive) shielding

• Ancient Roman Pb 

shielding in cryostat

• External Pb shielding

• H3BO3 panels + 

polyethylene

• CUORE hut and faraday cage

• AntiRadon and clean room 

• Storage area



CUPID Detector
Single module: Li2100MoO4, 45x45x45 mm, 280 g


Detector: 57 towers of 14 floors with 2 crystals each,                                               
1596 crystals


~240 kg of 100Mo with >95% enrichment                                                                  
~1.6.1027 100Mo atoms 


Ge light detector with SiO antireflective coating                                                              
as in CUPID-Mo, CUPID-0


‣ Each crystal has top and bottom LD


NTD readout for both LD and Li2100MoO4
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Topics in Astroparticle and Underground Physics 2021Jonathan Ouellet (MIT)

CUPID Experiment

CUPID Baseline Design

▸ 45 x 45 x 45 mm3 cubic Li2100MoO4 crystals 
▸ Crystal mass: 280g 

▸ 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. Gravity 
assisted design. 

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

▸ No reflecting foils 

▸ NTD readouts for both Li2MoO4 crystals and Ge LDs 
▸ Possible option of TES readouts for LDs
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Light detectors

  

Li
2
MoO

4
crystals

PTFE pieces

Copper structure

NTD

SiO-coated Ge 
light detectors

LNGS Test Tower
Alternate tower design 

test at Canfranc



CUPID Background model
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Fig. 9 Background sources contributing to the M1β/γ reconstruction,
grouped by source and component. The shaded area corresponds to the
400 keV energy range from 2.8 to 3.2 MeV (ROIbkg) chosen to analyze
the background in the region of interest around the 82Se 0νββ Q-value.

In this plot, the time veto for the rejection of 208Tl events is not applied,
thus the ROIbkg is dominated by the β/γ -events from 232Th chain con-
taminations located in Crystals

the expected rate in the narrower region where the 0νββ sig-
nature is searched. This is true for all background components
except for the 2νββ one, because its spectrum has the end-
point at the Q-value of 82Se ββ decay. The contribution from
2νββ source reported in Table 5 is produced exclusively by
events with energy < 2950 keV, while the expected counting
rate from 2νββ in a 100 keV range centered at 82Se Q-value
is < 3 × 10−6 counts/(keV kg year).

In order to study the systematic uncertainties of the back-
ground reconstruction in the ROIbkg , we perform some fits in
which the sources are modeled in a different way with respect
to the reference fit. Particularly, we performed the following
tests:

1. a fit with a reduced list of sources in which we exclude the
contaminations evaluated as upper limits in the reference
fit;

2. a fit with Crystals surface contaminations simulated by
setting the depth parameter at 0.1µm instead of 0.01µm;

3. a fit in which the 226Ra–210Pb contamination inReflectors
is removed from the list of sources;

4. a fit in which theReflectors sources simulated with 10µm
depth parameter are replaced by uniformly distributed
contaminations;

5. a fit in which we add 232Th and 238U contaminations on
Holder surfaces (λ = 10µm), constrained by priors from
CUORE-0 background model [10];

6. a fit in which we investigate the effect of 232Th and 238U
surface contaminations on the 50 mK shield surrounding
the CUPID-0 tower;

7. three fits in which the source list does not include 232Th
and 238U contaminations in CryoInt, IntPb, and ExtPb,
respectively;

In all of these tests, we obtain pull distributions compat-
ible with a standard Gaussian. Therefore, we analyze the
differences in the ROIbkg counting rates to get an estimate
of systematic uncertainties, reported in Table 5. We do not
quote a systematic uncertainty for 2νββ contribution to the
ROIbkg , because the results from all tests are within a range
much smaller than the statistical uncertainty. Crystals sur-
face contaminations are constrained by the time analysis of
consecutive α decays. Their counting rate in the ROIbkg has a
maximum variation of ∼ 30% when fitting with the reduced
list (that does not include 10 µm surface contaminations of
Crystals) and when performing the tests number 2 and 3.

The systematic uncertainties affecting the ROIbkg count-
ing rate due to Reflectors and Holder contaminations are
investigated through tests number 3, 4, and 5. The bulk/deep
surface contaminations in Reflectors produce a continuum
of degraded α that allows to obtain a good fit to the M1α

spectrum in the [2–4] MeV range. Since 232Th in Reflectors
is constrained by a prior which makes negligible its contri-
bution, 226Ra–210Pb and 210Pb–206Pb are the only reflector
sources which are left free to fit this continuum. In fit number
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CUORE Preliminary (300.7 kgy)

CUORE CUPID-0 CUPID-Mo

Alpha-rejection

Confirms the β/γ 
background from detector 
holders in 3 MeV ROI

Data confirms: 

• α tagging performance

• Radiopurity of crystals

• Energy resolution

Characterize β/γ background 
from cryogenic system and 
detector holders in the 100Mo 
ROI  (Q𝛽𝛽= 3034 keV)

Our background model reconstruction approach is well validated in multiple experiments. 


All the materials for CUPID have been directly measured in bolometric setups.



Primary background in CUORE
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CUORE Preliminary (300.7 kgy)

Same cryogenic infrastructure as CUPID (direct measurement)


Fit to the observed spectra to extract origin and level                                               
of contaminants (based on 300 kg·yr exposure)


 Degraded α background


‣ Decays with Q-value in 4-8 MeV range that lose                                                            
part of the energy in nearby passive materials


‣ Background in CUORE ROI: 1.5 10-2 ckky


Gamma background


‣ CUORE  Qββ(2528 keV): 10-3 ckky


‣ CUPID moves Qββ at 3034 keV                                                                                                                                                  
<10-4 ckky
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Background in CUPID
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Background goal: 10-4 ckky


CUPID will reduce backgrounds primarily by


‣ Eliminating surface α’s with PID


‣ Reducing β/γ continuum backgrounds by moving the ROI from 2.5 MeV to 3 
MeV (~10x), lower cross section and delayed coincidence (bkgd from 214Bi/
208Tl β continuum from contaminations in crystal bulk and on nearby surfaces)


‣ Eliminating muons with a muon tagger

CUORE BI 
(at 2527 keV)

CUORE BI  
(at 3034 keV) Mitigation

CUPID BI 
Goal  

(at 3034 keV)
ckky ckky ckky

Surface 
α’s 1.4×10-2 1.4×10-2

Particle 
Identificatio

n
Negligible

Compto
n γ’s 10-3 10-4

Moving the 
ROI

5×10-5
Delayed 

Coincidence

Muons 10-4 10-4 Muon Veto 
Panels

<10-6

Pileup Negligible Negligible LD Timing 
Resolution 5×10-5

Topics in Astroparticle and Underground Physics, 2021Jonathan Ouellet (MIT)

CUPID Experiment

Backgrounds In CUPID

▸ CUPID background model is data driven 
▸ All CUPID components have been directly measured in CUORE, 

CUPID-0, or CUPID-Mo 

▸ CUPID Background Goal: 10-4 cnts/(keV∙kg∙yr) 
▸ Not quite background free: ~2 cnts in the ROI over 10 year 

exposure 

▸ Primary backgrounds 
▸ 50% 2νββ decay pileup 

▸ 40% surface backgrounds (β/γ’s) from nearby parts 

▸ 10% β/γ’s from cryostat shields 

▸ <1% Muons
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Pile up
The relatively fast decay rate of 100Mo (T1/2 2ν = 
7.1x1018 yr) leads to the possibility of two 2νββ 
decays events piling up and reconstructing in 
the ROI


Need ~170 μs effective timing resolution


‣ Li2MoO4 are  intrinsically slow Δt 
demonstrated down to ~1ms


‣ Light detectors have much faster intrinsic time 
constants->  higher sampling rate, wider 
bandwidth electronics, lower noise, smaller 
NTD, ML techniques


‣ Developed simulations that allow us to test 
various rise time, noise, and system 
bandwidth configurations


‣ a factor of 2-3 improvement over current 
(typical) performance required

18

Simulations Of Light Detector Configurations

Goal

Currently Typical

Δt = 1ms



CUPID scenarios
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CUPID Baseline

• Mass: 450 kg (240 Kg)  of Li2100MoO4(100Mo) for 10 yrs

• Energy resolution: 5 keV FWHM

• Background: 10-4 cts/(keV kg yr)


• Discovery sensitivity T1/2 > 1.1×1027 yr (3σ)


• Discovery sensitivity Mββ > [12-20] meV (3σ)

• Conservative, limited technology verification remaining



CUPID scenarios
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CUPID Baseline

• Mass: 450 kg (240 Kg)  of Li2100MoO4(100Mo) for 10 yrs

• Energy resolution: 5 keV FWHM

• Background: 10-4 cts/(keV kg yr)


• Discovery sensitivity T1/2 > 1.1×1027 yr (3σ)


• Discovery sensitivity Mββ > [12-20] meV (3σ)

• Conservative, limited technology verification remaining

CUPID-reach can be realized within existing cryogenic setup

Pileup background below ~1×10-5 cnts/(keV kg yr). 

- achieved e.g. with the use of TES-based light detectors.


Surface backgrounds from the holders reduced by a factor of ~3. 

–Baseline background budget from crystals and holders amounts to 3.6×10-5 cnts/(keV kg yr). 

–Could be reduced e.g. through the use of the laser machining

• Same payload as CUPID baseline 

• Background: 2 10-5 cts/(keV kg yr)


• Discovery sensitivity T1/2 > 2×1027 yr (3σ)


• Discovery sensitivity Mββ > [9-15] meV (3σ)



CUPID 1 Ton

21

• Mass: 1000 kg of 100Mo

• Energy resolution: 5 keV FWHM

• Background: 5x10-6 cts/(keV kg yr)

• Discovery sensitivity T1/2 > 8×1027 yr (3σ)


• Discovery sensitivity Mββ > [4-7] meV (3σ)

– Multi-cryostat setup or large-scale dilution refrigerator(cooling power comparable to 
CUORE) , technologically achievable (increasingly common in Quantum Computing)


– Background goal of 5×10-6 cts/(keV kg yr) requires more effort

– Likely require full implementation of next-generation (TES or mKID) low-noise, high-

bandwidth quantum sensors

– Need to consider/verify subdominant backgrounds

An Inverted Hierarchy Precision measurement device across multiple isotopes or a 
Normal Hierarchy Explorer



Conclusions
CUPID builds on an existing and well-functioning international collaboration

Collaboration has operational experience at LNGS for ton-scale, bolometric 
experiment and utilizes existing infrastructure


Cost effective, timely, and leverages international investments.


Limited technology verification remaining for CUPID baseline.


Data-driven background model reaches baseline goal of b~10-4 ckky.


Particle identification demonstrated in medium scale prototypes 


Enrichment and crystal growth demonstrated at required scale
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CUPID prepared to fully explore the inverted ordering region 
using only 240 kg of 100Mo


Plans for CUPID-1T experiment are feasible and within technical reach 
of bolometer technology. CUPID baseline/reach will help understand 
backgrounds for CUPID-1T. 



CUPID Collaboration
A strong international collaboration: ~140 collaborators across 7 
countries
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LNGS Laboratory 
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120 km from Rome


~ 3600 m.w.e. deep


μ flux: ~ 3x10-8/(s cm2)


γ flux: ~ 0.73/(s cm2)


neutrons: 4x10-6 n/(s cm2) below 10 MeV
Mitigation of external background

Underground location: 3 · 10�8 µ/cm2/s
Polyethilene and H3BO3 neutron
shieldings
70 tons of external lead shielding
6.5 tons of Roman Pb inside the cryostat
Copper cryostat absorbs Pb X-rays
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Minus-K isolators

Support columns

External lead shield 
(~70 t)

Concrete walls

Seismic isolators

Y beam

Main Support Plate

Cryostat

H3BO3 panels

Polyethylene

Screw jacks

Movable platform

• Three-story building
• Hosting the cryostat supporting structure

Underground Laboratory


