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Disclaimer
• Many exciting developments: impossible to cover all
• Will focus on the future
 My apologies for any omissions !
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Neutrino Physics Landscape
• Compelling evidence for
 Neutrino flavor-changing oscillations
 (therefore) finite neutrino masses
 Mixing angles are well measured

• Open questions in ν  Physics:
 How many neutrinos? 
 Sterile neutrinos ? 

 What is absolute scale of ν  mass ?
 How are masses arranged ? 
 Are neutrinos responsible for matter-antimatter 

asymmetry ?
 Majorana or Dirac neutrinos ? 
 Is Lepton Number conserved ? At least one ν has m > 55 meV
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Normal ordering Inverted ordering

Neutrino mass hierarchy
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4

Dirac vs Majorana Neutrinos

• Dirac
 Requires new fundamental global 

symmetry U(1)lepton number 
New physics ?
Matter and antimatter are 

fundamentally different 

• Majorana
 Cannot be explained by “standard” Higgs 

Yukawa coupling 
 Lepton number violated: New Physics !
 Potentially sensitive to very high mass 

scales (see-saw mechanism)
 Can generate matter⇔antimatter transitions 
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Neutrinoless Double-Beta Decay

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1025 y
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0νββ

2νββ
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Neutrinoless Double-Beta Decay

• Observation of 0νββ  would mean
 Lepton number violation
 Neutrinos are Majorana particles
 Rate related to (effective) electron neutrino mass

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1026 y
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The measurable quantity is the half life:
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Constraints on m𝛽𝛽
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M. Agostini, G. Benato, J. Detwiler, 
Phys. Rev. D96, 053001 (2017) 

 mbb distribution in the parameter space 
Phys. Rev. D 96, 053001 (2017) 
Discovery probability of next-generation neutrinoless double-β decay experiments 
Global Bayesan analysis including neutrino oscillations, tritium, double beta decay, cosmology 
Ignorance of the scale of the parameters o Scale-invariant prior distributions 
 
¾ S = M1+M2+M3, DMij

2: logarithmic 
¾ Angles and phases: flat 
 
Marginalized posterior distributions of mbb 

(see also Phys. Rev. D 96, 073001 (2017)) 
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Current/near future experiments
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NB: simplest interpretation (3 light neutrinos). Sterile neutrinos or heavy new physics could change the 
interpretation dramatically ! 
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Opportunities for the fundamental discovery
8 mbb distribution in the parameter space 

Inverted 
ordering 

Normal 
ordering 

Next-generation most promising 
experiments have a high discovery 
potential: 
The cumulative probability for mbb to 
be higher than 20 meV is  
¾    1 for Inverted Ordering 
¾ a 0.5  for Normal Ordering 
Cosmology has a relatively small 
impact on this scenario. 

gA quenching has an important effect 
but not dramatic 
 
 
30% gA quenching reduces the 
discover potential by  
¾ a 15% for Inverted Ordering 
¾ a 25% for Normal Ordering 

Probability densities and cumulative probabilities for mbb 
 

Phys. Rev. D 96, 053001 (2017) 

M. Agostini, G. Benato, J. Detwiler, 
Phys. Rev. D96, 053001 (2017) 
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definite target
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Connecting Half-life to m𝛽𝛽: Isotope Choice
9
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Experimental constraints:
- Detector technology
- Backgrounds
- Isotopic abundance
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Diverse Worldwide Experimental Program
10
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Diverse Worldwide Experimental Program
10

Convincing discovery requires

Multiple isotopes
Technological tradeoffs
Different systematics

Next generation (ton-scale): 
3-4 experiments worldwide 
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Challenges
11

Non-zero backgrounds (most current experiments):

Half-life Expected Signal (counts/tonne-year)
1026 years ~50
1027 years ~5
1028 years ~0.5

Experimental challenge -- sensitivity scaling:

KamLAND-Zen
Majorana

CUORE

current gen
next gen
next-next gen

Practical challenge: very rare process ! 

Neutrino 2018, Jun 2018 EXO-200 and nEXO   - Gratta 4

The EXO program

- Use 136Xe in liquid phase

- Initial R&D on energy resolution using 
scintillation-ionization correlation

- Build EXO-200, first 100kg-class experiment 
to produce results.  Phase II in progress, will
end in Dec 2018

- Build the 5-tonne nEXO, reaching T1/2~1028 yr
and entirely covering the Inverted Hierarchy

- Develop a technique for tagging the final state Ba as a possibility
to further upgrade nEXO and substantially exceed T1/2=1028 yr

EXO-200 calibration data

EXO-200

SNO+
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- Initial R&D on energy resolution using 
scintillation-ionization correlation

- Build EXO-200, first 100kg-class experiment 
to produce results.  Phase II in progress, will
end in Dec 2018

- Build the 5-tonne nEXO, reaching T1/2~1028 yr
and entirely covering the Inverted Hierarchy

- Develop a technique for tagging the final state Ba as a possibility
to further upgrade nEXO and substantially exceed T1/2=1028 yr

EXO-200 calibration data

EXO-200

SNO+
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Array of 988 TeO2 crystals 
 19 towers suspended in a cylindrical structure (13 levels, 4 crystals each)
 5x5x5 cm3 (750g each); 130Te: 34.1% natural isotope abundance

 Pulse tube refrigerator and cryostat
 Radio-purity techniques and high resolution: low backgrounds
 Joint venture between Italy (INFN) and US (DOE, NSF) at LNGS in Italy
 Data taking since 2017, now >2.5 ton-years of TeO2 exposure collected

Recent Results: CUORE
12

750 kg TeO2  =>  206 kg 130Te

CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 5

Low temperature and low vibrations  
TeO2 detectors to be operated as calorimeters at 
temperature ~10 mK 

• Multistage cryogen-free cryostat : Nested vessels at 
decreasing temperature 

5 Pulse Tube Cryocoolers 40W @ 40K, 1.2W @ 4K 
Custom 3He/4He DU 2mW @ 100mK, 4μW @ 10mK 

• Mechanical vibration isolation: Reduce energy 
dissipation by vibrations

Dell'Oro S. et al., Cryogenics 102, 9, (2019)
https://doi.org/10.1016/j.cryogenics.2019.06.011 

CUORE

LNGS
Low background  
• Deep underground location  
• Strict radio-purity controls 

on materials and assembly  
• Passive shields from 

external and cryostat 
radioactivity 

• Detector: high granularity 
and self-shielding

The CUORE challenge

Adams D. et al. (CUORE collaboration), Prog.Part.Nucl.Phys. 122 (2022) 103902, 
https://doi.org/10.1016/j.ppnp.2021.103902

CUORE

May 31st, 2022 - Neutrino 2022 - I.Nutini (Milano Bicocca) 5

Low temperature and low vibrations  
TeO2 detectors to be operated as calorimeters at 
temperature ~10 mK 

• Multistage cryogen-free cryostat : Nested vessels at 
decreasing temperature 

5 Pulse Tube Cryocoolers 40W @ 40K, 1.2W @ 4K 
Custom 3He/4He DU 2mW @ 100mK, 4μW @ 10mK 

• Mechanical vibration isolation: Reduce energy 
dissipation by vibrations

Dell'Oro S. et al., Cryogenics 102, 9, (2019)
https://doi.org/10.1016/j.cryogenics.2019.06.011 

CUORE

LNGS
Low background  
• Deep underground location  
• Strict radio-purity controls 

on materials and assembly  
• Passive shields from 

external and cryostat 
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130Te

Bradford Welliver, UCB APS April 2024.04.05

CUORE Exposure

• Major cryogenic intervention and 
upgrade in early 2019 

• Exposure increasing steadily since 
resumption of operations 

• Detector and cryostat performance stable 

• Short stops for routine checks of noise, 
detector response 

• Over 2.5 ton-years of acquired exposure!

25

PRL 2018 
86.3 kg*yr

PRL 2020 
372.5 kg*yr

Nature 2022 
1038.4 kg*yr

New Release! 
2039.0 kg*yr

CUORE Preliminary



Bradford Welliver, UCB APS April 2024.04.05

1000 2000 3000 4000 5000 6000
 Energy (keV)

2−10

1−10

1

10

210

-1
 y

r
-1

 k
g

-1
Co

un
ts 

ke
V

Co60

Base cuts
Base cuts + AC
Base cuts + AC + PSD

K40

Bi214 Tl208

Pt190

Th232

U238

Th+230

Ra226

Po210

Rn222

Ra224ββ
Q

CUORE Data Production

26

Trigger & 
Optimal Trigger

Raw Pulse Processing 
& Average Noise & 

Average Pulse

Optimal Filter Amplitude  
& 

Thermal Gain Correction

Calibration 
U/Th Source

Coincidence Tagging 
Allow selection of events based on 

number of crystals with energy 
deposition

Pulse Shape Analysis (PCA)

Denoising

CUORE Preliminary
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CUORE results with 2 ton-year of exposure
13

arXiv:2404.04453

• No evidence for 0νββ decay

• Interpretation in context of light 
Majorana neutrino exchange

Detector Performance Parameters

T0ν
1/2 > 3.8 × 1025 years (90 % CI)

mββ < 70 − 240 meV

Background Index

Characteristic FWHM 𝛥E at Qββ 

𝛼 backgrounds𝛽/𝛾 and 2𝜈𝛽𝛽  backgrounds

130Te

Bradford Welliver, UCB APS April 2024.04.05
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• Unblind and re-run Bayesian fit 

• ROI: no evidence of signal at Qββ

31

Half-life limit for 0νββ decay in 130Te 
 (90% CI)T0ν

1/2 > 3.8 × 1025 yr

arXiv: 202404.01haha
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[1.42 ± 0.02] × 10−2 cts/kg/keV/yr

Bradford Welliver, UCB APS April 2024.04.05

CUORE: Resolution Scaling

• Must parameterize calibration resolution to physics data 

• Previously:  

• New:  

• Use various γ peaks in each physics dataset to 
simultaneously fit calibration lineshape 

• New model accounts for channel intrinsic resolution 

• FWHM at Qββ:  keV (old method) and 
 keV (new method) 

• Energy bias simply quadratic fit of residuals between 
true vs fit energy 

• Bias at Qββ:  keV

σbkg,ch(E) = R(E)σ2615,ch

σbkg,ch(E) = δ2
bkg,ch + R(E)(σ2

2615,ch − δ2
cal,ch)

7.76+0.2
−0.7

7.53+1.45
−1.15

0.51+0.04
−0.31
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Fig. 4. Fit to the ROI spectrum. The best-fit curve (purple) and the best-fit curve with the 0⌫�� decay
rate fixed to the 90% C.I. limit (dashed green) to the spectrum (yellow) in the ROI after all selection cuts.

We observe no statistically significant evidence of 0⌫�� decay and report a best-fit decay rate of

�̂0⌫ = 4.5+6.9
�4.5 (stat.+syst.) ⇥ 10�27 yr�1 and set a limit on the decay rate of �0⌫

1/2 > 1.8 ⇥ 10�26 yr�1

at 90% credibility interval (C.I.) corresponding to a decay half-life limit of T 0⌫
1/2 > 3.8 ⇥ 1025 yr (90%

C.I.) (Fig. 9). We also perform a frequentist fit and using the Rolke method [49], set a half-life limit of

T
0⌫
1/2 > 3.7 ⇥ 1025 yr at 90% confidence level (C.L.) (Fig. 10), which is compatible with the Bayesian fit

result. Using the background-only hypothesis to fit the ROI, we obtain a background index (BI) for each

dataset (Fig. 11) with an exposure-weighted mean of (1.42 ± 0.02) counts keV�1kg�1yr�1. We use the

BIs to extract a median exclusion sensitivity of 4.4 ⇥ 1025 yr (90% C.I.) (Fig. 12) [44]. Compared to

this value, the probability of obtaining a stronger limit is 67%.

The simplest model that is commonly used to compare 0⌫�� decay search results across isotopes

is the light-neutrino exchange model [11] from which we extract an effective Majorana neutrino mass

(m��). Thus, we place a limit of m�� < 70 – 240 meV, where the spread comes from the range of

different nuclear model parameters currently available in the literature [50, 51, 52, 53, 54, 55, 56, 57, 58].

The CUORE limit, along with the most stringent m�� constraints obtained with other isotopes are shown

in Fig. 5.

11

CUORE Preliminary
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Recent Results: KamLAND-Zen
14 136Xe

KamLAND-Zen 400 KamLAND-Zen 800

Now, 745kg deployed380kg deployed

KamLAND2-Zen

1 ton planned (scalable)

Mirror
HQE-PMT     
new LS
full volume effective
w/ scintillation film

x5
p.e.

Further improvements going on;
better neutron tagging

machine learning (ML) for long-lived tagging
ML for beta/gamma discrimination
muon-bundle tracking, and so on

Further technologies being developed
imaging sensor (1/10 reduction of long-lived BG)
high-p xenon deployment (2 times more xenon)

For more xenon (possible source)
Extraction from nuclear spent fuel is considered.
More than 100 ton seems to be possible at 44% 
concentration of Xe-136 without centrifugal 
enrichment.

(target sensitivity)

(corresponding mass limit)PRL117, 082503 (2016) PRL130, 051801 (2023)

3ı�GLVFRYHU\�SRWHQWLDO�LV�QRW�VWXGLHG��EXW�a1x1027 yr

?
It will not be a good choice for 
the single purpose, but this is 

multi-purpose detector.

w/ more than 20 ton xenon
imaging sensor
high-p xenon 

(guesstimated sensitivity)

Then ?

44% 8.9%

C. Grant

N. Kawada: Neutrino 2022 
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KamLAND-Zen Results with ~1 ton-year of 136Xe exposure
15

Fitted Energy Spectrum for R < 1.57 m
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Half-life limit: 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Bayesian Analysis Toolkit: BAT based on Markov Chain Monte Carlo

 posterior0νββ

https://github.com/bat/bat
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Bayesian Analysis Toolkit: BAT based on Markov Chain Monte Carlo

 posterior0νββ

https://github.com/bat/bat
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Assume a flat prior in 1/T0νββ
1/2

Median Sensitivity: 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1/2 > 1.5 × 1026yr (90 % C . I.)
Combined Results for ⟨mββ⟩

This is the first  search to dip into the inverted ordering region!0νββ

Result dependent 
on individual NMEs 

First tests of theoretical 
predictions.
(a) Phys. Rev. D 86, 013002
(b) Phys. Lett.B 811, 135956
(c) Euro.Phys.J.C 80, 76

This Xe  search 
represents the worlds 
most stringent limit on 
the effective Majorana 
mass.

0νββ

(Ge) GERDA: Phys.Lett. 125 252502
(Te) CUORE: Nature 604, 53 (2022) 

 ⟨mββ⟩ < 36 − 156 meV
T0νββ

1/2 > 2.3 × 1026yr

52

Combination of KLZ-400 and KLZ-800

136Xe

C. Grant

N. Kawada: Neutrino 2022

Phys.Rev.Lett. 130, 051801 (2023)
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Constraints on m𝛽𝛽

16

M. Agostini, G. Benato, J. Detwiler, 
Phys. Rev. D96, 053001 (2017) 

 mbb distribution in the parameter space 
Phys. Rev. D 96, 053001 (2017) 
Discovery probability of next-generation neutrinoless double-β decay experiments 
Global Bayesan analysis including neutrino oscillations, tritium, double beta decay, cosmology 
Ignorance of the scale of the parameters o Scale-invariant prior distributions 
 
¾ S = M1+M2+M3, DMij

2: logarithmic 
¾ Angles and phases: flat 
 
Marginalized posterior distributions of mbb 

(see also Phys. Rev. D 96, 073001 (2017)) 

The measurable quantity is the half life:
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Next-generation goal
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Next-Generation Program, AKA ton-scale (US view)
17

Preliminary artist view of nEXO in the SNOLAB Cryopit

13Neutrino 2018, Jun 2018 EXO-200 and nEXO - Gratta
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LEGEND

Integrated front-end / amp test

HV cable prototype 

Goal: To develop a phased 76Ge-based double-beta 
decay experimental program with discovery potential 
at a half-life significantly longer than 1027 years.

“Breadboarding” with “sea-of-transistors”Cold electronics prototyping

First phase (LEGEND-200):

• (up to) 200 kg

• repurpose GERDA infrastructure  
at LNGS

• use LAr veto

• start by 2021

Future phase (LEGEND-1000):

• 1000 kg

• Location to be determined

• start by 202x

LEGEND-200 LEGEND-1000CUPID

Goal: 0𝜈𝛽𝛽 discovery if m𝛽𝛽 is above ~10-20 meV in the next decade

Complemented by a world-wide suite of efforts developing technologies for ton-scale 
and beyond, with comparable scientific sensitivities
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Next Generation: LEGEND (LNGS)
Large Enriched Germanium Experiment for Neutrinoless ββ Decay

18

LEGEND combines the best aspects of GERDA and MJD:
• Ultra-low background materials, FEE (MJ)
• Low-Z active veto (GERDA)

LEGEND-200 
‣ Use existing GERDA  

infrastructure at LNGS
‣ Up to 200 kg
‣ BG goal: 1/5 of GERDA
‣ Started in 2021

LEGEND-1000
‣ LNGS or SNOLab
‣ UG LAr
‣ Phased implementation
‣ BG goal: 1/100 of GERDA  

(0.025 c/FWHM t y)

M
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A

Phased 76Ge-based 0νββ program with discovery potential at a half-life beyond 1028 years

76Ge

Enriched 76Ge diodes (HPGe detectors): best energy resolution



06/07/2024 Yury Kolomensky: 0νββ 

LEGEND-200 (LNGS)
19

Bradford Welliver, UCB APS April 2024.04.05

LEGEND-200
• 142 kg of HPGe 

detectors 

• Submerged in liquid Ar 

• Mesh shroud to 
protect from 42K

18
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M. Willers TAUP2023

From: K von Sturm - TAUP23

• LEGEND-200 sees 
a low background 

• 10.4 kg-yr of data 

• BI: 
 

cts/keV/kg/yr
4.1+11.4

−1.5 × 10−4
 T0ν

1/2 > 1.5 × 1027 yr (90% C.L.)

⟨mββ⟩ < [34 − 78]  meV

Projected Limits
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142 kg of enriched HPGe detectors submerged in LAr
Mesh shroud around detector towers to protect from 42K
Science data taking since 2023; expect new results at Neutrino 2024
Low background index                              counts/kg/keV/year  

Bradford Welliver, UCB APS April 2024.04.05

LEGEND-200
• 142 kg of HPGe 

detectors 

• Submerged in liquid Ar 

• Mesh shroud to 
protect from 42K

18

Image: C. Wiesinger

M. Willers TAUP2023

From: K von Sturm - TAUP23

• LEGEND-200 sees 
a low background 

• 10.4 kg-yr of data 

• BI: 
 

cts/keV/kg/yr
4.1+11.4

−1.5 × 10−4
 T0ν

1/2 > 1.5 × 1027 yr (90% C.L.)

⟨mββ⟩ < [34 − 78]  meV

Projected Limits

Projected limits (5 years):

T0ν
1/2 > 1.5 × 1027 years

mββ < 34 − 78 meV

76Ge
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CUORE Upgrade with Particle ID (CUPID): LNGS
20

Next-generation bolometric ton-scale experiment at LNGS
Mission: Discover 0𝜈𝛽𝛽 if m𝛽𝛽 > 10 meV  (half-life in 100Mo>1027 years)
• 1500 enriched Li2MoO4 crystals (~240 kg of 100Mo)
• Demonstrated radio-purity, active background rejection
• Energy resolution ~5 keV
• Total background of <0.1 counts/(ton*kev*year)
• Phased deployment options up to 1 ton of 100Mo (CUPID-1T)
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Figure 1: (Left) Graphical schematic of a proposed CUPID crystal: as well as providing a bolometric
signal, light detectors would read out either scintillation or Cherenkov light in order to distinguish
the ↵ background from the �� signal. (Right) The observed spectrum in CUORE (black) and the
projected impact of removing the ↵ background (red). FIXME Can we overlay your ROI on this
figure?? Also, need better quality figs please.
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Figure 2: (Left) Projected contribution of different background event types to the ROI in the SNO+
liquid scintillator detector in the first year of data taking. Background is dominated by the directional
8B solar neutrinos, thus a directional detector such as THEIA can expect to reduce this background
dramatically and, thus, improve signal sensitivity. (Right) Projected sensitivity for CUPID and THEIA
experiments.
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CUPID
• CUPID: CUORE Upgrade with Particle ID 

• Also uses 100Mo enriched crystals: 
Li2MoO4 

• Builds off successful demonstration of 
CUPID-Mo + experience of CUORE 

• Scintillating calorimeters using NTD-Ge 
thermistors

40

Aim to explore past IH

CUPID Numbers: 
✦ 45x45x45 mm3 cubic crystals ~ 280 g 
✦ Each facing 2 Ge LD 
✦ 1596 LMO crystals total (95% enrichment) 
✦ 1710 Ge LDs 
✦ δE Qββ: at least 5 keV FWHM 
✦ LD baseline resolution: 100 eV RMS 
✦ LD timing resolution: < 170 µs 
✦ Background Index: < 10-4 cts/keV/kg/yr 
✦ Half-life exclusion sensitivity: 1.4x1027 yr

Bradford Welliver, UCB APS April 2024.04.05

CUPID Sensitivity
• CUPID goal is BI of 1x10-4 cts/keV/kg/yr 

• Pile-up from 2νββ decay is a dominant source! ( ) 

• Need fast LD with good SNR to reject pileup! 

• Neganov-Trofimov-Luke amplification on LD

T2νββ
1/2 = 7.1 × 1018 yr

41
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Validated by CUPID-Mo Bkg Model

Requirements on LD

CUPID 
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1.4 × 1027 yr : mββ < [10 − 17] meV
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Inverted Hierarchy Probes 
• CUPID: Baseline, Technically ready 
• CUPID-reach: Same Cryostat really mitigate 

background to 1x10-5 
• CUPID-1T: 1000 kg of 100Mo, new cryostat, BI 

of 5x10-6 ckky

Prototype NTL-LD
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nEXO (SNOLab)
21

Large monolithic LXe TPC
5000 kg of liquid 136Xe 

(90% enrichment)
Resolution 𝜎E/E ~ 0.8%

Self-shielding, active 
background discrimination 

(topology, vertex 
reconstruction)

Multi-dimensional fit to 
constrain backgrounds

136Xe

Discovery sensitivity (3𝜎): T1/2 = 7.4×1027 years
m𝛽𝛽 discovery sensitivity: 5-27 meV
(arXiv:2106.16243; J.Phys.G 49, 015104 (2022)

nEXO: 0⌫�� search beyond 10
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Figure 1. Visualization of the Geant4 geometry implementation for MC simulations of the nEXO detector. The drawing on the left
shows a cross-section view of the large components external to the TPC vessel, including the OD’s water and SNOLAB’s Cryopit
wall. The model on the right shows a close up view of the main components inside the TPC vessel.

The MC geometry now includes the high voltage
(HV) feedthrough and two tubes within the HFE-7000
volume that are designed to bring calibration sources
near the outside of the TPC vessel. The support
structure for both IV and OV have been implemented
along with realistic attachments and feedthroughs,
and with thicknesses matching recent engineering
estimates. In particular, we added additional 0.2 cm
and 0.3 cm thick titanium internal liners to both
the IV and OV, respectively. They provide the
winding mandrel for the carbon-fiber composite (CFC)
employed in these vessels. For the IV, the liner also
doubles as an adsorption barrier for the HFE-7000. In
the model, the liners are made of titanium but other
materials are also under consideration. All of these
components are modeled as both passive radioactive
background shields and background sources through
dedicated simulations of decays in the materials.
Background contributions from electronics cables,
running along the vessel structures outside of the TPC
vessel, were found to be negligible, and hence are not
included in the simulation.

The OD geometry presented here has been
designed for installation in the Cryopit at SNOLAB.
The OD consists of a water tank enclosing the OV
that serves two purposes: to shield against external
radiation, and to tag the passage of nearby muons,
which allows for vetoing of cosmogenically-induced
events in the TPC. Our MC simulations indicate
that a minimum diameter of 11 m and a height of
12 m results in enough water shielding to sufficiently
reduce background contributions from the cavern rock
and concrete, and to produce nearly maximal muon
tagging efficiency when photomultiplier tubes (PMTs)
are mounted on the tank wall and used to read out the

Cherenkov light in the water. The simulated nEXO
geometry contains a water tank, 12.3 m in diameter
and 13.3 m in height, which is compatible with the
current dimensions of the Cryopit.

3. Event Simulation and Reconstruction

This work improves the fidelity of the expected
detector response to scintillation photons and direct
ionization produced in LXe. Electronic waveforms
produced by the charge signals are simulated in detail,
as well as the reconstructed event energy and topology.
The simulation takes into account generation of charge
carriers and scintillation photons, their propagation
in LXe, and electronic signals captured by readout.
We then use the simulated signals and reconstructed
energies to determine the event parameters that are
input to the 0⌫�� sensitivity analysis.

3.1. Ionization/scintillation anticorrelation in LXe

A custom version of the Noble Element Simulation
Technique (NEST) [54] calculates the number of elec-
trons (NQ) and scintillation photons (NP ) produced in
each simulated energy deposit in the LXe. These values
are stored in a list of hits, along with their generated
positions.

NEST version 2.0.1 [55] was modified to correct
interface issues with Geant4. Furthermore, two
adjustments were made in the model to attain better
agreement with EXO-200 results [48]. First, NEST
2.0.1 included an excess noise correlation in the total
number of created electrons and photons (i.e. an
inflated Fano factor), which lacked physical motivation
and did not agree with the noise model determined

nEXO: 0⌫�� search beyond 10
28

year half-life sensitivity 19

Figure 10. Nominal model of event distributions in nEXO, projected onto each of the three axes used in the sensitivity analysis: (a)
event energy, (b) DNN 0⌫�� discriminator, and (c) standoff distance. The 0⌫�� decay signal corresponds to a half-life of 0.74 ⇥ 1028

yr.

Figure 11. Event distributions for an example of toy dataset (black points) and combined groups of the fitted PDFs projected onto
the three axes used in the sensitivity analysis. In (a) the event energy distribution is shown for SS-like events (DNN > 0.85) in the
central 2000 kg LXe and in the 2000-2800 keV region; (b) the DNN 0⌫�� discriminator distribution is shown for events with energy
within Q��± FWHM/2 and in the same central volume; and (c) the standoff distance distribution is shown for SS-like events within
Q��± FWHM/2. The 0⌫�� decay signal corresponds to a half-life of 0.74 ⇥ 1028 yr.

A negative log-likelihood (NLL) is minimized to
determine the best fit values for Ni in each toy dataset.
The profile likelihood-ratio is used as a test statistic
to build confidence intervals for exclusion or discovery
of 0⌫�� decay. The details of the statistical analysis
employed in this work are provided in Appendix A.

An example of a toy dataset assuming that 0⌫��

decay exists and has a half-life of 0.74 ⇥ 10
28 yr

is presented in Figure 11. The figure shows the
randomized data projected onto the three fitting
variables along with the best fitted PDFs, which
are grouped together based on similar characteristics.

Figure 11 (a) shows the energy distribution of SS-
like events in the central 2000 kg of LXe, where a
comparable rate is observed between signal and all
background components added together in the region
near Q�� . In Figure 11 (b), the DNN score distribution
is shown for events with energy within the FWHM
around Q�� and in the central 2000 kg of LXe, while
(c) shows the standoff distance distribution for SS-
like events within the same energy range. There is a
region where the signal is dominant over backgrounds
in the bins towards 0⌫��-like DNN score and innermost
volumes in the standoff distance, illustrating the 0⌫��
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NLDBD Beyond Ton-Scale Experiments
• Long-term world-wide experimental 

effort
• Discovery reach of the next-generation 

experiments covers IO region of (light) 
neutrino masses

• Next-next generation:
 In case of discovery: precision measurements 

of NLDBD mechanism
 If no discovery: probe NO region

• Vibrant R&D towards next-next 
generation experiments

22 mbb distribution in the parameter space 

Inverted 
ordering 

Normal 
ordering 

Next-generation most promising 
experiments have a high discovery 
potential: 
The cumulative probability for mbb to 
be higher than 20 meV is  
¾    1 for Inverted Ordering 
¾ a 0.5  for Normal Ordering 
Cosmology has a relatively small 
impact on this scenario. 

gA quenching has an important effect 
but not dramatic 
 
 
30% gA quenching reduces the 
discover potential by  
¾ a 15% for Inverted Ordering 
¾ a 25% for Normal Ordering 

Probability densities and cumulative probabilities for mbb 
 

Phys. Rev. D 96, 053001 (2017) 
T1/2>1027 - 1028y

T1/2>1028 - 1029 y

M. Agostini, G. Benato, J. Detwiler, 
Phys. Rev. D96, 053001 (2017) 



06/07/2024 Yury Kolomensky: 0νββ 

Going Beyond the Inverted Hierarchy

• Bigger (more isotope)
• Better (lower backgrounds, higher resolution, topological info)

23

Half-life Expected Signal (counts/tonne-year)
1026 years ~50
1027 years ~5
1028 years ~0.5

current gen
next gen
next-next gen

Detectors need to be:
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Large Bolometric Detector: CUPID-1T
24

CUPID Baseline

5

CUPID-1T

Cryostat not including shielding or detector 

● Look almost the 
same 

● Can see the larger 
volume in CUPID 1T

Li2MoO4 crystals
250 kg of 100Mo
CUORE cryostat

Sensitivity: 
T1/2> 1.5×1027 years (IH) 

Li2MoO4 crystals
1000 kg of 100Mo

New cryostat or 4 CUORE-sized
Sensitivity:

T1/2> 9.2×1027 years (NH)

100Mo
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Possible Multi-Site Deployment
25

Map:  Wolfram Mathematica

• China JinPing Underground Laboratory (CJPL) – 
Jinping, China	

• Gran Sasso National Laboratories (LNGS)* – 
Assergi, AQ, Italy	

• Kamioka Observatory – Hida, Japan	
• Sanford Underground Research Facility (SURF) 

– Lead, SD, USA	
• SNOLAB – Sudbury, Canada	
• Stawell Underground Physics Laboratory (SUPL) 

– Stawell, Australia	
• Yangyang Underground Laboratory (Y2L) – 

South Korea	

*Home of CUORE/CUPID
Danielle Speller, CUPID-1T Quantum Calorimetry, RF4 Town Hall

Leverage worldwide interest in NLDBD physics, R&D opportunities, and complementarity with QIS
Multi-isotope deployment possible: key in case of a discovery

100Mo and other isotopes
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Next Idea: High-Pressure 136Xe TPC
26

NEXT (Spain): Electro-luminescence HPXe TPC

Key features: 
• Event topology (background 

suppression, kinematics)
• Energy resolution: 0.5% FWHM
• Background: 4×10-3 counts/

(ton*keV*year)

136Xe

Demonstrator (NEXT-100): ~2024 at Canfranc
Ton-scale: NEXT-HD. Projected sensitivity (90% C.L.): 
T1/2>2.7×1027 years (m𝛽𝛽=8-45 meV)
NEXT-BOLD concept with barium tagging

M. Sorel

High-pressure gas Xenon time 
projection chamber:
• Energy resolution is intrinsically 

better in gas
• Event topology tracking 

information, fiducialization, and 
particle ID

24

NEXT

ββ Signal e- Track Background

• 1230 kg of enrXe
• 1109 kg of 136Xe
• Energy res. (FWHM/E): 0.5%
• BI < 4x10-6 cnts/(keV kg yr)
• Discovery sensitivity: !"/$ ∼ 2.7×10$,yrs
• mββ discovery sensitivity: 8-45 meV

arXiv:2005.06467
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24
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Barium Tagging 136Xe Decays
27

• Feasible single-ion sensing techniques have been demonstrated in GXe and LXe
• Next steps: Barium capture, transport, and sensing in more-realistic detector environments

34

R&D for Barium Tagging

Laser-based ID in solid Xe for nEXO, Nature 569, 203-207 (2019)

Fluorescent molecule-based ID for NEXT, 
ACS Sens. 2021, 6, 1, 192–202 (2021)Cryoprobe-based 

extraction for nEXO

RF carpet-based transport for NEXT, 
arXiv:2111.11091 (2021)

Tagging 136Xe → 136Ba++ transition with high efficiency would eliminate all non-DBD backgrounds
Significant improvement in sensitivity
Vibrant R&D effort for over 20 years, major recent breakthroughs 
Demonstrated tagging single atoms in both LXe and GXe
Next steps: Ba capture and transport, scalability J. Gruszko

136Xe
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Large Hybrid Detector: Theia
28

Te or 
Xe

136Xe130Te

G.D. Orebi Gann

T1/2 > 1.5 x 1028 yrs (Te)	

T1/2 > 2.7 x 1028 yrs (Xe)	

 (90% CL)	

mββ < 5.4 (4.8) meV Te (Xe)
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Future 0𝜈𝛽𝛽 Discovery Potential
29

G. Benato, YGK
Methodology from Phys. Rev. D96, 053001 (2017) 

136Xe 130Te100Mo76Ge 130Te 136Xe 136Xe 136Xe 100Mo 136Xe 136Xe

Next Generation Next-Next

Inverted 
Ordering
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Conclusions and Outlook
• Neutrinoless Double Beta Decay: discovery science 
 Lepton Number Violation from low to high mass scales
 Current generation of experiments are approaching Inverted Ordering 

region. 
 More results this decade: AMoRE, CUORE, KamLAND-Zen, LEGEND-200, SNO+

 Next-generation (ton-scale) projects will improve half-life sensitivity by 1-2 
orders, probe IO region m𝛽𝛽 ~ 10 meV

 Active R&D for beyond ton-scale experiments 

30

Exciting future ahead !
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Backup
31
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Discovery Sensitivity
32

• The coming 
generation of 0νββ
experiments will fully 
explore the inverted 
hierarchy region
• Corresponds to 

searching for new 
physics at the 10’s -
100’s of TeV scale
• R&D is underway to 

reach !"" ∼ 1 !%&
• Discovery could 

come at any time! 

37

The Future of 0νββ Searches

Light 
Majorana 
neutrino 
exchange 
(dim 5):

0νββ via 
dimension 
7 and 9 
operators:

arXiv:2202.01787
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Future Experiments: Discovery Probability
33

Discovery sensitivity: the value of T1/2 or mbb for which the experiment has a 50% 
chance to measure a signal with a significance of at least 3 s 
Discovery probability: odds to detect the 0nbb signal with significance of at least 3 s 

Obtained by folding the discovery sensitivity with the mbb distribution 

Discovery probability 
Phys. Rev. D 96, 053001 (2017) 

Phys. Rev. D96, 053001 (2017) 

Bayesian probability for 3𝜎 0𝜈𝛽𝛽 discovery, folding current prior on m𝛽𝛽   
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