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Overview

• Where did we come from?

• Why 0νββ?

• Discovery potential

• Experimental approaches

• Where do we go from here?
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1935 — Goeppert Mayer
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1937 — Majorana
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Can a neutral fermion be its own antiparticle?
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1939 — Furry
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Putting the pieces together



Gabriel D. Orebi Gann, Erice, 2026

1939 — Furry

7

Putting the pieces together



Gabriel D. Orebi Gann, Erice, 2026

1950 - 1987 — From evidence to observation

8

1950 

Geochemical evidence — 130Te 

Ancient mineral as an integrating 
detector

130Te → 130Xe

Excess 130Xe reveals double-beta 
decay
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1950 - 1987 — From evidence to observation
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1950 

Geochemical evidence — 130Te 

Ancient mineral as an integrating 
detector

130Te → 130Xe

Excess 130Xe reveals double-beta 
decay

1987 

First direct observation — 82Se 

Two-electron events observed in a 
TPC

T2ν1/2 ~ 1020 yr
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What would we observe?
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Searching for 0νββ
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For nearly 90 years the question has 
remained the same
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Searching for 0νββ
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What has changed is our ability  
to answer it

For nearly 90 years the question has 
remained the same
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Unique probe of otherwise unreachable regionsν Fascinating particle in its own right
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ν
The only (known) fundamental fermion with the potential 

to be its own antiparticle

“Majorana” particles

Could explain the origin of our matter-dominated universe!

Do neutrinos and 
anti-neutrinos 
behave in the 
same way?

“CP violation”
M.C. Escher
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Aside

16

Escher travelled and sketched in Sicily in the 1930s 
— including Segesta, 1932



Matter  - vs -  Antimatter
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M.C. Escher

fortunately for us!

Matter & antimatter 
annihilate!

Matter  - vs -  Antimatter

“CP violation” is a measure of a 
difference in the behaviour of matter 

and antimatter

The Universe is out of balance: matter far outweighs antimatter
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Majorana Neutrinos

19

A big Majorana mass splits the Dirac neutrino into two 
neutrinos: the light neutrino ν and a heavy neutrino N

Can have heavy partners

N

ν

M.C. Escher
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Majorana Neutrinos

19

A big Majorana mass splits the Dirac neutrino into two 
neutrinos: the light neutrino ν and a heavy neutrino N

Can have heavy partners

N

ν

Made in the Big Bang (high energy scale)
CP violation + lepton number violation 

in  their decay could translate into 
current asymmetry

Our familiar light ν, 
made and detected in 

terrestrial experiments

M.C. Escher
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0ν double beta decay

20

τ ≥ 1019 y



Gabriel D. Orebi Gann, Erice, 2026

0ν double beta decay

20

τ ≥ 1019 y τ ≥ 1026 y

M.C. Escher



Gabriel D. Orebi Gann, Erice, 2026

0ν double beta decay

20

τ ≥ 1019 y

Fortunately,    
NA is very large!

τ ≥ 1026 y

M.C. Escher



Gabriel D. Orebi Gann, Erice, 2026

0ν double beta decay

20

1. Lepton number violation
2. Majorana nature of neutrinos

3. Rate probes (effective) mνe 
τ ≥ 1019 y

Fortunately,    
NA is very large!

τ ≥ 1026 y

M.C. Escher



Gabriel D. Orebi Gann, Erice, 2026

0ν double beta decay

20

1. Lepton number violation
2. Majorana nature of neutrinos

3. Rate probes (effective) mνe 
τ ≥ 1019 y

Fortunately,    
NA is very large!

τ ≥ 1026 y
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Why 0nuBB
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0νββ Decay Rate
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Phase space

24M. Agostini et al, https://arxiv.org/abs/2202.01787
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Parameter space

25M. Agostini et al, https://arxiv.org/abs/2202.01787

Note: this is under the simplest interpretation (of 3 light neutrinos).  
Sterile neutrinos, or heavy new physics, could change the interpretation dramatically!
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Why is this hard?
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Why is this hard?
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Many approaches

28
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The need for multiple isotopes

30

Nuclear matrix elements M0 for light-neutrino 
exchange from different many-body methods

M. Agostini et al, Rev. Mod. Phys. 95, 025002 (2023)

• Verification of observation given 
NME uncertainty

• Different isotopes offer different mass reach for 
the same half life sensitivity

• Different isotopes have different backgrounds 
due to different Q values

• Independent systematics

• Probe mechanism
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Diverse technology
• Critical to the field to have a 

broad range of technologies

• Trade offs in performance

• Independent systematics
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Tracking & Cal 
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NvDEX
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Germanium: exquisite resolution

32

• GERDA
• LAr veto + radiopure construction → suppress background

Phys. Rev. Lett. 125, 252502 (2020)
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Germanium: exquisite resolution

32

• GERDA
• LAr veto + radiopure construction → suppress background

• LEGEND-200
• Combine both strategies

• Resolution + background rejection + increased isotope mass

Phys. Rev. Lett. 136, 022701 (2026)

Phys. Rev. Lett. 125, 252502 (2020)

• MAJORANA

• Exceptional energy resolution → very narrow ROI
Phys. Rev. Lett. 130, 062501 (2023)
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Bolometers: high resolution · low background
• CUORE
• Turn the isotope into the calorimeter

• Large 130Te mass  |  excellent resolution

• Challenge: residual bkg in the ROI

33

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

SCIENCE  Vol 390, Issue 6777 pp. 1029-1032 (2025)
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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

• CUPID-0, CUPID-Mo, AMoRE
• Add particle ID

• Heat + light → α/βγ discrimination

• Improve background rejection

Eur. Phys. J. C 82, 1033 (2022)  |  Phys. Rev. Lett. 134, 082501 (2025)

SCIENCE  Vol 390, Issue 6777 pp. 1029-1032 (2025)
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136Xe: two paths to sensitivity

34

• EXO-200
• Ionization + scintillation

• Single-site / multi-site discrimination

• Position → fiducialization and background rejection

Phys. Rev. Lett. 123, 161802 (2019)
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136Xe: two paths to sensitivity

34

• EXO-200
• Ionization + scintillation

• Single-site / multi-site discrimination

• Position → fiducialization and background rejection

• KamLAND-Zen
• Dissolve enriched Xe in a large scintillator target

• High efficiency + very large exposure

• Trade resolution/topology for scale

Phys. Rev. Lett. 135, 262501 (2025)Phys. Rev. Lett. 123, 161802 (2019)
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Tracking: event topology

35

Eur. Phys. J. C 79, 440 (2019)

• NEMO-3
• Reconstruct the decay: vertex + track topology

• Measure E1 and E2

• And the opening angle

Powerful background rejection

Access to the decay mechanism                                      
if a signal is found

Lower efficiency 

Poorer energy resolution

Difficult to scale
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Where we are now (T1/2)

36

Phys. Rev. D 92, 072011 (2015)
Phys. Rev. Lett. 123, 161802 (2019)
Phys Rev Lett 125, 252502 (2020)
Eur. Phys. J. C 82, 1033 (2022)
Phys. Rev. C 106, 024328 (2022)
Phys Rev Lett 129(11):111801 (2022)
Phys Rev Lett 130(6):062501 (2023)
Phys Rev Lett 134(8):082501 (2025)
Phys Rev Lett 135(26):262501 (2025)
Science Bulletin 70, Issue 11,1779-1785 (2025)
Science, doi:10.1126/science.adp6474 (2025)
Phys Rev Lett 136(2):022701 (2026)



Gabriel D. Orebi Gann, Erice, 2026

Where we are now (mββ)

37

Common light-Majorana conversion for all results 
Kotila–Iachello G0ν, gA = 1.27 Phys Rev C 85, 034316 (2012)
NME ranges from Agostini et al., Rev. Mod. Phys. 95, 025002 (2023). 
Bands show NME spread, not experimental uncertainty.
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How do we climb this hill?

39

• Scale 
More isotope → reach 1027−28 yr

• Reject 
Drive backgrounds toward zero in the signal region

• Understand 
Retain enough information to identify the 
mechanism if nature gives us a signal

The technologies diverge because no detector 
maximizes all three.
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The future of neutrinoless double beta decay

41
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Precision-driven experiments

42
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Event reconstruction

43
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Routes to scale

44
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Emerging concepts
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Beyond mass ordering

46

Agostini, Benato & Detwiler, Phys. Rev. D96, 053001  (Sept 2017)
J. High Energ. Phys. 2016, 147 (2016)

JUNO preliminary (June 2026)
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Credit: Hitoshi Muruyama
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Conclusions

• 0νββ would establish lepton-number violation — and open a unique window on the 
origin of neutrino mass and matter

• Experiments are now probing 1026-yr T1/2; next-gen experiments target 1027-28 yrs

• There is no perfect detector: resolution, background rejection, topology and scale offer 
complementary routes to discovery

• Multiple isotopes are essential — both to establish a signal and to understand its origin

• Discovery would be the beginning of the story, not the end
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Dirac vs Majorana
•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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Opportunity for discovery

55

If the neutrino hierarchy is inverted, 
light neutrino exchange   is 
dominant. 
Next-generation experiments with 
sensitivity T1/2>1027 years have a 
definite target

In NO case the leading 
contribution could come from 
short-range new physics effects. 
Factor of 10-100 improvement in 
sensitivity next decade.
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Neutrino detection technology

56

• Ultra-pure Ge

• High resolution bolometry

• Noble liquid / gas TPCs: LAr, LXr, GXe (S+I)

• Water Cherenkov

• Organic liquid scintillator / “Hybrid” detection (S+Ch)

✴ Sample of approaches relevant for this topic



Experimental Techniques

57

Approach Pros Cons

Large self-shielding 
calorimetry

•  Self-shielding: low ext bkg 
•  Easily scalable to large M 
•  Source in / source out caln 
•  High detection efficiency

• Relatively poor E resn

Xe TPC
• Relatively easy to enrich 
• No long-lived r/a isotopes 
• Scint + ionisation signals

• Qββ (2.46MeV) close to 208Tl 
• %-level E resn

High-resolution 
calorimetry

• Excellent E resn 
• Simple, compact

• No tracking 
• Ltd bkg suppression (exc E) 
• Reduced self-shielding

Tracko-calo expt • Good bkg rejection
• Low detection efficiency 
• Low E resn 
• Very hard to scale
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Threshold    & 
resolution Exposure

Ge WCD

Detector technology

LXe
LS

Bol LAr

ν: low-energy neutrinos,
DM: “Standard” WIMPs

ν: high-energy neutrinos
DM: Exotic models

ν: NLDBD
DM: Low-mass 

WIMPs

Radiopurity
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GERDA
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MJD

60
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L200

61
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CUORE
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EXO-200
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KamLAND-Zen

64 N. Kawada: Neutrino 2022 



KLZ results

65
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KLZ

66
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NEMO3

67
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• An observation of 0νββ (demonstrating the Majorana nature of neutrinos) would reshape our 
understanding of the origins of mass and matter

• A definitive demonstration that neutrinos are not Majorana implies the existence of a new fundamental 
global symmetry associated with lepton number 

• Discovery at the ton-scale would motivate advanced techniques to probe the mechanism

• Else, new detectors with greater sensitivity are needed to reach sensitivity beyond inverted mass ordering

Context

68
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• New Isotopes

• How do we avoid common systematics?

• CANDLES

• PandaX

• Selena

•

701515
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• Radical New Concepts

• What if we do something fundamentally different?

• Theia

• NuDoubt

• future tagging concepts

•

7116

Eur. Phys. J. C 85 (2025) 121

16
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