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 Maria Goeppert-Mayer (1935)
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Double-Beta Decay (1930’s)
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0νββ Signature and Searches (before 1957)
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2νββ

0νββ

• 0νββ significantly favored, 105 - 106, over 
2νββ based on decay phase-space 

• Observation of 2νββ with no 0νββ thought to 
rule out Majorana neutrinos.

Theory
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2νββ

0νββ

• 0νββ significantly favored, 105 - 106, over 
2νββ based on decay phase-space 

• Observation of 2νββ with no 0νββ thought to 
rule out Majorana neutrinos.

Theory

• First search in 1948, E.L. Fireman in 124Sn 
• Relatively sparse measurements (18 papers) 
• Methods : coincidence counters, cloud chambers, 

photographic emulsions, one geochemical (130Te) 
• ββ positive T1/2 claim from geochemical 

- 130Te ~ 1.4 × 1021 y 
• 0νββ positive T1/2 claims from detectors 

- 48Ca ~ 1017 y 
- 124Sn ~ 1016 y 
- motivated additional measurements in both 

isotopes that ruled out claims. 
• 0νββ most sensitive T1/2  limits  

- 48Ca  > 2 × 1018 y 
- 124Sn > 1.5 × 1017 y 
- 150Nd  > 2.2 × 1018 y

Searches



Testing Conservation Principles via 0νββ 
J.F. Wilkerson

Haxton Symposium 
LBL, January 7, 2020

Parity Violation and ν helicity (1957)
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Implications for ββ-decay (1959)
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Primakoff and Rosen Rep. Prog. Phys. 22 121 (1959) 

• Initially considered most general, Lorentz invariant Hamiltonian --  included the possibility 
of both L-conserving and L-violating interactions, P-conserving and P-violating terms, along 
with potential contributions from S ,T,  V, and A interactions. 

• Assumed massless neutrino 
• Recognized that with a “two-component” neutrino coupling (emitted in pure left or right 

handed helicity states) then no neutrinoless double-beta decay. 
• Calculated both 2νββ and 0νββ-decay rates.  For 0νββ assumed a predominately V-A and P-

violating interaction, but also some amount of parity-conserving, lepton-violating scalar 
interaction.  (Allowed by the existing experimental constraints.) 

• Utilized closure method to account for the Nuclear Processes in calculating rates - nuclear 
structure, average separation between neutrons
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Implications for ββ-decay (1959)
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Primakoff and Rosen Rep. Prog. Phys. 22 121 (1959) 

Conclusions

•Observation of 2νββ tells one nothing about Dirac/Majorana nature of ν.   
•Possible to have Majorana neutrinos, but a pure “two component” parity-

violating interaction would not allow one to observe 0νββ.  
•Calculated T1/2 for 2νββ-decays on order of 1020 to 1022 years (with factor 

of 100 uncertainties) 
•  Calculated T1/2 for 0νββ-decays on order of 1015 to 1016 years, with 

assumption that |FS/Fv|2 ≤1/3.  (assume non-zero scaler coupling constant)
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2νββ

0νββ

• “wrong-handed helicity” significantly 
suppresses 0νββ compared to 2νββ 

• Observation of 2νββ does not provide 
information on Majorana nature of neutrinos. 

• No strong experimental evidence for neutrinos to 
have non-zero mass. 

• No strong theoretical justification for LNV.

Theory
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2νββ

0νββ

• “wrong-handed helicity” significantly 
suppresses 0νββ compared to 2νββ 

• Observation of 2νββ does not provide 
information on Majorana nature of neutrinos. 

• No strong experimental evidence for neutrinos to 
have non-zero mass. 

• No strong theoretical justification for LNV.

Theory Searches

• Only a small group of experimentalist doing searches 
• Geochemical measurements (15 papers) 

- 130Te ~ 1021 y  (and ratio of 130Te/128Te) 
- 82Se ~ 1020 y 

• Improved 48Ca searches (7 papers, last paper 1970) 
- 0νββ > 2 × 1021 y;    2νββ > 3.6 × 1019 

• 76Ge searches with Ge(Li) (Fiorini 3 papers) 
- 0νββ > 5 × 1021 y  

• 82Se searches (particle detectors) 
- 0νββ > 3.1 × 1021 y  (Cleveland 1975) 
- 2νββ > (1±0.4) × 1019 y  (Moe 1980) 

• Other isotopes 
- 130Te   0νββ > 1.2 × 1021 y 
- 150Nd  0νββ > 7 × 1018 y;    2νββ > 5 × 1018 
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Conservation Principles & New Expt. Results (early 1980s)
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Conservation Principles & New Expt. Results (early 1980s)
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14 < mν < 46 eV 
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Haxton, Stephenson, and Strottman (1981)
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• Interest in searching for lepton number violation 
• Recent Moe and Lowenthal 2νββ results for 82Se 
• Lubimov claims for non-zero mν and consequences 

for 0νββ

1/2
0νT⎡⎣⎢

⎤

⎦
⎥

−1
=G0ν M0ν

2 mββ

me

2

• Lepton violation via single massive Majorana field with LH and RH couplings 
• Shell Model used to calculate NME 
• Calculated of 2νββ and 0νββ decay rates 

- 2νββ rate for 82Se in good agreement with Moe and Lowenthal 
- Experiments approaching sensitivity to 0νββ predicted for Lubimov claim
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0νββ and lepton number violating interactions

>> Nuclear Process
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Observable (decay rate) depends on nuclear processes & nature of lepton number 
violating interactions (η).

•Phase space, G0ν is calculable. 
•Nuclear matrix elements (NME) require theory. 
•Effective neutrino mass, <mββ>, depends directly on the assumed form of 

lepton number violating (LNV) interactions.
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Haxton 0νββ related papers (early 1980s)
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Double beta decay, Haxton and Stephenson, 1984
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Double beta decay, Haxton and Stephenson, 1984
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It has also long been recognized as a sensitive test of lepton number conservation, of the mass and charge 
conjugation properties of the electron neutrino, and of possible right-handed admixtures in the weak leptonic current. 
The new aspect in the study of ββ decay is the expectation arising from grand unified theories that many of the exact 
conservation laws of the standard electroweak model may be violated to some small degree. 

An understanding of the nature and extent of these violations is likely essential to the formulation of a correct grand 
unified theory. It is our hope in this review to clarify the important role ββ decay is playing in testing lepton number 
conservation. It will become apparent that, to interpret such tests, important problems in both particle and nuclear 
physics must be addressed.

• Detailed derivations of decay rates for 2νββ and 0νββ  (particle physics, SM, gauge theories). 
• Success of Nuclear Matrix Element calculations pointed out the need for improved 

experimental 2νββ measurements. 
• Explored 0νββ under various lepton violating process scenarios. 
• Emphasized complementarity of neutrino mass, neutrino oscillation, and 0νββ experiments. 
• Need for improved experimental measurements.



Testing Conservation Principles via 0νββ 
J.F. Wilkerson

Haxton Symposium 
LBL, January 7, 2020

Haxton 0νββ related papers (1990’s)
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Expt. Observations of ν oscillations (mid 1990s - mid 2000s)
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0νββ decay Experiments - Current Efforts
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KamLAND Zen

CUPID

Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 
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Resolution (KeV) at 5.4 MeV 

" T(Work) >15mK" 

" T(Work) < 15mK" 

R&D Runs: CCVR CUORE baseline 

TAUP Asilomar, Sept 11 2013 4 Ke Han (Berkeley Lab) for CUORE 

nEXO

PandaX-III

NEXT

LEGEND

Collaboration Isotope Technique mass (0νββ 
isotope) Status

CANDLES Ca-48 305 kg CaF2 crystals - liq. scint 0.3 kg Construction
CARVEL Ca-48 48CaWO4 crystal scint. ~ ton R&D
GERDA I Ge-76 Ge diodes in LAr 15 kg Complete
GERDA II Ge-76 Point contact Ge in LAr 31 Operating
MAJORANA 

DEMONSTRATOR
Ge-76 Point contact Ge 25 kg Operating

LEGEND Ge-76 Point contact with active veto ~ ton R&D

NEMO3 Mo-100 
Se-82 Foils with tracking 6.9 kg 

0.9 kg Complete

SuperNEMO 
Demonstrator Se-82 Foils with tracking 7 kg Construction

SuperNEMO Se-82 Foils with tracking 100 kg R&D
LUCIFER (CUPID) Se-82 ZnSe scint. bolometer 18 kg R&D

AMoRE Mo-100 CaMoO4 scint. bolometer 1.5 - 200 kg R&D
LUMINEU (CUPID) Mo-100 ZnMoO4 / Li2MoO4 scint. bolometer 1.5 - 5 kg R&D

CUPID Mo-100 Scint. Bolometer. ~ ton R&D
COBRA Cd-114,116 CdZnTe detectors 10 kg R&D

CUORICINO, CUORE-0 Te-130 TeO2 Bolometer 10 kg, 11 kg Complete
CUORE Te-130 TeO2 Bolometer 206 kg Operating
SNO+ Te-130 0.3% natTe suspended in Scint 160 kg Construction

EXO200 Xe-136 Xe liquid TPC 79 kg Complete
nEXO Xe-136 Xe liquid TPC ~ ton R&D

KamLAND-Zen (I, II) Xe-136 2.7% in liquid scint. 380 kg Complete
KamLAND2-Zen Xe-136 2.7% in liquid scint. 750 kg Upgrade

NEXT-NEW Xe-136 High pressure Xe TPC 5 kg Operating
NEXT-100 Xe-136 High pressure Xe TPC 100 kg - ton R&D

PandaX - III Xe-136 High pressure Xe TPC ~ ton R&D
DCBA Nd-150 Nd foils & tracking chambers 20 kg R&D
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0νββ Current Limits (no observation)
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EXO-200  136Xe MAJORANA DEMONSTRATOR  76Ge

GERDA  76GeKamLAND Zen  136XeCUORE  130Te
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Searching for 0νββ Decay
Assuming LNV mechanism is light Majorana neutrino exchange and SM interactions (W)
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Searching for 0νββ Decay
Assuming LNV mechanism is light Majorana neutrino exchange and SM interactions (W)
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NSAC 2015 Long Range Plan

RECOMMENDATION II
The excess of matter over antimatter in the universe is one of the most 
compelling mysteries in all of science. The observation of neutrinoless 
double beta decay in nuclei would immediately demonstrate that 
neutrinos are their own antiparticles and would have profound 
implications for our understanding of the matter-antimatter mystery.
We recommend the timely development and deployment of a U.S.-
led ton-scale neutrinoless double beta decay experiment.
A ton-scale instrument designed to search for this as-yet unseen 
nuclear decay will provide the most powerful test of the particle-
antiparticle nature of neutrinos ever performed. With recent 
experimental breakthroughs pioneered by U.S. physicists and the 
availability of deep underground laboratories, we are poised to make a 
major discovery.
This recommendation flows out of the targeted investments of the third 
bullet in Recommendation I. It must be part of a broader program that 
includes U.S. participation in complementary experimental efforts 
leveraging international investments together with enhanced theoretical 
efforts to enable full realization of this opportunity.

19
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0νββ decay Experiments - Leading Efforts
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Collaboration Isotope Technique mass (0νββ 
isotope) Status

GERDA II Ge-76 Point contact Ge in LAr 31 Operating

MAJORANA 
DEMONSTRATOR

Ge-76 Point contact Ge 25 kg Operating

LEGEND Ge-76 Point contact with active veto ~ ton Const. LEGEND-200

CUPID Mo-100 Mo-100 Scint. Bolometer ~ ton R&D

CUORE Te-130 TeO2 Bolometer 206 kg Operating

SNO+ Te-130 0.3% natTe suspended in Scint 160 kg Constr./Commish

EXO200 Xe-136 Xe liquid TPC 79 kg Complete

nEXO Xe-136 Xe liquid TPC ~ ton R&D
KamLAND-Zen  

(I, II) Xe-136 2.7% in liquid scint. 400, 800 kg Complete, 

KamLAND2-Zen Xe-136 Improved light coll, disc 800 kg Operating

NEXT Xe-136 High pressure Xe TPC ~ton Oper. NEXT-100

PandaX - III Xe-136 High pressure Xe TPC ~ tonKamLAND Zen

CUPID

Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 
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0νββ Background and Sensitivity
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Matteo Agostini (TAUP 2019)
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Topical Nuclear Theory Collaboration for Double-Beta Decay and Fundamental Symmetries
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Large theory collaboration with the goal 
to calculate nuclear matrix elements 
that: 

1. Are more accurate 
2. Carry a quantified uncertainty.

Jon Engel
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Summary

•Wick and collaborators helped launch the 0νββ “modern era”, utilizing  
expertise in particle and nuclear physics. 

•Significant progress searching for 0νββ. 
- Experiments have attained or are approaching sensitivities of  T1/2 > 1026 years, with substantially reduced 

backgrounds. 

- “Background free” measurements have been achieved as have detectors with masses >200 kg. 

- Theory progress should provide NME with realistic uncertainties and will likely reduce uncertainties 
associated with gA .This will  have a critical impact on understanding sensitivity and discovery potential 

•The ability to discover 0νββ will require excellent energy resolution, low backgrounds 
(“background free”) and large exposures (t-y) as well as observation by independent 
experiments, using different isotopes. 

•0νββ continues to be an exquisite method to test for lepton number violation and fundamental 
conservation laws.

23
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0νββ Discovery Sensitivity and Future prospects

25

Discovery probability of next-generation neutrinoless double-beta decay experiments 
Matteo Agostini, Giovanni Benato, and Jason Detwiler        arXiv:1705.02996v1

76Ge 130Te 136Xe

Width of bands based on range of NME values

Red : Achieved Backgrounds;  Black : Projected Backgrounds

CUORE
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Experimental searches for 0νββ-decay
Most sensitive experiments to date using 76Ge,130Te, and 136Xe have attained results for T1/2 

approaching or > 1026 years. 

With (source mass) × (exposure times) of 10 - 175 kg-years

Covering IH region requires sensitivities of 
0νββ T1/2 ~ 1027- 1028 years 
(2νββ T1/2 ~ 1019 - 1021 years)

2νββ

0νββ

26

Half life 
(years)

~Signal 
(cnts/ton-year)

1025 500

5x1026 10

5x1027 1

5x1028 0.1

>1029 0.05
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0νββ Historical Progress
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Steve Elliott
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Progress with 0νββ Theory 
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