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Neutrinoless double-beta decay (0νββ)
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Neutrinoless double-beta decay (0νββ)
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• No neutrinos in final state 
• Virtual Majorana neutrino exchanged (various models available) 
• All 2νββ isotopes are 0νββ candidates 
• Not yet observed - T½ > 1024  - 1026 years

If seen, 0νββ would: 
•  be the first process observed  to create matter 

without antimatter 
• prove that neutrinos are Majorana fermions 
• tell us about absolute neutrino mass



Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, PPAP 2022 5

0νββ and neutrino mass
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phases (unknown)

Complementary to:

• Oscillations 
• Cosmology  
• β decay endpoints
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Probe progressively 
longer half-lives : 
discover  0νββ or reduce 
phase space available 
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If nature picked 
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we don’t see 0νββ - 
neutrinos are Dirac

Next-generation 
experiments 
(LEGEND)
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Uncertainty on nuclear matrix 
element leads to broad mββ band
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The UK’s strategic approach
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• The 0νββ mechanism 
• Nuclear effects on mββ calculation

Core UK strategy
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The UK’s strategic approach

We still don’t know:
• Whether 0νββ exists at all (are neutrinos Majorana?) 
• At what mass scale it could show up 
• The 0νββ mechanism 
• Nuclear effects on mββ calculation

LEGEND: a 
discovery machine 
to explore the full 
inverted hierarchy 
regime

SNO+: a scalable 
technology that 
could take us to 
even lower mass 
limits

SuperNEMO:  a technique 
to probe 0νββ mechanism 
and nuclear effects

Core UK strategy
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LEGEND at LNGS, Italy (so far…)

Thanks to Matteo 
Agostini for content

A discovery machine that will search the entire inverted 
hierarchy region

76Ge
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How does LEGEND work?

Semiconductor HPGe Detectors:
• solid state TPC 
• mm-scale event topology  
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How does LEGEND work?

Semiconductor HPGe Detectors:
• solid state TPC 
• mm-scale event topology  

Liquid-argon Scintillation Detector:
• ultra-clean, cryogenic liquid  
• isotropic emission of XUV photons 
• calorimetric energy measurement 
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76Ge - innovation and breakthroughs: past

GERDA/MAJORANA (40/30 kg)
• Lowest background level in the field 
• Best energy resolution in the field 
• Best discovery power so far 

Phys.Rev.Lett. 125 (2020) 25, 252502
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, present
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• Approaching physics data taking 
• Leading experiment for the next 5 years 
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76Ge - innovation and breakthroughs: past

GERDA/MAJORANA (40/30 kg)
• Lowest background level in the field 
• Best energy resolution in the field 
• Best discovery power so far 

, present

LEGEND-200 (200 kg)
• Approaching physics data taking 
• Leading experiment for the next 5 years 

, and future

LEGEND-1000 (1 ton)
• Inverted-hierarchy explorer: mββ=18 meV 
• Only experiment in both the EU APPEC 

roadmap and DOE long term plan 



Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, PPAP 2022

Energy resolutions ~ 0.1%

Average resolution target

12

LEGEND-200

Summer 2022 LEGEND-200 integration runs:
• 24 detectors (60kg) used for background studies
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LEGEND-200

• Ge and LAr detectors, electronics & DAQ

Summer 2022 LEGEND-200 integration runs:
• 24 detectors (60kg) used for background studies
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LEGEND-200

• Ge and LAr detectors, electronics & DAQ
• Analysis pipeline

Background-like (multi-
site) events are cut  

(214Bi full-energy escape peak)

Signal-like events are kept  
208Tl double-escape peak (ββ-proxy) 

SiPM energy spectrum 
showing 1,2…n 

photoelectron peaks

Summer 2022 LEGEND-200 integration runs:
• 24 detectors (60kg) used for background studies
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LEGEND capability

LEGEND

Bottom of  inverted 
hierarchy

LEGEND-1000’s mββ 

sensitivity (different 
nuclear models) 

Other experiments
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LEGEND status

LEGEND won DOE portfolio review 
• DOE fully committed to LEGEND 

and will prioritise it over any other 
0νββ experiments 

• CD1 and CD3 review next year 

LEGEND-200 (under construction, 
first data this year)

LEGEND-1000 (construction 2023-2030, first 
data in 2028, 10 years of operations)
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LEGEND-UK

LEGEND-UK 
interested group 
(13 institutions; 

common SOI this 
autumn)

Leadership 

(Physics 
coordinator, WBS 
level 2 managers)

Radiopurity 
assays

New 
scintillating 
materials

Germanium 
detector R&D

Analysis and 
simulation

Supported by both 
particle- and nuclear- 
physics communities



Cheryl Patrick, University of Edinburgh Neutrinoless double-beta decay, PPAP 2022 16

SNO+ at Sudbury, Canada

A highly scalable, cost-effective and sensitive approach to 
0νββ (concept developed in the UK)

Thanks to Steve 
Biller for content

130Te
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How SNO+ works

natTe-loaded 
liquid scintillator

PMTs

Diol Loading of 130Te in Liquid 
Scintillator (developed in UK)
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How SNO+ works

natTe-loaded 
liquid scintillator

PMTs

• ββ isotope has high (34%) natural abundance  
• Liquid scintillator is also economical

Cost-effective

Diol Loading of 130Te in Liquid 
Scintillator (developed in UK)
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How SNO+ works

natTe-loaded 
liquid scintillator

PMTs

• ββ isotope has high (34%) natural abundance  
• Liquid scintillator is also economical

Cost-effective

Scalable
• Detector design can be scaled up dramatically 
• UK-developed techniques can increase tellurium loading

Diol Loading of 130Te in Liquid 
Scintillator (developed in UK)
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How SNO+ works

natTe-loaded 
liquid scintillator

PMTs

• ββ isotope has high (34%) natural abundance  
• Liquid scintillator is also economical

Cost-effective

Scalable
• Detector design can be scaled up dramatically 
• UK-developed techniques can increase tellurium loading

Diol Loading of 130Te in Liquid 
Scintillator (developed in UK)

Sensitive

NIM, 943, 162420 (2019)

• Single- vs multi-site discrimination keeps backgrounds low 
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SNO+ without tellurium

8B solar neutrinos with 
extremely low backgrounds!

Initial phase - water-Cherenkov detector Since April 2021- full liquid-scintillator detector

Solar 
neutrinos

Reactor 
neutrinos

“Invisible” 
nucleon decay

Geo- 
neutrinos

Supernova 
neutrinos

Up-
scattered dark 

matter

χ
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SNO+ without tellurium

8B solar neutrinos with 
extremely low backgrounds!

Initial phase - water-Cherenkov detector
Solar neutrinos

Preliminary Preliminary

Reactor  neutrinos

Initial SNO+ observation of 
reactor ν̄ oscillation

Best Δm212 constraints 
within a couple of years!

Reactor neutrinos

First ever demonstration 
of event-by-event solar ν 
directional 
reconstruction in high 
light-yield LS

Since April 2021- full liquid-scintillator detector
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Preparing for ββ-decay

Te purification and loading systems constructed and 
starting commissioning

• COVID disruption of supply chains 
• Loss of key engineers at SNOLAB 
• Extended commissioning & safety review 
• Site access limitations

Loading to start in late 2024/early 2025

Mixture of telluric acid in water 
and distilled butanediol is heated 
while water is flash-evaporated in 
the synthesis tank

Transferred to mixing tank near 
solubility point to combine with 
LAB and 0.25mol DDA to 
complete solubilisation

Delays to Te deployment:
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SNO+ sensitivity

SNO+ I comparable to 
LEGEND-200

SNO+ II well into 
inverted hierarchy

Potential to probe 
normal hierarchy 
(10kT detector with 
10% Te loading)
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SNO+ sensitivity

SNO+ I comparable to 
LEGEND-200

SNO+ II well into 
inverted hierarchy

Potential to probe 
normal hierarchy 
(10kT detector with 
10% Te loading)

One of very few practical approaches that could 
achieve mββ sensitivity into the normal hierarchy range
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SuperNEMO, at LSM, French Alps

An isotope-agnostic technique to distinguish individual 
particles, and probe 0νββ mechanisms and nuclear effects

82Se
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The NEMO principle

ββ source 

Any solid ββ isotope

β

β

B

β−

β−

SuperNEMO Demonstrator - 6.23kg 82Se
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The NEMO principle

High-granularity 
tracker

ββ source 

B

β−

β−

Angle between tracks

SuperNEMO Demonstrator - 2034 Geiger cells
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How SuperNEMO works

High-granularity 
tracker

Segmented  
calorimeter

ββ source 

B

β−

β−

E1

E1

Angle between tracks Individual energies 
& times+

σ/E 1.8% at 3 MeV

712 optical modules
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How SuperNEMO works

High-granularity 
tracker

Segmented  
calorimeter

ββ source 

B

β−

β−

E1

E1

Angle between tracks Individual energies 
& times+

discrimination between ββ  
mechanisms and nuclear effects; 
background rejection

=

σ/E 1.8% at 3 MeV

712 optical modules
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SuperNEMO for nuclear effects

HSD: 
χ2/ndf = 35.32/16

SSD: 
χ2/ndf = 12.34/16

Intermediate states in 2νββ decay

Various excited states Mostly ground state

gA quenching

Eur. Phys. J. C (2018) 78: 821

Phys Rev Lett 122, 192501 (2019)

SuperNEMO’s individual e- 
spectrum will be more 

sensitive

Lines and points → nuclear models

Excluded by 
KamLAND-Zen

SuperNEMO will have 5σ sensitivity
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SuperNEMO for nuclear effects

HSD: 
χ2/ndf = 35.32/16

SSD: 
χ2/ndf = 12.34/16

Intermediate states in 2νββ decay

Various excited states Mostly ground state

gA quenching

Eur. Phys. J. C (2018) 78: 821

Phys Rev Lett 122, 192501 (2019)

SuperNEMO’s individual e- 
spectrum will be more 

sensitive

Lines and points → nuclear models

Excluded by 
KamLAND-Zen

… and exotic physics

• Lorentz-invariance violation 
• Exotic 0νββ mechanisms 
• Right-handed neutrinos (see below) 
• Scalar currents…
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Standard-
model 2νββ

New physics

Phys. Rev. Lett. 125, 
171801 (2020)
(UK-led  study) 

Precision 2νββ measurements can reveal BSM effects…

Best technology to understand 0νββ mechanism if it’s discovered

SuperNEMO will have 5σ sensitivity
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SuperNEMO Demonstrator status: Calorimeter calibration
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Timing resolution:  
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deployment 
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Timing
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SuperNEMO Demonstrator status: Tracker

• Dramatic progress over the last year after setbacks due to 
Covid, faulty hardware… 

• Entire tracker successfully tested at high voltage 
• 2/3 of detector undergoing commissioning / calibration 
• Final 1/3 to be connected shortly 
• ~99% of connected channels operational

Real tracker-calorimeter data!Tracker hits activating 
this optical module

Calibration 
sources

Automatic 207Bi calibration system in action

ββ candidate?
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Getting ready for physics data

Anti-radon tent

Neutron shielding

Tracker at over-pressure
Polyethylene / water design in final review

Gamma shielding

Iron shielding ordered; quality control 
looking promising

Under construction

✓
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Getting ready for physics data

Shielding purchase/installation

2022 2023

Detector installation/
commissioning

No-shielding data to measure 
backgrounds

2024

2.5 years ββ data taking  
(0νββ search; 2νββ studies)

2025

Currently transitioning 
to continuous data-

taking phase!
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Other UK activities

Thanks to Roxanne 
Guenette for content

Thanks to Sally 
Shaw for content

136Xe 134Xe
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NEXT high-pressure gaseous 136Xe TPC

Topological 
Identification 

NEXT Collaboration, JHEP 10 (2019) 052

NEXT Collaboration, JHEP 01 (2021) 189

NEXT-100

• Demonstrate ~bgr-free conditions at 100 kg scale, 0νββ search, tonne-scale demonstrator. 

• Target background rate of 5×10-4 counts/(keV⋅kg⋅yr) or 1 count/(ROI⋅yr) 

• Status: in advanced construction stage, to be installed at the LSC in late 2022.

13

See poster #143, G. Diaz

  JHEP 05 (2016) 159

See poster #140, K. Mistry

1.2 m

1.1 m

NEXT-100 (2022-2025) proves scalability

R&D on new tracking & energy plane with SiPMs 

NEXT-100: readout planes and associated electronics

• Energy plane: 60 PMTs behind sapphire windows. Status: PMTs procured, PMT bases built, 
electronics completed, windows’ coating ongoing.  

• Tracking plane: 56 boards with 64 SiPMs each, for a total of 3584 SiPMs. Status: boards 
built and TPB-coated, electronics completed and tested.

17
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Tests ongoing by all the usual suspects

R&D on new tracking & energy plane with SiPMs 
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�9NEXT-100 TP
FULL NEXT-100 ELECTRONICS AT IFIC

Tests ongoing by all the usual suspects

R&D on new tracking 
and energy plane with 
SiPMs

TPC installation UK-led
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NEXT ton-scale and beyond
NEXT 0νββ sensitivity prospects at the tonne scale

• NEXT-HD first module can reach 1027 yr 
sensitivity with 4 ton⋅yr exposure. 

• To explore 1028 yr sensitivity, further 
background reduction and higher signal 
efficiency are essential. 

• Both may be achieved with NEXT-BOLD, 
implementing Barium Tagging.

20

JHEP 2021 (2021) 08, 164

• NEXT-HD’s first module can reach T½ > 1027 yr  0νββ sensitivity with 4 ton.yr exposure
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Dry single Ba++ ion detection with off-on fluorescence

Signaling unit

Ba++ receptor 
unit

Ba-tagging on            : GodXilla

11/21

Ba2+ ββ  decay product Ba2+ chelation

136Xe: Barium tagging  

5/31/22 Neutrino 2022 - S. Schönert, TUM 12

• NEXT pursues single molecule fluorescent 

imaging (SMFI) based barium tagging sensors.

• R&D to date has realized molecular ion sensors 
that:

• Exhibit barium chelation in vacuum &

• Enable single ion sensing in xenon gas

• ON/OFF and Bi-color approaches 
J.Phys.Conf.Ser. 650 (2015) 1, 012002; JINST 11 (2016) 12, P12011; Phys. Rev. 
Lett. 120 (2018) 13, 132504. Sci.Rep. 9 (2019) 1, 15097; Nature 583 (2020) 7814, 
48–54; ACS Sens. (2021) 6, 1, 192–202; arXiv:2201.09099, arXiv:2109.05902

STM shows barium location in 
molecule after chelation
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SMFI + high pressure microscopy 
enables Ba2+ detection in Xe gas

• Detection of single barium ion in coincidence with <1% FWHM energy 

resolution and event topology essential for background free 0nbb search 

in Xe (NEXT-BOLD)

Courtesy M. Sorel, J. Gomez Cadenas

Molecule fluoresces

Single 
fluorescent 
ion 
detected
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SMFI + high pressure microscopy 
enables Ba2+ detection in Xe gas

• Detection of single barium ion in coincidence with <1% FWHM energy 

resolution and event topology essential for background free 0nbb search 

in Xe (NEXT-BOLD)

Courtesy M. Sorel, J. Gomez Cadenas

J. Phys.Conf.Ser 650 (2015) 1, 012002; 
JINST 11 (2016) 12, P12011; 
Phys.Rev.Lett 120 (2018) 13 132504; 
Sci.Rep. 9 (2019) 1, 15097; 
Nature 583 (2020) 7814 48-54; 
ACS Sens. (2021) 6, 1, 192-202;  
arXiv:2201.09099; 
arXiv:2109.05902 
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NEXT ton-scale and beyond
NEXT 0νββ sensitivity prospects at the tonne scale

• NEXT-HD first module can reach 1027 yr 
sensitivity with 4 ton⋅yr exposure. 

• To explore 1028 yr sensitivity, further 
background reduction and higher signal 
efficiency are essential. 

• Both may be achieved with NEXT-BOLD, 
implementing Barium Tagging.

20

JHEP 2021 (2021) 08, 164

• NEXT-HD’s first module can reach T½ > 1027 yr  0νββ sensitivity with 4 ton.yr exposure

• NEXT-BOLD: seeks 1028-year sensitivity through barium tagging technology

• Unambiguous signature for ββ  → background free 

• R&D needed to scale up to 1-ton detectors…
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LUX-ZEPLIN dark-matter detector

• 7-ton liquid-xenon TPC for direct dark-matter detection

The day job:

The side hustles:
• Two ββ xenon isotopes: 134Xe and 136Xe
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136Xe at LZ

LZ (1000 days)

Phys. Rev. C 102, 014602 (2020)

Current LZ xenon detector  
(8.9% 136Xe) won’t see 0νββ

https://arxiv.org/abs/1912.04248
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136Xe at LZ

LZ (1000 days)
KamLAND-Zen (2022)

• After WIMP search: enrich with 90% 136Xe? 
• Potential for 1027-year  sensitivity - beyond current best limit

LZ: 90% 136Xe

LZ (natural Xe):

Phys. Rev. C 102, 014602 (2020)

Current LZ xenon detector  
(8.9% 136Xe) won’t see 0νββ

https://arxiv.org/abs/1912.04248
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2νββ2νββ

35

134Xe at LZ

arXiv:2104.13374 [physics.ins-det]

• Abundance 10.4% 
• 2νββ predicted with very long half-life 
• Experimental limit T½2ν > 8.7×1020 years (EXO-200) 

•

Current 134Xe T½0ν limit (EXO-200)

0νββ

LZ’s nautral-Xe detector could improve the limit at 
short exposure for 2νββ and 0νββ

T½2ν prediction 
for three 

nuclear models

Experimental limit 100 times shorter

https://arxiv.org/abs/2104.13374
https://arxiv.org/abs/2104.13374
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Summary of UK strategy
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Summary of UK strategy

1) Continued support for SNO+ and SuperNEMO Demonstrator exploitation

• Substantial prior UK investment 
• Two completely unique physics programmes
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Summary of UK strategy

1) Continued support for SNO+ and SuperNEMO Demonstrator exploitation

• Substantial prior UK investment 
• Two completely unique physics programmes

2) Next-generation: LEGEND

• Supported by both US and EU roadmaps  
• LEGEND-200 exploitation 
• LEGEND-1000 preparations
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Summary of UK strategy

1) Continued support for SNO+ and SuperNEMO Demonstrator exploitation

• Substantial prior UK investment 
• Two completely unique physics programmes

2) Next-generation: LEGEND

• Supported by both US and EU roadmaps  
• LEGEND-200 exploitation 
• LEGEND-1000 preparations

3) R&D: new techniques to go beyond inverted hierarchy

• Isotope-loaded liquid scintillator (SNO+ technique) especially promising 
• and…?


